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This paper presents a methodology for the broken rotor bars fault detection is considered when the rotor speed
varies continuously and the induction machine is controlled by Field-Oriented Control (FOC). The rotor fault
detection is obtained by analyzing a several mechanical and electrical quantities (i.e., rotor speed, stator phase
current and output signal of the speed regulator) by the Discrete Wavelet Transform (DWT) in variable speed
drives. The severity of the fault is obtained by stored energy calculation for active power signal. Hence, it can be
a useful solution as fault indicator. The FOC is implemented in order to preserve a good performance speed

control; to compensate the broken rotor bars effect in the mechanical speed and to ensure the operation con-
tinuity and to investigate the fault effect in the variable speed. The effectiveness of the technique is evaluated in
simulation and in a real-time implementation by using Matlab/Simulink with the real-time interface (RTI) based

on dSpace 1104 board.

1. Introduction

In industry, drive applications require high performances, the
squirrel-cage induction motor (IM) takes an important place due to its
rigidity, and works more efficiently compared to the wounded rotor. In
addition, it adjusts to several service applications, where the speed
should closely follow a trajectory specified reference that is in-
dependent of any external load disturbance. The operation modes of the
IM are vulnerable to a variety of unwanted conditions, which make it
susceptible to different types of defaults. In this respect, these faults in
the machine can be classified into two categories: on the one hand,
External, such as: overload, poor mounting, the voltage and the en-
vironmental phenomena. On the other hand, Internal, such as: inter-
turn short circuit [1,2], eccentricity of the rotor [3,4] and broken rotor
bars [5,6]. The broken rotor bars fault causes fluctuation and decreases
torque's amplitude; therefore, more fluctuation and mechanical vibra-
tions can be produced, and then these problems can lead to the damage
of the machine. Ultimately, the rotor bars fault effect becomes more
obvious by the increase of the broken bars number, especially, in the
open-loop drives [7]. To avoid such problems, the fault diagnosis and
detection process become highly necessary step to protect this type of
electrical components [8].

The purpose of the field-oriented control is to have good perfor-
mance flux and torque decoupled control, this technique has led to a

radical change in control of the IM [9]. The recommended machine
model for closed-loop FOC design takes into account the effective
geometry of the rotor based on multi-winding model for diagnosis
purpose considering the broken rotor bars fault [10].

In recent years, several techniques for the fault detection have been
proposed in the literature; they focused on the diversity of the en-
countered problems, and have made it a challenging topic for many
researchers. Furthermore, it is usually known that the developed
techniques for IMs diagnosis in open-loop drives are not so effective
when the motor's control structure becomes more complex, particu-
larly, the closed-loop vector controlled motors [11-14].

The use of signals approach for diagnosis has a great importance for
the broken rotor bars detection. It's necessary to employ different
analysis to interpret the acquired signals for the detection process, such
as stator voltage, current, speed, temperature, and vibration signals
[13,14]. The monitoring and diagnosis based on motor current sig-
nature analysis (MCSA) are widespread used methods, whereas, they
present many advantages like requiring only one current sensor per
machine, and is based on straightforward signal processing such as Fast
Fourier Transforms (FFT) [15,16]. The FFT analysis method has been
proved to be a good technique for fixed frequency supply, such as the
connected machines to the electrical grid (steady-state), where it is used
to determine the spectral signatures by investigating components
around the fundamental frequency [17]. However, the effectiveness
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and accuracy of the FFT are affected by the amount of time domain
data. In addition this can be more affective in cases of inconstant load
or speed, since both of them make a variation on the motor slip or time-
frequency. Therefore, this assumption may be considered as a limitation
of this approach and the FFT analysis cannot be applied by con-
sequence. For this reason, the wavelet decompositions becomes our
main focus in this paper which will be proposed in order to overcome
the aforementioned difficulties [18-21].

The wavelet transform is a window technique with a variable size. It
is used in order to improve the stator phase current analysis in steady
and transient states. The wavelet transform is a new description of
spectral decomposition via the scaling concept. Wavelet theory offers a
unified framework for many techniques, which have been developed for
different applications in the field of signal-processing. Moreover, it can
provide information in both of time and frequency domains [22,23].

