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ABSTRACT: The paper shows that, the harmonics at the inverter output voltage grow the rotor

solicitations of the induction motor fed, due to an increase of the temperature, harmonic torques created, and
the higher chances of cage vibration resonances. Therefore, bar breakages appear under overloads,
regenerative breaking stresses, or duty cycles with multiple steady state speeds and startups. Nonetheless, the
bar breakage components, which evolve very close to the fundamental in inverter-fed motors, can only be
detected if the fundamental component is represented as a very thin line, reducing the spread of its big
energy. The problem of detecting and quantifying the bar breakage harmonics has not been solved by the
time-frequency transforms present in the technical literature. The paper optimizes the use of atom-based
time-frequency transforms, showing that with rectangular shapes atoms, only the steady state evolutions of
the bar breakage components are obtained, and with inclined linear shapes, the bar breakage components are
detected only during a part of the startup. Therefore, the dragon transform is introduced to solve the problem.

The dragon atoms are defined with shapes perfectly adapted to the harmonics evolutions, no matter how
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complex they are. As a consequence, the dragon transform enables to precisely trace in the time-frequency
plane, the complete evolutions of the harmonics to be detected. A quantification method is proposed, which
obtains for the first time in the technical literature, the time evolutions of the harmonics amplitudes, during a
complex transient as the startup and the steady state of an inverter-fed motor. The transform performance is
validated, testing the induction motor under different load levels.

Key words: Time-frequency analysis, transient analysis, wavelet-transform, ehirplet—stgnal-analysis, fault
diagnosis, rotor broken bar, induction motors, menttering, frequeney-converter, inverter.

1. Introduction.

The majority of the induction motors nowadays are inverter-fed. First, in fixed speed drives, the
inverter enables to adapt the speed to the load requirements, reducing the power consumption [1]: 25%
reduction when running at half speed [2]. Second, in variable speed drives, the inverter is mandatory. Among
other drawbacks, directly feeding a motor highly increases the stress during startups, causing faults as bar
breakages. Nevertheless, even if startup currents are lower (they may reach twice the rated current), these
stresses also appear in inverter-fed motors, especially when they work under overloads, and must perform
regenerative braking, as in the case of cement or paper and pulp industries, or when the duty cycle contains
frequent starts [3] and multiple steady state speeds, as in electric traction.

Furthermore, the inverter higher harmonic content at low frequencies increase the temperature [4] and
creates harmonic torques [5], enabling cage vibration resonances [6] (mechanical resonance cage fatigue
failures cover 10% of total failures [7]), and finally growing the rotor solicitations. Especially in electric
traction, with high power inverters with lower switching frequencies, covering wide speed ranges, and
dealing with regenerative breaking through bidirectional converters, the manufacturers are introducing
design-based solutions to prevent bar breakages, as inclining two out of three bars in the junction with the

short-circuit ring, to hinder its detachment [8].



Therefore, rotor problems arise in inverter-fed motors, which can lead to winding damage [9],
especially under centrifugal forces at high speeds [6], when the bars are detached from the slots [10], or the
whole short-circuit ring is detached, as in the inverter-fed induction motor shown in [8]. Moreover, while the
design and manufacture of other parts of the machine has improved, the rotor has not changed, and its
percentage of the whole induction motor faults has increased [11]. Certain manufacturers have come up with
possible solutions to this type of problem: improving torsional stiffness (Siemens, [12]), replace short-circuit
rings by flexible wires in the slots (Siemens, [13]) or use elements between bars to increase the stiffness and
reduce the stress between the bar and the short-circuit rings (Ansaldobreda, [5]).

Academia has been focusing its efforts in developing methods of induction motor diagnosis based on
current analysis, due to its advantages [8], even if vibration methods are more commonly used in industry
[14]. Since the inverter-fed motors work under changing speeds, the frequencies in the current change over
time, and time-frequency transforms must be used to perform the analysis [15,16]. Moreover, even under a
long steady state capture, the harmonics are more easily confused in its spectrum than in a time-frequency
map related to a transient, taking into account that the harmonic content and noise caused by the inverter may
overlap or hide the faulty harmonics, whose amplitudes also depend on the Fundamental Component (FC)
frequency and the control [17],[18],[19]. Unlike directly-fed motors, the FC frequency changes when the
motor is fed by an inverter [20]. Moreover, the slip frequency remains low, making the bar breakage
harmonics evolve parallel and very close to the FC [21,22]. This two aspects make the fault detection a
challenge, whose solution is the purpose of this paper.

