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Wavelet packet analysis for rotor bar breakage in an inverter induction motor

Introduction. In various industrial processes, squirrel cage induction motors are widely employed. These motors can be used in harsh
situations, such as non-ventilated spaces, due to their high strength and longevity. These machines are subject to malfunctions such as
short circuits and broken bars. Indeed, for the diagnosis several techniques are offered and used. Novelty of the proposed work provides
the use of wavelet analysis technology in a continuous and discrete system to detect faults affecting the rotating part of an induction
motor fed by a three-phase inverter. Purpose. This paper aims to present a novel technique for diagnosing broken rotor bars in the low-
load, stationary induction machine proposed. The technique is used to address the problem of using the traditional Techniques like
Fourier Transforms signal processing algorithm by analyzing the stator current envelope. The suggested method is based on the use of
discrete wavelet transform and continuous wavelet transform. Methods. A waveform can be monitored at any frequency of interest using
the suggested discrete wavelet transform and continuous wavelet transform. To identify the rotor broken bar fault, stator current
frequency spectrum is analyzed and then examined. Based on a suitable index, the algorithm separates the healthy motor from the
defective one, with 1, 2 and 3 broken bars at no-load. Results. In comparison to the healthy conditions, the recommended index
significantly raises under the broken bars conditions. It can identify the problematic conditions with clarity. The possibility of detecting
potential faults has been demonstrated (broken bars), using discrete wavelet transform and continuous wavelet transform. The
diagnostic method is adaptable to temporary situations brought on by alterations in load and speed. Performance and efficacy of the
suggested diagnostic method are demonstrated through simulation in Simulink® MATLAB environment. References 31, figures 11.

Key words: squirrel cage induction motors, rotor broken bar, continuous wavelet transform, discrete wavelet transform.

Bemyn. Y pisnux npomucnosux npoyecax wupoKko 6UKOPUCINOGYIOMbCS ACUHXPOHHT 0BUSYHU §3 KOPOMKO3aMKHeHUM pomopoM. Lli osuzynu
MODICYMb BUKOPUCMOBYBAMUCS. 8 CYBOPUX YMOBAX, HANPUKIAO, 8 NPUMILEHHSX, W0 He BeHMUTIOIOMbCS, 3a60KU iX BUCOKIU MiyHocmi i
0oszosiunocmi. L{i mawunu cxunbii 00 HecnpasHocmel, MaKux siK KOPOmKe 3aMUKAHHs i 31amMani CmpudicHi. 3po3ymino, wo 01 OiazHocmuku
NPONOHYEMbCS MA BUKOPUCMOBYEMbCSL Kibka Memoouk. Hoeusna 3anpononosarnoi’ pobomu nonseac y UKOPUCMAHHI MeXHON02k eetienen-
amanizy 6 besnepepsnill i OUCKpemHill cucmemi 05 BUAGTIEHHA HECNPABHOCHEN, WO SNIUBAIOMYb HA YACMUHY ACUHXPOHHO20 OBUZYHA, WO
obepmaemucs, wo sHcueumvcs 6i0 mpughasnozo ineepmopa. Mema. Y yiii cmammi npedcmasiena Ho8a MemoouKa OiaeHOCMUKY 3NAMAHUX
CIMPUDICHIG POMOPA 6 MATOHABAHMANCEHIL CMAYIOHAPHIL ACUHXPOHHIL Mawuni. Lleil Memoo suxopucmosyemvcst Onisi GupiuierHs npoobnemu
BUKOpUCIANHS MPAOUYILIHUX Memo0i, MaKux K aneopumm obpobku cueanie nepemeopenns Dyp’c, WAXOM aHANIZY O2UHAIOUOT CIMPYMY
cmamopa. [Ipononosanuii Memoo 3acHO8aHULl HA BUKOPUCMAHHI OUCKDEMHO20 6elillem-nepemeopents ma 0esnepeperozo  eetisnen-
nepemeopenns. Memoou. Dopma cuenany modce eiocmedicyeamucs Ha 6YOb-aKill yacmomi, WO YiKasumv, 3 GUKOPUCHIAHHAM
3aNnpPONOHOBAHO20 OUCKPEMHO20 6eliglen-nepemseopenis i besnepepeHozo Getignem-nepemeopents. Jlisl 6UABNEHHA HeCcnpasHocmi oopugy
CIMPUIICH. POMOPA 4ACMOMHULL CReKmp CIMamopa auanizyemvcsi, a nomim oocriodxcyemuvcs. Ha ochogi 8ionogionoeo indexcy ancopumm
BIOOKpeMIIOE CNpagHUll OsueyH 6i0 HecnpasHoeo 3 1, 2 i 3 snamanumu cmpudicHamu Ha xonocmomy xooi. Pesynemamu. Ilopisnsno i3
HOPMANbHUMY YMOBAMU DEKOMEHOOBAHU NOKA3HUK 3HAYHO NIOGUWYEMbCS 3a YMOG 3NAMAHUX CIPUDICHIG. Bin Modice uwimko eusHavumu
npobaemni ymosu. byno npodemoncmposano modsciugicms GUAGNEHHA NOMEHYIHUX HECnPAGHOCIEl! (31AMAHI CIPUIICHT) 3 GUKOPUCIIAHHAM
OUCKpemHo20 8eligiem-nepemeopentsi ma besnepepeHozo eelignem-nepemeopents. Memoo Oiaznocmuku adanmyemscs 00 MUMHACOBUX
cumyayivl, SUKIUKAHUX 3MIHAMU HaABaHMadcenHs ma weuokocmi. Ilpayesoamuicmb ma egexmusHicms 3anponoHO6an020 Memooy
OlazHOCMUKY NPOOEMOHCIPOBAHO 3a OONOMO2010 MOOetosanHs y cepedosuwyi Simulink® MATLAB. bion. 31, puc. 11.