In Ref. [24], the authors present a method for the broken rotor bar
fault detection based on discrete wavelet coefficients, when the in-
duction motor operates with load variation. Others [25] use the DWT
for the current space vector magnitude or the instantaneous magnitude
of the stator phase current analysis, the energy associated to the rotor
fault in the frequency bandwidth is computed, this energy allows to
evaluate the fault severity without any slip estimation. The DWT is used
in Refs. [18,26] for the analysis of stator current to detect the rotor bars
fault in steady and start-up transient states, the calculation of the en-
ergy Eigenvalue of the stator current signal proves its importance as a
good fault severity indicator. In most cases, the diagnostic methods are
used for open-loop machine operation. However, in closed-loop drives,
the control-loop masks and compensates the fault effect [10]. As a
consequence, they cause a difficulty in fault detection using stator
current analysis. Some attempts can be found in literature which uses
other quantities for fault analysis. For instance, in Refs. [27,28], d
(direct) and q (quadratic) current axis components have been used for
broken rotor bars detection in closed-loop drive. Nevertheless in case of
variable speed drive, the continuous speed variation between two re-
ference values causes a non-stationary state in the signals and confusion
in the DWT spectrum, consequently a more difficulties in the fault di-
agnosis process.

The main objectives of this paper are the diagnosis of the broken
rotor bars fault and the evaluation of the fault severity when the IM
operates in closed-loop drive with continuous speed change. The FOC
control strategy is presented to preserve a high performance decoupled
control. The used method for the fault detection is DWT analysis which
will be applied to output signal of the speed regulator and stator phase
current. The choice of this technique has been done to ensure a good
diagnosis during the continual variation of speed. The evaluation of the
stored energy in each level of the active power energy allows both, to
evaluate the fault severity (break or fissure), and to distinguish between
fault and normal variation.

The effectiveness of the control scheme with diagnosis method will
be investigated in simulation and experimentation using the Matlab/
Simulink software and hardware implementation using Real-Time in-
terface (RTI) environment based on dSpace 1104 board. The realization
of the control strategy is done by Digital Signal Processor with graphical
programming platform (Matlab/Simulink/Control Desk). The simula-
tion and experimental validation has shown a good dynamic control
under rotor bars fault, wherein, the same signatures of the fault are
proved in both results.

This paper is structured as follows: Section 2 presents the dynamic
modeling of the IM taking into account the rotor bars fault. Section 3
describes the vector controlled IM. In section 4, the discrete wavelet
transforms method is proposed. Section 5 illustrates and discusses the
simulation results of the proposed control technique with diagnosis
method. Then, the experimental validation is presented in Section 6.

Fig. 1. Rotor cage equivalent circuit of induction machine.

2. Modeling of the induction motor with taking into account the
rotor bars fault

The development of the reduced model which is dedicated for
closed-loop control is inspired by the multi-winding model of the in-
duction machine. This proposed model takes into account the rotor
geometry which is considered as a squirrel-cage. The modeling is based
on the equivalent scheme of the rotor which is shown in Fig. 1. It can be
noticed that each bar of the rotor cage is represented by a resistance Ry,
in series, with a leakage inductance L,. The short-circuit ring portion
between the two bars, as well, is represented by a resistance R, in series
with a leakage inductance L.. A mesh is composed of two bars and two
portions, hence, the cage is modeled by g number of meshes where each
mesh represents one of the two rings of the short circuit, which are
located on the rotor periphery. Therefore, with N, number of bars, the
cage contains 2N, nodes and 3N, branches based on the theory of
electrical circuits. As a result, the number of independent currents in
the cage is: 3N, — (2N, — 1) = N, + 1 [29,30].

The modeling steps are presented in details in Refs. [14] and [15] in
order to highlight the effect of the broken rotor bar fault. This model
presents a difficulty in the control implementation, due to the big
number of equations. To transform the system in N, phases into (d, q)
system, the extended Park's transformation of the rotor will be applied.

The system is put in canonical form:

a[i]
Ll— = [V]-[R][I
[]dt [VI-[R][I] eh)
where:
[ L. o M, o o0
0 Ly 0 =My 0
Ll=|-3M;, o L o ol K
0 —My 0 Lie O
| 0 0 0 L,
- .
Ry — w,L 0 7@,MSr 0
wLe Ry —SoMy 0 0
= 0 0 [erd erq] 0l
0 0 [R»‘qd quq] 0
0 0 0 0 R.
As:

The total cyclic inductance of a stator phase which is given by the
following equation:
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Fig. 4. Block diagram of vector control of the IM with rotor fault.