There are mainly two types of transforms that can be used to obtain the time-frequency evolution of
the components present in a signal: the Wigner-Ville Distributions (WVD) and the atom-based transforms.
Regarding the WVD, they are not useful to obtain the evolutions of bar breakage harmonics in inverter-fed
induction motors: the cross terms introduced by this type of transform cannot be erased using a kernel when

the evolutions of the components to be detected are too close to each other as in this case [23]. The Short
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Time Fourier Transform (STFT), which is the simplest atom-based time-frequency transform, is not able to
separately trace the evolutions of the FC and the bar breakage harmonics: the FC energy disperses and hides
the faulty harmonics evolutions [23]. The wavelet transform, which has been used in several works to
diagnose inverter-fed induction motors [22], [20], [24], [25], does not improve the STFT result regarding bar
breakages, since the atoms used by this transform are adapted only for increasing frequencies following
approximately a parabola. More advanced atom-based transforms, as the Adaptive Slope Transform (AST)
[26], has been applied to detect eccentricities in inverter-fed induction motors [27], but as will be shown
through the paper, when dealing with bar breakages under this type of supply, they only achieve to obtain the
evolutions during the steady state. Finally, the last atom-based transform, the Chirplet Transform (CT)
[28],[8], only enables to obtain the bar breakage harmonics evolutions during a certain part of an inverter-fed
startup. Among other transforms, the Hilbert Huang Transform has been also applied to diagnose inverter-fed
motors, but when dealing with the detection of bar breakages, their procedure cannot separate the faulty
harmonics from the FC [23]. Finally, other transforms propose a non-uniform resampling [29], which enables
to obtain the evolution of the bar breakage harmonics when plotted in a space-frequency map instead of a
time-frequency map. Nevertheless, they do not allow quantification, making the diagnosis impossible.
Concluding, the time-frequency transforms present in the technical literature, do not enable to obtain
the evolutions of the bar breakage harmonics during the startup of an inverter-fed motor, quantifying their
energies to perform a diagnosis. Two approaches enable quantification, but only obtain a part of the
evolutions (AST), (CT), while a third approach enables plotting the evolution in a space-frequency map,
without possible quantification. This is the first paper in which the evolutions of the bar breakage harmonics,
during an inverter-fed induction motor startup and steady state, are plotted with precision as very thin lines,

enabling the quantification of their instantaneous amplitudes.



2. Time-frequency evolutions of the harmonics to be detected.

The objective of analyzing a current with a time-frequency transform is to obtain the time-frequency
evolutions of the current components (also called harmonics, even if some authors reserve this term only for
steady state). If the faulty components are present in the current, their evolutions will appear in the transform
result, enabling to detect their presence and quantify their amplitudes, allowing for a diagnosis to be
performed (analyse if their presence in the current is important enough to relate it to the presence of the fault
in the motor). Therefore, the evolution has to be traced complete and with enough precision to define a

reliable quantification method of the harmonics amplitude.

In order to study which type of transform has to be applied to obtain such a result, the first step is to
analyse the “structure” of the current; i.e., which are the kind of evolutions that the transform applied has to
be able to reflect in the time-frequency graph obtained. Let us analyse it through an example: the stator
current of an inverter-fed induction motor has been captured during a startup and the subsequent steady state,

under a bar breakage (Fig. 1(a)). The motor and inverter characteristics can be found in section 5.

The bar breakage harmonics frequencies can be obtained through the Fundamental Component (FC)

frequency f,. and the slip s, using:
fBBH:|1i2S|fFC (D
These can be rewritten in terms of the slip frequency sf,..:

S s :|ch iszFC| (2)

The FC frequency can be obtained through the current captured using the method presented in [27].

The slip can be obtained through the motor speed, acquired using a sensorless speed method [30], or directly



using a sensor (if any installed), as in this case. The FC frequency, the slip and the slip frequency evolutions

are shown in Figs. 2 (a), (b) and (c) respectively, for the bar breakage case.