Kniouogi cnosa: aCHHXpPOHHI ABUTYHH 3 KOPOTKO3aMKHEHHM POTOPOM, 3JJaMaHMii CTPUKeHb POTOpa, Oe3nepepBHe BelBJeT-
nepeTBOPeHH s, JUCKPeTHe BeliBiIeT-NepeTBOPeHHs.

Introduction. Currently, induction motors are very
popular in the industry and is of great interest to scientists
in the variable speed drive. Since of their robust
construction, high power-to-weight ratio, high reliability
and easy design, squirrel cage induction motors are used
in most industries [1]. They are, however, susceptible to
failures, which may be caused by the machine itself or by
operating conditions.

They found flaws in the converter and inverter of an
induction motor that was functioning. In order to apply
variable speed applications to the induction motor, an
inverter is necessary [2].

According to failure
component failure is typical:

o Stator related (38 %);
e Rotor related (10 %);
e Bearing related (40 %); and others (12 %) [3].

The induction motor could be saved from
catastrophic harm if the defect is detected quickly.

Even early detection of an issue could cut down on
the amount of time necessary for maintenance. The most
prevalent rotor defects are located at the level of the rotor,
where bar breakage is the most common rotor problem. It

studies, induction motor

might be at the notch or at the end of the rotor ring that
connects it to the rotor ring [4].

Damage to the machine may result from the
fractured rotor bar’s fault, which increases fluctuation and
reduces the amplitude of the torque. As a result,
additional mechanical vibrations and fluctuation may be
produced. Ultimately, the increased number of damaged
bars makes their effect more obvious [5]. To avoid such
issues, the technique of fault diagnosis and identification
has become a crucial step in protecting this sort of
electrical machines. The sorts of faults often relate to
diagnostic techniques [6-9].

In recent years, many researchers have been drawn
to motor current signature analysis because of its benefits.
Current spectral analysis as it has been done in [10].