L =Ly + Ly

!
The magnetizing inductance is: Ly, = 4/40:“2”

The mutual inductance of the
o = (4/7)(uy/e. p?)N. r. Isin(a/2).
The total cyclic inductance of the rotor is calculated by:

stator/rotor is:

L
Lie = Lyy=M,r + Zi + 2L (1—cosa) )
where:

The rotor mesh inductance can be calculated by the following
PR _ [ Nr=1\Ho
equation: L,, = ( ;\’rz )7271 r.l
The mutual inductance between non adjacent rotor meshes is de-
fined by: M,, = —NL@27[ r.l
r

The electrical angle of two adjacent rotor meshes: a= p=Z i
The four matrices, taking into account the broken rotor bars fault,
can be expressed by:

Riddrgg = Re + %(1—cosa) Zk Ry (1 +cos(2k—1).c)

Rragrqd = —N%(l—cosa) 2k Roix-sin(2k—1).a

3

In this expression, the summation is applied to all bars with fault.
Ry is the increased resistance of the bar index k from its initial value
before the fault.

3. Vector control based on the reduced model of IM

The Field-oriented control of the IM has been developed to allow a
speed variation over a wide range. It separates the stator currents of IM
into flux torque components in the (d, q) coordinate reference frame.
The model system Eq. (1) is a heavily coupled, multivariable and
nonlinear system. Those properties complicate the control design of the
IM. The rotor flux-oriented coordinate is applied in order to simplify the
model of the IM, where the rotor flux and the electromagnetic torque
are aligned to the direct axis (d) and quadratic axis (q) respectively. In
this coordinate system the rotor flux is assumed as [10,31].

{¢dr = ¢r
#r=0 4

The electromagnetic torque of IM is defined by:
N.. Msr

3 .
T, = Z (¢dr lgs — ¢qr lds) (5)

While the quadratic flux is: G =0, the electromagnetic torque ex-
pression becomes:

. __gpN My

¢drqu =K. ¢drlq5 (6)

where:
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Fig. 5. Electrical and mechanical characteristic of the vector controlled IM in healthy state.
K= _Eer' My where:
4" Ly T, = L,./R,: Rotor time constant.

From using Eq. (1) and Eq. (7), the model for vector control design
of IM is shown in Eq. (9), with the stator current, rotor flux and ring
current are taken as state variables:

The rotor flux components are expressed in the stator reference as:

Ny
¢ds = Lg. igs — — M. ig,

By = L gy — N7M igr {X(t)(=) Axc(t)(J; Bu(t)
y() = Cx(t
by = =My igs + Lc. oy ©)
= 3M,. i+ L. i As.
¢qr = 3 Msre lgs + Lyc. Lgr @

X = [ias bgs o By Eelul = [Vis Vsl 7 = [las lgsls

By applying the field orientation, the current components become:

—a — @Ryaa @ — a2erq — a3Rydd — Ay — aSerq 0
. 2 [ bar(1+Tp.s) — @y — BRygs — a1 — BRyg a40r — BRyga — @3Ryyq 0
s = _5( Msr ) A= — asRydd — asRyqq — agRyga — asRrgq o [;
N — asRyqq — asRyqgq — aRygq — aRygq 0
lgs = K. ¢4y (8) 0 0 0 0 —a;
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Frequency Levels of Wavelet Coefficients in si-
mulation tests.
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4. Fault diagnosis of IM using discrete wavelet transform (DWT)

The application of conventional signal processing methods such as
Fast Fourier Transform FFT in fault diagnosis, does not always give a
good performance because of to the accuracy and the large sample size
of signals, which requires a space memory. Furthermore, they have a
fixed length of the window and they cannot be used in transient state
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Fig. 7. DWT of the rotor speed, the stator phase current and the output signal of the speed regulator.

phenomena like the IM operates in the closed-loop drive with speed
variation.