It can be seen how the inverter keeps the slip frequency low, and approximately constant (between 1
and 3 Hz). Therefore, as it can be deduced from (2), the bar breakage harmonics frequency is equal to the FC
frequency, plus or minus twice the slip frequency (which is constant). Then, the bar breakage harmonics
evolve parallel to the FC, separated twice the slip frequency, towards higher or lower frequencies, depending
on the sign used in (2). This is exactly what can be observed in Fig. 1 (d), where the FC frequency has been

plotted (blue) together with the bar breakage harmonics evolutions (red).

It can be concluded that, in the case of an inverter-fed motor, the bar breakage harmonics evolve very
close to the FC. Taking into account that the FC has a much higher energy than the faulty harmonics, the
detection of these harmonics is very difficult. The challenge is to represent the FC evolution in the time-
frequency plane as a very thin line: if its energy spreads around its real evolution, being represented as a line

with a certain thickness, it will uncover the faulty harmonics evolutions.

3. Time-frequency atoms and resolution trade-off.

Time-frequency transforms try to obtain the time-frequency evolutions of the components in the
signal analysed. Basically, there are two types of transforms: the Wigner-Ville distributions and the atom-
based. The Wigner-Ville distributions are not considered here, since they introduce cross-terms, which are
very difficult to be removed using kernels when the harmonic evolutions are so close to each other as in this
case (see previous section). On the other hand, atom-based transforms generate clear results, without cross

terms. Nevertheless, they have an inherent resolution trade-off which has to be solved.

Briefly, a time-frequency atom is a function whose energy is well concentrated around a point of the

time-frequency plane. Figure 2 (a) shows the same evolutions of the FC and the bar breakage harmonics of



Fig. 1 (d), plotted in white. The time-frequency energy distribution of seven atoms has been represented too.
The atoms are centred at different points along the Lower Sideband Harmonic evolution (LSH, bar breakage

harmonic below the FC). The present paper uses Gabor atoms ¢, defined by a Gaussian window g (3), with

a time dispersion characterized by its deviation parameter o, centred in ¢,, normalized with a constant

C, = 1/((‘/; Jo ) , and modulated at a frequency £ :

o

g(f)= cc,e‘(zéz) > p(1)=g (1)) 3)

Each atom’s energy is confined in its respective enlarged Heisenberg box. This box, plotted in white
in Fig. 2, describes how the energy of the atom disperses from its centre along the plane (see section 2 in [26]
for a deep introduction). For instance, the five atoms centred along the startup have a box more or less
squared, while the two atoms centred in points of the steady state have a flatter rectangular box, which
describes the rectangular shape of their energy dispersion in the plane. The correlation between the atom and
the signal to be analysed, measures the energy of the signal inside the atom’s enlarged Heisenberg box;
correlating is like multiplying the time-frequency energy distributions of the atom and the signal analysed:
everything outside the atom’s enlarged Heisenberg box is cancelled, and only the energy of the signal inside
is measured. More precisely, it can be demonstrated that the square of the correlation is a measure of the
signal’s energy density inside the box. If the operation is repeated in several points of the time-frequency
plane correlating with atoms centred in those points, the energy density along the plane will be obtained,
showing how the energy of the signal is distributed. The energy density of the signal will be high in the
points of the time-frequency plane with harmonics evolutions, and low everywhere else. Therefore,
representing the energy density of the signal obtained through atoms correlations, gives as result the time-

frequency evolutions of the harmonics contained in the signal analysed.



The question is: which is the best “shape” of the atom to be used? When using atoms with
“rectangular” energy distributions (as the ones shown in Fig. 2), the best shape is obtained applying the slope
criterion [26],[27]: if an atom is centred in a certain point of a harmonic evolution, to capture the energy of
that harmonic at that point, the diagonal of its Heisenberg box must match the tangent to the harmonic
evolution at that point. Since the LSH evolution along the startup is approximately rectilinear, the tangent at
every of these evolution points is the LSH evolution itself. Therefore, the atoms used along the startup in Fig.
2 (a) have a Heisenberg box diagonal that matches the evolution of the LSH. The atoms in the steady state,
since the tangent to the LSH evolution is a horizontal line, they should be completely flat. Nevertheless, this

is not recommended since the atom energy would disperse form minus to plus infinity.