The benefit of signal processing techniques such as
Fourier Fast Transformation (FFT) Wavelet theory is that it
provides a coherent framework for a variety of approaches
developed for distinct signal processing applications [11, 12].

Over the past 15 years, there has been a significant
amount of research on the development of different
steady-state condition monitoring approaches, most of
which are based on the FFT.
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This theory is distinguished from others in that it is
faster in signal analysis, which provides ease in dealing
and saves time. Therefore, it was briefly discussed due to
its value in scientific research and the renaissance of
industrial maintenance [13].

The wavelet transform (WT) is a signal analysis
method for time-varying or non-stationary signals that uses a
description of spectral decomposition using the scaling idea
for fault detection. This approach works well for both
stationary and non-stationary signal processing [14].

In order to improve the broken rotor bar diagnosis in
induction motors under low load, the researcher
developed [15], which combines the Hilbert transform
with the neural network operation. The stator current
envelope is extracted using the Hilbert transform. After
then, FFT is used to process this signal. The fault
frequency must be extracted. Under various stress
circumstances, this approach is used to count the number
of broken rotor bars.

The study of flaws in another approach is employed
for broken rotor bars detection in [16] utilizing a lower
sampling rate and fewer samples. To address this issue, a
novel method based on the pitch synchronous WT at a
reduced sample rate is used.

While [17] took a different approach, he did think
about diagnostic strategies utilizing electrical signal
spectral analysis. These techniques can be classified into
two categories: internal diagnosis using a model of the
motor based on its parameters, and external diagnosis
utilizing external signals, which does not require
knowledge of motor properties.

Additionally, [18] had advanced a broken rotor bar
fault detection using the power of the sidebands in his
investigation of flaws. When the motor is linked directly
to the supply voltage, this method is applied to the line
current and instantaneous power of one stator phase.

The degree of the defect (such as partial or multiple
broken rotor bars), motor loading, the impacts of the starting
rotor position, supply imbalance, and the variations in the 3
phase currents are not examined in these early research.
Furthermore, the addition of an inverter to an induction
motor represents a variety of technology that was not
examined in the investigations. We were obviously focused
on how crucial the inverter was for using the induction motor
with variable speed applications.

The goal of the paper is to use Wavelet Packet
Transform on current window frame samples from an
induction motor to diagnose and categorize broken rotor
bars using Discrete Wavelet Transforms (DWT) and
Continuous Wavelet Transform (CWT).

Basic calculation relationships and assumptions.
Figure 1 shows the diagram of the impeller failure circuit
of the induction machine, with equivalent resistance, in
the case of broken bars [19].

According to the reference frame (d-q) fixed to the
rotor [19, 20], the model for a three-phase induction
motor is:
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Signal processing methods. In order to detect
problems and overloads in electric devices, especially those
used to generate energy and drive high-capacity motors.
Advances in microelectronics and signal processing are
accelerating the development of contemporary diagnostic
technologies [21]. Because temporal patterns don’t convey
much information, we must rely on signal processing
techniques [22]. Spectral analysis has long been used to
detect faults in electrical machines, such as asynchronous

[V] = [R] [I ]+ i[[L] [1 ]], (1) machine rotor bar breakage, bearing degeneration,
dr eccentricity, and winding short circuits. We’ll go over some

where: cutting-edge techniques like FFT and WT briefly in [23].
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Wavelet Transform is a sophisticated approach for
improving stator current data analysis in the transform.

Continuous Wavelet Transform. It’s common to
want to distinguish between lower frequencies bands than
DWT permits.

Using the CWT, this is conceivable [24]. The
signal’s CWT is expressed as follows:

CWT(a,b):%T x<t)¢*(%}u, )

where ¢@(f) is the mother wavelet, which represents a
disputed function in the time and frequency domains;
@ (¢) is the mother wavelet’s complex conjugates, an is
the scale value; b is the translation value. In a more
compact form, the normalized wavelet function is:

w(a,b):%qﬁ*[%j . (©)

The integral equation is rewritten as:
+00
CWT(a,b)= [x(ehpp(e)dr (7
—00

Discrete Wavelet Transforms. The wavelet analysis
(WT) is a sophisticated approach for improving stator current
data analysis in the transitional or stable states [25].