The wavelet transform is a similar tool to the Fourier transform; the
difference is that the former decomposes the signal into a set of scaled
and translated versions of a mother wavelet instead of using sine waves
of different frequencies as the Fourier transform. The main advantage of
this method is that flexibility in descripting the non-stationary states
signals. Wavelet transforms is considered as an important aspect in
speed and/or variable load, in this context, it is quite comparable to the
Fourier analysis. However, wavelets are largely oscillating functions
that are rapidly damped, unlike the sinusoidal functions of Fourier
analysis [32,33].

The wavelet is divided into two categories: continuous and discrete,
designate as a mathematical tool. In Continuous Wavelets Transform
(CWT), the signal is multiplied by a function with the wavelet and the
transform is calculated separately for different segments of the time-
domain signal. The Discrete Wavelet Transform (DWT) also has the
same main idea as the (CWT), however, it is developed mainly for the
processing of sampled signals. In addition, DWT calculation is close to
the idea of quick filter bench and it is easy to be implemented. Still this
does not prevent the application of the continuous wavelet transform
for analyzing the sampled signals [18,26].

The decomposition of the signal in multi-resolution is obtained by
filters of different cut-off frequencies; they are used to analyze the
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signal at different scales. The signal is passed both, through a series of
high-pass filters H (details) to analyze the high frequencies, and
through a series of low-pass filters L (approximations) to analyze the
low frequencies as shown in Fig. 2, where it can see the detail and
approximation signals reflect the time evolution of the associated fre-
quency components of the original signal S;, which are contained within
their associated frequency band [34].

For decomposition process by the wavelet at level n (Fig. 2), the
decomposition level of the first signal contains two coefficients, where
a; is the approximate version and d; is the detailed representation.
These coefficients can be calculated by the following expressions:

{a1 = Y0 Lk — 2n)S;(k)
10

d = Y H(k - 2n)S;(k)

The next decomposition level is based on the a; coefficient.
Therefore, the new coefficients can be expressed as:

a = Y0 L(k — 2m)ay (k)

dy =Y, H(k — 2m)ay (k) 11)

The computing of higher-level decompositions is done in a similar
ways. After the decomposition process, the original signal S; can be
reconstructed again [4] as shown in Fig. 3. This recursive process is
given by:
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S/ =an+dy +dp-1) + cdh + dy 12)

When the rotor bars fault appears in the IM, the wavelet can give
information on the presence of the default. Whereas, the diagnosis is
based on the observation and comparison between decomposition le-
vels that contain the fault information. By calculating the associated
eigenvalue with each level or each decomposition node, a highly effi-
cient diagnostic tool can be constructed to evaluate the faults severity.
The energy eigenvalue for each frequency band is defined by: [35]

k=n
E = D (n))?
; kgl ()] a3

With j is the decomposition level, n is the DWT decomposition time,
and D is the magnitude at each discrete point of the wavelet coefficient
of the signal in the corresponding frequency band.

The energy eigenvalues of signals decomposition levels contain in-
formation which can be used for diagnosis process and the identifica-
tion of fault's degree in the IM. The deviation of certain value indicates
the severity of the failure.

5. Simulation results

The FOC control of the IM with rotor bars fault is simulated by using
Matlab/Simulink software. The used motor in the simulation section is
a 1.1 kW three phases squirrel cage with 16 rotor bars. The IM char-
acteristics are given in the appendix. The global vector controlled IM

based on the reduced model in healthy and faulty states are shown in
Fig. 4.

The results of the vector controlled IM are given for healthy and
faulty machines. When the speed is variable, the fault detection is
considered by DWT analysis of the rotor speed, stator phase current and
the output signal of the speed regulator. The fault severity is evaluated
by the calculation of the stored energy in each level of the stator phase
current, output signal of the speed regulator, and the active power. The
used sampling frequency for the simulation section is 10 kHz.

5.1. Healthy state of the IM

Fig. 5 shows the simulation results of the electrical and mechanical
quantities of the IM in healthy state. The test of the FOC will be
achieved when the speed changes (the speed reference varies between
101 and 99rad/s (= 964.478 and 945.380 rpm)) with rated load ap-
plication during the launch of the IM.