The problem is that the FC evolution crosses every of the five boxes of the atoms centred along the
LSH evolution during the startup. Therefore, when correlating those atoms with the signal analysed, even if
they try to measure only the LSH energy around the points where they are centred, the FC energy would be
measured too, since the correlation measures the energy inside the box, and those boxes contain parts of the
FC evolution. If a flatter box is used (Fig. 2 (b)), we are trying to avoid crossing the FC evolution in the
upper part of the box, but a bigger part is captured at the left part of the box. Analogously, if a taller box is
used (Fig. 2 (¢)), the FC interacts less with the left part of the box, but crosses more in its upper part. The
slope criterion has the best compromise, not only to capture the highest amount of the LSH energy [26], but

also to avoid the FC.

Nevertheless, this is not enough. Figure 2 (d) shows atoms centred along the three evolutions, using
the slope criterion. It can be observed that, since the three evolutions are nearly parallel along the startup, the
tangents to these evolutions are also parallel. Moreover, since the evolutions are nearly rectilinear, their
tangents nearly do not change along the startup. Therefore, all the atoms along the startup, with diagonals

matching the tangents, have nearly the same shape. Therefore, in order to construct the final family of atoms



to be used to correlate with the signal, atoms with the same shapes are used along all the plane during the
startup, changing to a flatter rectangular shape when the steady state arrives (Fig. 3, left). The result of the
transform, called Adaptive Slope Transform (AST, used in [26] to detect bar breakages in directly-fed
motors, and in [27] to detect eccentricities in inverter-fed motors), is shown in Fig. 3, right. As predicted, the
atoms centred at the LSH evolution, capture the FC energy, which disperses till those points, hiding the LSH
evolution. In other words, the energy of the FC spreads around its evolution, hiding the evolutions of the bar
breakage components during the startup. Only during the steady state, an atom centred at the FC, only
captures the FC energy, while an atom centred in the LSH, only captures the LSH energy. This is due to the
fact that the atom’s shape are truly adapted to the harmonics evolutions they are trying to detect, and they

appear traced as thin lines, enabling to distinguish the three evolutions.

The atoms can change their shapes from the classic rectangular dispersion of their energy. In this type

of atoms, as shown in (3), the window is modulated multiplying with a complex exponential of angle

0(r)=f.(t—1,) (expressed in degrees instead of radians). The derivative of that angle gives the frequency at

which the window is modulated, which in this case it is constant:

do(t)

o0=r(-1) >

=Je (4)

Let us construct an atom with a flat rectangular dispersion of its energy (lower atom in Fig. 4, left).
This is simply achieved by taking a high deviation parameter o in (5): the atom’s energy disperses in time.
Then, in order to construct the upper atom in Fig. 4, left, instead of modulating the Gaussian window at a

constant frequency f, (as in (5)), the modulation is performed as follows:
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The instantaneous frequency in (6) increases linearly in time with a slope S being f, when ¢ =¢,:

do(t)
dt

=f.+S(t-1,) (6)

The slope S determines the “inclination” of the atom. If § =0 Hz/s, then equations (4) and (6) are

equal, and taking f, =5 Hz, the lower atom in Fig. 4, left, is obtained, which has none inclination. If §=2.5
Hz/s, and taking f, =12.5 Hz, the upper atom is constructed: it has an energy dispersion that follows a

straight line; the slope S fixes the inclination of the line that the energy dispersion is going to follow, while

it’s energy main centre frequency still being f,. These atoms are called chirplets. The resulting transform is

called Chirplet Transform (CT). In Figure 4, right, the same evolutions of the FC and the bar breakage
harmonics of Fig. 1 (d) are plotted in white. Moreover, the energy distributions of five chirplet atoms have
been represented. The chirplets have been chosen with a slope S =35 Hz/s, equal to the slope of the LSH
evolution during the startup (evolves from 0 to 50 Hz in 10 s). This way, their shape fits the evolution of the
harmonic to be detected during the startup. They have been centred in three points of the startup and two
points of the steady state. Since the FC and the other bar breakage harmonic evolve in parallel, the chirplets

constructed with this slope would fit also their evolutions during the startup when centred to capture them.