Because of the DWT’s automatic filtering, the tool
offers a lot of flexibility for analyzing the transient evolution
of several different frequency components in the same signal
at the same time. The computational needs are low as
compared to other tools. Furthermore, the DWT is included
in most commercial software packages. As a result, no
complex or specific algorithm is necessary [3].

Without data loss or redundancy, this technique
provides an approximation coefficient containing low
frequencies information and a detail coefficient carrying
high frequencies information of the original signal at each
level [26].

In other words, a signal’s Fourier analysis is the sum
of several sinusoidal functions, but a signal’s WT is the
sum of multiple functions that are displaced and scaled
replicas of the main function [27]. The technique can be
repeated on multiple levels, resulting in the tree structure
depicted in Fig. 2 [10].

Original signal(S)

Fig. 2. Decomposition of the signal S in wavelet packet

DWT decomposes a sampled signal S = (51, S2, ..., S,)
into numerous wavelet signals an approximation signal
an, and #» detail signals dj (j € [1, n]) [16].

Each frequency band’s energy eigenvalue is defined as:

k=n
E;= 3D mP: ®)
k=1

where j = 1, 2, 2" n denotes the discrete wavelet
decomposition time; D; denotes the amplitude of the
wavelet coefficient of the signal in the associated frequency

band in each discrete point as shown in Fig. 3 [28].
f=50Hz
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Fig. 3. Filtering process performed by the DWT
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FFT is a prominent approach for fault identification
in asynchronous devices. It excels in applications
requiring great power or steady torque.

The FFT analysis of the bearing fault component
will reveal all of the fault’s features, including frequency
and magnitude responses.

His purpose is to show how harmonic amplitude
grows over time, which is a sign that validates a number
of crucial truths [29].

FFT is a technique for decomposing a set of detailed
signal spectrum values from one domain to another. Each
stage of the procedure consists of a signal spectrum that
may be processed with a limited quantity of data to
determine the dataset’s variation [2 — 22].

The FFT technique can detect flaws in induction
motors using this fluctuation. As a result, in signal
analysis, the procedure will be faster than DWT [30].

The FFT data can be analyzed as [31]:

+00
x(t)= [x(e)-e7/ 27 ar. ©9)
—00

The assessment of a signal is a known interval, which
necessitates the selection of a weighting window
(Blackmann window, Hanning window, Hamming window,
etc.) as well as the window size, which influences the
resolution. The frequency accuracy is, in fact, proportional to
the sampling frequency and the number of samples N:

A = fy /N . (10)

Simulation results and discussion. We can study
the evolution of time elements such as stator currents,
torque and speed when the rotor cage shows no failure;
starting takes place off-load at nominal voltage with a
power supply provided by a three-phase inverter as shown
in Fig. 4. The simulation is run over a period of 5 s, with a
broken bar occurring at the moment ¢ = 2 s and the
machine being exposed to a load torque of 3.5 N-m at the
instant # = 0.6 s. Figure 5 presents the simulation results
of the model induction motor, squirrel cage induction
machine parameters are shown in Table 1.

/3

3-phase inverter Broken rotor bar

Fig. 4. Simulink block of the induction motor with rotor fault

Squirrel cage induction motor
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Table 1
Squirrel cage induction machine parameters

Parameter Value
Stator resistance R,, {2 7.58
Rotor resistance R,, Q 6.3
Number of turns per stator phase, N, 160
Inertia J, kg-m? 0.0054
Resistance of a rotor bar R,, mQ 0.15

Leakage inductance of end ring L., ptH 0.1

The induction motor was tested under loading
conditions first with a healthy rotor, then with 2 broken
rotor bars. Every stator current displayed in the study is
given in the frequency domain.