For the variable speed operation in healthy state of the machine
(Fig. 5), the rotor speed shows a good reference following and an ac-
curate tracking without a static error. The electromagnetic torque and
the stator phase currents show fast and good dynamics. Also, the direct
and quadratic currents components are presented as an image of the
rotor flux and electromagnetic torque respectively. The rotor flux
components preserve a perfect decoupling between flux axes. Thereby,
the results validate the proposed scheme.

5.2. Faulty state of the IM

In order to highlight the effect and the fault severity of the FOC
control when the speed varies continuously, the broken rotor bars fault
is simulated by increasing the bar resistance given in Eq. (3). In this
case, the IM operates with nominal load and fault at the start-up.

By examining the results in Fig. 6, the broken rotor bars fault effect
doesn't appear in the rotor speed and electromagnetic torque, due to the
regulation of current and speed in the closed-loop which hides and
compensates it. In contrast with a small oscillation appears in the stator
phase current I,, direct current I;; and quadratic current I, respectively.
However, the decoupling between the flux axes is preserved, therefore,
it is noted that the FOC control is maintained robust vis-a-vis the fault.

5.3. Discrete wavelet analysis

To extract the fault components by using DWT, it's required to select
the type of mother wavelet and the number of decomposition levels.
The Daubechies-40 is used as the mother wavelet for the DWT analysis.
The calculation of the decomposition level n depends on the sampling
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Fig. 12. Electrical and mechanical characteristic of the vector controlled IM in healthy state.

rate f;, and the frequency net f. It can be obtained by using the fol-
lowing equation [15]:

log(f,, /1)) +
log(2) a4

where:

The sampling rate was 10000 Hz and the supply frequency is
17.887 Hz.

Table 1 shows the frequency band for each level.

The rotor bars fault diagnosis based on spectrum analysis of sinu-
soidal current detects the sidebands harmonics around the fundamental
supply frequency given by:

Sy = (1 £ 2.1 9)f;

where:

(15)

fs is the frequency training of the machine, sis the slip and

n=123, ...

In the case of analyzing the non-sinusoidal (continuous) component,

the harmonic frequency is given by:

Sy = 2.0 8. f;

a1e)

Table 2 shows the calculation frequencies of the broken rotor bars
fault in simulation results of the stator phase current spectrums and the



Fig. 13. Broken rotor bar of induction motor.

output signal of the speed regulator.

A medium speed value is considered in order to determine the
medium slip and localize approximately the bands of the fault fre-
quency. The application of the wavelet analysis permits to evaluate the
fault when the speed is continually variable.

In Fig. 7, the DWT analysis of electrical and mechanical quantities
are represented, where the same levels of decompositions (the a;q, d;o,
dy and dg signals) are accounted in both results. The rotor bars fault
identification in the rotor speed spectrum is very delicate due to the PI
controller which maintains the regulation of the speed and corrects the
fault influence. However, the analysis of the stator phase current shows
a particular low variation at the d;o, dg and dg levels due to the fault,
since they contain the frequency components f, = (1 * 2.n.5)f;
(Tables 1 and 2) compared to the healthy state of IM (Fig. 7a). Fur-
thermore, the approximation a;( and the detailed d, coefficients of the
output signal of the speed regulator can be used for the fault detection,
and it is manifested by oscillation which varies with the evolution of the
frequency (Table 1 and Table 2).

The conspicuous problem for the fault diagnosis is when the rotor
speed/reference changes continuously. Therefore, an important differ-
ence between signals level cannot be found in wavelet decomposition.
The calculation of the stored energy in each level of signals is necessary
in order to evaluate the severity of the fault.

Fig. 8 shows the simulation results of the stored energy for different
levels of the stator phase current, the output signal of the speed reg-
ulator and the active power for healthy and faulty states of the machine.

When the fault occurs in the IM, the energy levels slightly increase
in the stator phase current and the output signal of the speed regulator
results (Fig. 8a and b), which fit the aforementioned characteristic. To
overcome this problem, the calculation of the stored energy in each
level of the active power is proposed in order to distinguish the fault
effect. Therefore, it's remarked clearly in (Fig. 8c) that the active power
signal's energy has increased by the fault. This result can be considered
as an indicator of the rotor bars fault.