Figure 5 shows a whole family of chirplets distributed along the time-frequency plane, together with
the evolutions of the FC and the bar breakage harmonics to be detected. One of the drawbacks of the CT is
that the inclination of the chirplets must be the same for every point of the plane analysed. The chirplets are
chosen with a 5 Hz/s slope, adequate to match the evolutions of the three harmonics during the startup. The
result of the CT is shown in Fig. 7, right. It can be observed that the FC evolution appears as a very thin line
during a certain part of the startup. Same thing happens with the bar breakage components. In this region,

their evolutions can be distinguished very well. Nevertheless, a chirplet centred with this shape around a
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point of the FC steady state, captures its energy, unless it is centred far away from its evolution. Therefore,
the FC energy spreads widely around its evolution, masking the end of the startup, and everything around the

steady state, and particularly hiding the evolutions of the bar breakage harmonics.

In the present section, the best results have been obtained when using atoms with rectangular shapes
(AST), and when using atoms with inclined linear shapes (CT). As seen through the results presented, these
time-frequency transforms do not enable to obtain the evolutions of the bar breakage harmonics during the
startup of an inverter-fed motor. This is due to the fact that, in this case, the faulty harmonics evolutions are
too close to the FC. To prevent the FC from hiding the faulty harmonics, its evolution has to be plotted as a
thin line. Nevertheless, this only happens during the steady state for the AST, and during a part of the startup
for the CT. Therefore, the AST only achieves to detect the bar breakage harmonics evolutions during the
steady state, and the CT only during a part of the startup. None of them enables to plot the whole evolution of
the faulty harmonics. For this reason, a new transform is defined in the following section, using a new type of

atom.

4. Dragon transform.

As seen in the previous sections, the main problem to detect the FC and the bar breakage evolutions in
an inverter-fed induction motor startup, is that they are too close to each other. To distinguish them in the
time-frequency plane, the transform must be able to trace them as very thin lines. This is achieved when the
energy dispersion of the atom used follows the evolution of the component to be detected. Then, the energy
dispersion of the component itself, when represented in the time-frequency map, takes place also along its
own evolution. As a result, the component evolution is traced as a very thin line, without nearly any
thickness. In the present section, the dragon atoms (which have the mentioned characteristics) are defined and
build. Then, the dragon transform, based on the use of dragon atoms, is also defined and applied. Finally, a

quantification method is introduced to obtain the instantaneous amplitudes of the harmonics detected.
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4.1. Building atoms following arbitrary evolutions.
The dragon atoms are defined as atoms whose energy disperses following the evolution of the
component to be detected. In other words, the shape of the atom fits the evolution of the component. To

achieve this, the modulation must be performed differently at each time instant. More precisely, the window

must be modulated using an angle H(t) in the complex exponential (7), whose time derivative is equal to the

time evolution of the component’s frequency f(7):

=/(t) (7)

Figure 6 shows, at the left, the time evolutions of the frequencies from two monocomponent synthetic
signals. The first monocomponent signal has a decreasing frequency changing to a horizontal evolution (up),
while the second describes a sinusoidal time evolutions (down). The right part of the figure, shows the energy
distributions of four (up) and five (down) dragon atoms centered in different points and defined to fit the
evolutions of the monocomponent signals in the left part of the figure. As it can be observed, the atoms
follow the time-frequency evolutions of the synthetic signals, not only during their rectilinear periods, but
also during the points of change, as at 10 s. In the second signal (down) the energy distributions of five
dragon atoms have been represented in the right part of the figure, showing how precisely the dragon atoms

follow the evolutions of the components to be detected.

The dragon atoms that have been defined and built in the present section of the paper, are able to
adapt to the shape of a harmonic time evolution, no matter how its frequency changes in time. As it will be
shown in the next subsection, this will enable to plot the harmonic evolution as a very thin line. This is due to

the fact that, when using a dragon atom, the energy dispersion happens along the harmonic evolution itself.

4.2. Transform definition.
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The dragon transform is defined as the correlation between the signal to be analyzed # with a family

of dragon atoms ¢:

<h,¢>= jh(;)¢* (t)dt: Ih(t)cae P (OF PN d¢9(t)

—00 —00

=/ (1) (®)

The key point is to properly define the family of dragon atoms. To start with, ¢, is the time instant

where the atom is centred (fixed when the time instant analysed by the atom is chosen). As previously

mentioned when explaining Fig. 4, left, the deviation parameter o is taken high enough to obtain a thin atom

(the constant that normalizes is automatically defined C_ = 1/((‘/;\/; ) ). The only magnitude remaining in

(8) to perform the calculation is the most important one: the angle in the complex exponential.