The evolution of phase a stator current,
electromagnetic torque and phase A current spectrum are
illustrated in Fig. 5-7.

We observe from Fig. 5 that the constant current, the
electromagnetic torque and the rotational speed that their

Length of the rotor Z, mm 65 evolution is constant and also in an excellent and stable
Mutual inductance L, H 0.0265 condition, so that the speed of the curve increases to reach
Stator frequency, Hz 50 the ceiling of its peak to settle as a smooth stable plateau.
Number of rotor bars N, 16 We notice when 2 adjacent rods are broken, as we note
Poles number p 2 in Fig. 6 in our work, that the speed of rotation decreases
Resistance of end ring segment R, mQ | 0.15 gradually, while the ripples also increase more for the
Rotor bar inductance L, pH 0.1 constant current in its cover is proportional to the number of
Air-gap mean diameter £, mm 25 broken rods. In a direct relationship, the electromagnetic
Output power P, kW L1 torque increases with the ripples.
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Fig. 5. a — evolution of phase 4 stator current at no-load, on load (healthy); b — evolution of the electromagnetic torque on starting,
under load (healthy); ¢ — rotational speed at start, under load (healthy)
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Fig. 6. a — evolution of phase A stator current at no-load, on load, then during bar breakage; b — evolution of the electromagnetic
torque at start-up, under load, then during bar breakage; ¢ — rotation speed at start-up, under load, then when the 2 bar breaks

The simulation of the model allowed us to obtain the
different characteristics of stator current, speed and
electromagnetic torque.

We notice here from Fig. 7,a that the spectral stator
current in the healthy state does not register any side line
around the base line at 50 Hz. As in Fig. 7,b, when the
machine is loaded, the speed reaches the nominal value and
then decreases slightly so that the torque tends to the value
of the load torque. It also shows us additional side lines
around the base line f; = 50 Hz at frequencies (1 £ 2-k-s)-f;.

When analyzing the speed ripple effect, other
frequency components of stator current due to rotor
asymmetry were observed around the fundamental at the
following frequencies f;, = (1 + 2-k-s)-f;.

In the stator current spectrum, more than one higher
harmonic component may be induced in the vicinity of
the rotor housing harmonics:

fhk=Z[%j-((l—s)iliz-k-s). (11)

where s is the slip; f; is the supply frequency; Z is the
positive integer; N, is the number of rotor bars; p is the
number of pole pairs; k=1,2,3..and h=1,3,5...
Figure 7,b displays the harmonic amplitude’s
increase as proof that a number of essential criteria are
met. The emergence of 2 lateral components with
frequencies (1 + 2-5)-f; and (1 — 2-5)-f; to the left and right
of the fundamental f; is caused by the existence of a
broken bar fault, and the degree of gravity of the fault line
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amplitudes is (1 + 2-k-s)-f;, suggesting the presence of a
two-bar breaking fault.
Amplitude, dB
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Fig. 7. Phase A4 current spectrum: a — healthy; b — with bar breaks
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Figures 8, 9 demonstrate the use of CWT for stator
current for the measurements presented in Fig. 8, 9 for the

Meyer family and the family in both a healthy and
problematic state of the machine.

Measured using wavelet analysis, the similarity
between the signal’s fundamental functions (wavelets)
and the signal itself is expressed as having the same
frequency content. CWT calculated coefficients show
how close the signal is to the wave at the current scale.

The current does not alter while the machine is in a
healthy state, as opposed to when it is in a damaged one.
As the wave coefficients of the kinetic error are stronger
than the wave coefficients in the machine’s healthy state,
we see that the current changes in terms of different
degrees of colors and their arrangement in shapes.