6. Experimental validation

The proposed control scheme with the diagnosis method will be
verified also in experimental tests. The experimental results below il-
lustrate the same conducted steps and tests as the simulation section.
The same sampling frequency in the simulation tests is used for the real-
time control; this value has been chosen with regard to the control
scheme complexity. The experimental test bench has been realized in
the laboratory of electrical engineering of Biskra (LGEB) from Algeria.
The control algorithm is implemented using dSpace DS1104 R&D
controller board with control desk and Matlab/Simulink software
package. Fig. 9 shows the experimental ground of IM drive which is
essentially composed of 1.1 kW squirrel-cages IM (healthy and faulty
states) driven by a SEMIKRON converter that is composed of a rectifier
and IGBT inverter. A magnetic powder brake is used as load is coupled
to the rotor of IM, and an incremental encoder used as a speed sensor
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and as well as position sensor. The currents and voltages, respectively,
are sensed by current (Hall-type) and voltage sensors. Then, an auto-
transformer (0-450V) linked to the grid is used for power supply.

Fig. 10 shows the descriptive diagram of experimental setup and
software/hardware linkage. The execution of the program inside the
DSP of dS1104 board converts it into a real-time system on the hard-
ware (dSpace 1104 RTI) after it was in the software (Simulink). In
addition, the Control Desk visual interface gives us the access to adjust
all Simulink variables in real-time in order to obtain a satisfied control
behavior. The PWM switching sequences are calculated in Matlab/Si-
mulink with a commutation frequency equal to 5kHz, then, they are
generated by an analog digital converter using dSpace interface board.
In order to control the IGBT grid and increase noise immunity, the
control signals are maintained in the analog format with (0-5 V) vol-
tage, and they are offset from one another. The delivered dSpace output
signals (PWM) will be amplified to (0-15V) by an adaptation carte
which was carried out in the laboratory (Fig. 11). A supply voltage of
(400 V) is filtered through the rectifier in order to fix the DC-bus of the
converter. After that, the dS1104 receives another time the input sig-
nals by currents sensor from (ADC) ports and speed from encoder
through (INC) ports. Finally, the IM has been controlled via Control
Desk, where the results were obtained by a numerical oscilloscope (GW-
INSTEK) which was plugged with the real-time interface through (DAC)
ports.

Remark 1. The used induction machines in the experimental
implementation have different characteristics with the used machine
in simulation section, but they preserve the same power (1,1 kW). The
reduced rotor cage model identification is more complex than the
classical model and requires specified information about machine
geometry in which, unfortunately, they can be offered only by the
constructor; for this reason, we have used in this work another machine
with an equivalent characteristic. It can be confirmed that this
mismatch between two machines didn't confuse the studied
phenomena which already have been analyzed by simulation tests.

6.1. 1 Healthy state of the IM

The figures below show the experimental results of the vector
controlled IM in healthy state. Several electrical and mechanical
quantities of the IM at measured time of 10s with zoom effected at 1s
are presented, in order to compare with simulation results.

Fig. 12 illustrates the experimental results of the FOC control of the
IM in healthy state, the load is applied at start-up. It is noted that the
rotor speed response presents a full superposition without overshoot
(1div = 500 rpm). This indicates to the good tracking as observed in
ZOOM of rotor speed. The electromagnetic torque (1div= 5Nm)
shows fast dynamic. The waveform of the stator phase currents is cor-
rectly sinusoidal (1div=5 A). The direct current component
(1div = 5A) is stabilized in the rated value, while the quadratic current
component (1div = 5A) follows perfectly the torque evolution. The
rotor flux components (1div = 0.5 Wb) show a good orientation with a
perfect decoupling.

6.2. 2 Faulty state of the IM

In experimental tests, the broken rotor bars fault has been realized
by drilling a small hole of 3.1 mm diameter in all the rotor bar depth as
shown in Fig. 13.

The FOC is carried out in faulty state of the operating machine with
variable reference speed of 101 to 99 rad/s (= 964.478 to 945.380 rpm)
and the load is applied at the start-up.

The analysis of the obtained results in faulty state (Fig. 14) by
comparison to the healthy state (Fig. 12), shows that the rotor speed
and electromagnetic torque are not affected by the broken rotor bars
fault owing to closed-loop control. However, the amplitude of stator
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Fig. 14. Electrical and mechanical characteristic of the vector controlled IM in faulty state.

phase current isn't constant; a perturbation provoked by the fault is
observed in the direct and quadratic current components.