Basically, two possible situations must be considered: an atom centered in a point where a component
of the signal evolves, and an atom centered in a point where no component of the signal evolves. In the case
of the signal analyzed (the startup current of an inverter-fed induction motor), there are three components
whose evolutions must be properly traced to diagnose the rotor state: the FC and the bar breakage harmonics
(plotted in blue and red respectively in Fig. 7, left). For this first case, in which the atom is centered in one of
these three evolutions, the atom must simply fit the evolution to be detected. To achieve this, the time
evolution of the component’s frequency must be obtained, taking £ =0 for the FC, £ =1 for the Upper
Sideband Harmonic (USH), and £ =—1 for the LSH in the following equation:

do(t)
dt

= [ (t)=|1+2ks (1)| fre (1) (9)
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Once the derivative of the angle is determined, numerical integration is applied (taking a zero initial
value, since it has no effect on the result of the transform), and the resulting angle is used in (8) to obtain the
correlation. Figure 7, right, shows the energy distributions of fifteen dragon atoms, centered at several points

of the FC, LSH and USH evolutions, defined following this procedure.

Let us approach the second situation: atoms centered in points where no evolution appears. The
procedure is to define an evolution crossing that point and parallel to the FC, LSH and USH evolutions, and
then, define the atom to fit that evolution. If we give positive values to k € Z,(9) describes evolutions parallel
to the USH evolution tending to higher frequencies. If on the contrary, negative values are assigned to k € Z,
the equation describes evolutions parallel to the LSH towards zero. Generally speaking, if instead of taking k&
€ Z, we take k € R, a whole family of parallel evolutions appear in the time-frequency plane (in which the FC,
LSH and USH evolutions are included when k=0, k=-1 and k=1 are taken respectively). All this
evolutions are parallel: they do not cross each other. Therefore, for each point of the time-frequency plane

(7., f.), there exists only one evolution crossing that point. The value of k € R which defines the evolution

crossing (7., f.) is given by:

"("'”’”):zszfc{f;@c)‘l} 1o

If an atom is centered in (7, £, ), the value of k(7,, f.) which defines the evolution crossing (¢, f, )
is obtained using (10). Then, the evolution itself is obtained using (11): f(¢) =|1+2k(t(,,fc)s(t)| fre ().
Then, that frequency time evolution is numerically integrated to obtain the angle finally applied in (8).
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To conclude, the only difference between the procedure when using an atom that is centred in the FC,
LSH or USH evolutions, and an atom centred anywhere else, is that for the first case k=0, k=-1 and k=1
are taken respectively, and for all the other cases & is calculated using (10). In fact, if a point of the plane
contained in the evolutions of FC, LSH or USH is considered, and the value of & is calculated through (10),
it will give as a result k=0, k=-1 and k =1. Therefore, exactly the same procedure can be applied for

every point of the time-frequency plane analysed.

If we apply this procedure to the current analyzed, the family of dragon atoms shown in Fig. 8 is
constructed. We can see that the further we move from the FC evolution, a bigger “ripple” appears in the
energy dispersion of the atoms. This is caused by an inherent ripple in the speed measured, which is
transferred to the slip, and finally to the frequencies time evolutions obtained through (11), which have to be
followed by the dragon atoms. Since in (9) & multiplies the slip, the ripple in the frequencies calculated

through (9) will get higher for higher |k

, and |k| increases when moving far from the FC evolution (£ =0

along the FC evolution). As it can be seen in Fig. 8, the dragon atoms even achieve to follow those ripples of
the frequency time evolutions obtained through (9). The result from correlating the signal with the family of
dragon atoms, obtaining the dragon transform result, is shown in Fig. 8, right. Several zooms of this result

can be seen in Fig. 9.