These variations show that the wavelet shift may
distinguish between the signal components of the healthy
and unhealthy motors during the start-up phase. Low
frequencies are corresponding to high scales. The higher
frequencies match the lower scales.

Another consequence of a broken rotor defect is seen
in Fig. 9. The impact is seen in the beginning current
envelope plots, where the defective motor starts with a little
less current than the healthy motor. This is due to the fact
that the defective motor actually has less rotor bars. This is
also the cause of the defective motor’s decreased torque.
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Fig. 9. a — wavelet case of (db) with fault; b — wavelet case of (Dmey) with fault

A closer look at the CWT plots reveals that a
healthy motor’s starting current displays two patterns
under wavelet analysis, the first of which corresponds to
the beginning (envelope) and the second of which
corresponds to the end (discontinuity) of the signal, while
a malfunctioning motor with broken rotor bars displays a
third pattern in between the two patterns. It is suggested
that this additional pattern can be used to tell a motor that

,IIII

1 15 2 25 3 35 4
Ca,b Coefficients - Coloration mode: init + all scales + abs

I Il|||III‘IIIII IIMIII‘IIIHIII |0
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is functioning properly from one that isn’t. It is proposed
that these variations serve as the distinguishing mark for
broken rotor bar fault detection.

Figures 10, 11 show the level signals resulting from the
wave decay of the stator current to start in a good health
condition of the machine and on the other hand in a defective
machine (2 broken bars).
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Fig. 11. a — sym wavelet case with fault; b — Haar wavelet case with fault
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Gives a precise explanation of the variables brought
about by the broken rotor bar fault, describing how harmonics
develop under transients and steady-state conditions.

The primary factor in the formation of transitional
processes is oscillations. When the wavelet signal strength is
high, there is no oscillation in the system. Compared to a
healthy state, the stator current magnitude in the faulty
condition exhibits high-level coefficients and changes in
coefficients.

Failure of broken rotor bars affects the effect of
frequency bands, increasing the coefficient. The sampling
frequency is set to 5 kHz so that the original signal is
decomposed at the 11th level.

The high-frequency information is better explained
by the detailed signal, while the low-frequency
information is better explained by the approximate signal.

The approximation signal for the 11th level has a
frequency range of 2.44 to 1.22 which is a very low
frequency so it perfectly diagnoses the faults of the rotor bar.

In general, it is noted that the signal in both cases is
not the same and can be identified by the disturbances that
appear at high levels.

It is noted that the tenth and 11th levels are better in
terms of clarity and useful information than the ninth
level, which does not have a significant change.

Through the motor signals and graphs that were taken
from the samples and using 11 levels of decomposition, it can
be concluded that when the reading started, the motor current
showed a greater amplitude due to the higher torque, and then
it returns to stability. This information for high and low
frequencies about the signal is very useful in providing
details. Related to error severity and growth in approximation
and detail signals, particularly in the corresponding plane of
the frequency band, are validated by evaluating the energy
stored in each.

The imbalances produced during the fault appear
clearly in the signal «a;».

Conclusions.

For the purpose of finding faults in squirrel cage
induction motors, wavelet packet analysis is an effective
tool. The signal is divided into various frequency
components using wavelet packets so that any irregularities
can be examined. By examining the frequency spectrum of
the motor current, the wavelet packet analysis is able to
identify broken rotor bar problems. Additionally, it may tell
you where the defect is and how serious it is. Wavelet
packet analysis can also be used to find other induction
motor issues. This makes it a useful tool for identifying and
resolving induction motor problems.

In this research, the diagnostic technique is based on
the use of discrete wavelet transform and continuous
wavelet transform, where it is based on the analysis of the
stator current, at the start-up electromagnetic torque.

This method can clearly exhibit the time-frequency
characteristic of fault signals. By increasing the peaks of
the time domain waveform analysis function, these two
techniques’ performance was demonstrated by their
capacity to produce a local representation of non-
stationary current signals for both a functioning machine
and one that has a defect.
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