Briefly, the experimental and the simulation results give the same
phenomena in the faulty state of the machine when the speed varies
continuously.

6.3. 3 DWT signals analysis

The DWT has been used also for the rotor bars fault diagnosis of the
IM in experimental tests. The decomposition levels n will be calculated
by using Eq. (13), where, the sampling rate was 10000 Hz and the
supply frequency is 36.042 Hz in the real-time implementation.
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Table 3
Frequency Levels of Wavelet Coefficients in ex-
perimental tests.

Level Frequency band
dy 2500-5000 Hz
ds 1250-2500 Hz
ds 625-1250 Hz

dy 312.5-625Hz

ds 156.25-312.5Hz
ds 78.12-156.25 Hz
d; 39.06-78.12Hz
dg 19.53-39.06 Hz
do 9.76-19.53 Hz
ag 0-9.76 Hz
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Fig. 15. DWT of the rotor speed, the stator phase current and the output signal of the speed regulator.

Table 3 presents the frequency band for each decomposition level.

Table 4 illustrates the calculation frequencies of the rotor bars fault
in experimental results of the stator phase current aw well as in the
output signal of the speed regulator.

Fig. 15 shows the DWT analysis in experimental results of the rotor
speed, the stator phase current, and the output signal of the speed
regulator in healthy and faulty states of the IM. The rotor speed analysis
using DWT is very difficult to distinguish between the fault and the
healthy state, since the same signal has appeared in the ag level. As we
have mentioned before, the control-loop masks and compensates the
fault effect. For this reason, the analysis of the output signal of the
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speed regulator is proposed to solve this problem.

However, the comparison between the results of DWT analysis of
stator phase current and the output signal of the speed regulator in
healthy state (Fig. 15a) and faulty state (Fig. 15b) can be summarized in
the following points:

> An oscillation and small variation is shown in both results,

> The amplitude coefficient levels ag, dg, dg and d, for the stator
current and ag, dg for the output signal of the speed regulator are
increased.
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The DWT analysis obtained for the experimental results are similar
with the simulation results. The direct analysis obtained by DWT is very
difficult to view the severity of the fault in signals level. For this, the
energy stored in each level of DWT is necessary (Fig. 16).

Fig. 16 shows the stored energy value for the experimental results of
the stator phase current, the output signal of the speed regulator, and
the active power respectively. In comparison to the faulty and the
healthy states of the machine, a small increase of the energy value is
observed for the stator current (Fig. 16a) and the output signal of the
speed regulator (Fig. 16b). Contrariwise, a considerable increase of the
proposed energy for the active power (Fig. 16c¢), this result can be used
as a good indicator for the fault detection and for the fault severity.

7. Conclusion

In variable speed drives, the fault detection and diagnosis are very
delicate. For this issue, a simulation and an experimental study are
considered for the machine in closed-loop drives using a FOC

Nomenclature

Induction machine

M

FOC Fiela Oriented control

DWT Discrete Wavelet Transform
RTI Real-Time interface

Vde Direct voltage

Vg, Vp, V. Three phases reference voltages a, b, ¢

Sa Sp, Sc Switching states of the inverter a, b, ¢
Vasrep Vgsrer  (d,q) axis reference voltages of the stator
I, I, I. Three phases currents a, b, c of the stator
Igs, Igs (d,q) axis current components of the stator
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technique. A reduced model for the rotor cage, with taking into account
the rotor bars fault of the IM, has been used for the control design. The
vector control is introduced as IM variable speed drive, particularly,
when the speed varies continuously and the machine operates with
rotor bars fault. The obtained simulation and experimental results give
a high robustness against the fault effect and a good control perfor-
mance like an accurate reference tracking and fast response.

For the diagnosis purpose, the DWT has been employed to analyze
several electrical and mechanical control quantities when the machine
operates with continuously variable speed.

The DWT analysis of the stator phase current and the output signal
of the speed regulator don't show clearly the fault effect. The calcula-
tion of the stored energy in each decomposition levels gives information
about the broken rotor bars fault, particularly for the active power
energy. This information can be used for the determination and the
severity of the fault when the machine operates with variable speed.
The result is evaluated in simulation and confirmed by the experimental
results.
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