As it has been shown through the results, the dragon atoms perfectly adapt to the evolutions of the FC
(Fig. 7, right), and the bar breakage harmonics, not only during the startup, but also during the steady state.
Moreover, it has been constructed a smooth family of dragon atoms (Fig. 8, left), whose shapes change
uniformly from one to the next, following evolutions that do not cross. As a result, the evolutions of the FC,
LSH and USH are represented very precisely in the time-frequency plane as perfectly traced thin lines (Fig.
8, right). Even if their evolutions are very close, due to the lack of thickness when plotted in the time-

frequency plane, they can be distinguished along the complete transient captured (startup and steady state).
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Particularly, in Fig. 9, the evolutions at the beginning, the middle and the end of the startup can be separately
observed, being able to follow their frequency change when the steady state arrives, and finally describing
horizontal evolutions. To conclude, the dragon transform enables, not only a very easy visual detection of the
components evolutions when zooming, but it also enables to propose a quantification method to obtain its

instantaneous amplitudes, and perform a reliable diagnosis, as shown in the next subsection.

4.3. Quantification method.

The quantification method presented enables to obtain the time evolution of the harmonics amplitudes
through the whole capture: the startup and its transition to the steady state. To achieve this goal, the dragon
transform result is plotted in 3D, from two different perspectives (Fig. 10). In Fig. 11, left, the same result as
in Fig. 10, left, is represented, but including three arrows showing the evolutions of the bar breakage
harmonics: two for the LSH and one for the USH. Then, a frequency band is calculated around the LSH
evolution obtained through (11) (FC and speed evolutions captured as explained in Section 2). That
frequency band is represented in blue in Fig. 11, right. The width of the band is lower for the beginning of the
startup and the change to the steady state, where more precision is needed. For each time instant, all the
dragon transform results at that time and inside the blue frequency band are considered, obtaining its
maximum. That maximum indicates the presence of the LSH evolution, plotted in red (Fig 11, right). Same
procedure is applied to the USH, plotting the frequency band in green. The LSH and USH evolutions (red,
Fig. 11, right), are finally superimposed in blue to the 3D result shown in Fig. 12, left. This enables to obtain,
for each time instant, the instantaneous amplitude (in dB with respect to the FC amplitude), of the LSH and

USH. These instantaneous amplitudes are finally plotted in Fig. 12, right, in blue and green respectively.
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To conclude, this is the first paper which shows the evolutions, and quantifies also its amplitudes, of
the bar breakage components, during a complex transient as the startup and the following steady state of an
inverter-fed motor. Moreover, the evolutions are obtained complete, and with high precision, thanks to the

dragon transform here defined.

5. Experimental results.

In order to prove the great capabilities of the dragon transform, experimental tests have been
performed in a laboratory. The induction motor tested (Siemens) has a 1.1 kW rated power, and 1410 rpm
rated speed. The motor has been connected in star, being the rated line voltage and current 400 V and 2.6 A
respectively. A hole has been drilled in the rotor cage, to cause the bar breakage. The frequency converter
used to feed the motor is an Allen Bradley PowerFlex 40 inverter. The inverter has been programmed to
startup the motor in 10 s, through a FC frequency increasing linearly in time, starting at 0 and reaching 50 Hz
in steady state (as seen in blue, in Fig. 13 top, for the two load levels used, low at the left and high at the
right). An electromagnetic powder brake (Lucas Niille) has been used as the motor load. To acquire the stator
motor currents (at a sampling frequency of 5 kHz), a Hall effect sensor (LEM) is used, connected to an

acquisition board (cDAQ-9174, National Instruments), USB controlled through a PC.

The motor has been tested under two load levels. First level is characterized by a 2.6 Nm resistance
torque, at which the motor reaches the 51 % of its rated load. Second level is achieved through a 3.8 Nm
resistance torque, which increases the load to a 74 %. The methodology presented in the paper has been
applied in both cases, whose results are shown in Fig. 13: low load at the left, and high load at the right. At
the top of Fig. 13, the evolutions of the FC (blue) and the bar breakage harmonics (red), can be seen. The FC
evolution has been obtained through the stator current captured, applying the method presented in [27]. To
plot the bar breakage harmonics evolutions, the time evolution of the slip must be obtained previously too.

The control unit of the electromagnetic powder brake measures speed and torque. This speed measure has
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been used to obtain the slip. The dragon transform has been applied as explained in the previous sections,
showing the results at the middle of Fig. 13 (left for low load, right for high load). The quantification result is
the time evolution of the energy density along the evolutions of the bar breakage harmonics, which are shown

at the bottom part of Fig. 13.

As shown in the present section, the dragon transform works well in both low and high load
conditions. The differences observed are only related on how close the harmonics evolutions are to the FC.
The low load condition is the most challenging, since the evolutions are closer for this case (that’s why this
case has been chosen as the example to show, along the paper, how the dragon transform works). The
quantification results obtained are very similar for both cases: the bar breakage harmonics amplitudes do not
vary significantly with the load, for an induction motor started up through an inverter. It can be concluded
that, the dragon transform enables to detect the bar breakage harmonics, even when they evolve really close
to the FC due to low load, precisely showing its evolution along the inverter-fed startup, and obtaining the
energy density time evolution of the faulty harmonics to quantify the rotor fault.

6. Conclusions.

As introduced in the abstract, and further explained through the paper, the high harmonic content of
the inverter stimulates bar breakages in the induction motor, due to the temperature increase, harmonic
torques generated, the increased chances of mechanical resonances and the final grown in rotor solicitations,
especially in applications with overloads, regenerative breaking or with several startups and change of steady
state speeds. Nevertheless, the detection of the bar breakage components evolutions is very difficult due to its
vicinity to the FC. The paper presents an optimization of the atom-based transforms present in the technical
literature: the FC evolution is only traced as a thin line during the steady state (rectangular atoms) or during a
part of the startup (inclined atoms), spreading the high energy of the fundamental, and hiding the evolutions

of the bar breakage components, in all the other parts of the transient.
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To tackle this unsolved problem in the technical literature, the paper presents a new transform in
which the dragon atoms are defined and build, perfectly adapting their shapes to the evolutions to be
detected, no matter how complex the frequency time evolution might be. As a result, the dragon transform
generates a time-frequency plot in which the evolutions of the FC and the bar breakage harmonics are traced
as very thin lines during the whole capture. This enables a very precise and complete detection of the faulty
harmonics evolutions. Moreover, the paper presents a quantification method which obtains the time evolution
of the bar breakage harmonics amplitudes, enabling the diagnosis. The method has proven its capabilities
under two different load levels, showing its excellent performance even under low load, when the faulty
harmonics evolve really close to the fundamental. It can be concluded that the dragon transform is the first
transform which enables a complete and very precise detection and amplitude quantification of the bar
breakage harmonics evolutions during a complex transient as the whole startup and steady state of an

inverter-fed induction motor.
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Fig. 1. Time evolution of the following magnitudes, during the startup and subsequent steady state of the induction motor with a
bar breakage: Stator current (a), FC (b), slip (c) and FC in blue together with bar breakage components in red (d).
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Fig. 2. Time-frequency evolutions of the FC and the bar breakage harmonics (white) together with the energy distribution of
several time-frequency atoms along the lower sideband harmonic evolution, following the slope criterion (a), with a lower slope (b)
with a higher slope (c) and distributed along the three evolutions, according with the slope criterion (d).
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Fig. 3. Time-frequency evolutions of the FC and the bar breakage harmonics (white) together with the family of time-frequency
atoms fixed with the slope criterion (left) and the resulting analysis (right) of the current from the bar breakage motor (AST).
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evolutions of the FC and the bar breakage harmonics (white) together with the energy distribution of several chirplet type of atoms
along the lower sideband harmonic evolution, adapted to that harmonic slope during the startup (right).
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Fig. 6. Time-frequency evolutions of monocomponent synthetic signals (left), energy distribution of dragon atoms following these
evolutions (right), for a triangular evolution (up) and for sinusoidal frequencies pulsating around 30 Hz (down).
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Fig. 7. Time-frequency evolutions (left) of the FC (blue) and the bar breakage harmonics (red), energy distributions of several
dragon atoms along the three evolutions (right).
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Fig. 8. Family of dragon atoms (left) and the resulting analysis (right) of the bar breakage motor current (Dragon Tansform).
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Fig. 10. 3D views of the dragon transform result when applied to the bar breakage motor current (Fig. 8, right).
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bar breakage harmonics (red), dragon transform (middle) and quantification (down).
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