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Abstract

A maintenance program must include several techniques of monitoring of the electric
motor's conditions. Among these techniques, probably the two classic ones are related to
megger and impulse test. Unfortunately, in both cases, inherent drawbacks can expose
the electrical motor at a high voltage that could deteriorate insulation condition making
difficultitsuseonindustrialenvironment. Astheelectricalmachineshaveseveral different
components (e.g., bearings, rotor bars, shaft, and stator windings), the fault frequencies
can be excited by mechanical and/or electrical faults making the identification of the real
condition difficult. This chapter describes several methods of the nondestructive tests for
induction motors based on the motor current signature analysis (MCSA), magnetic flux,
and vibration analysis. The method of analysis is a good alternative tool for destructive
tests and fault detection in induction motors. Numerical and experimental results
demonstrate the effectiveness of the proposed technique. This chapter also presents a
model suitable for computer simulation of induction motor in a healthy state and with
general asymmetries that can be analyzed simultaneously. The model makes it possible
to conduct research on different characteristics of engines and outstanding effects
produced by the faults.

Keywords: Diagnosis technique, induction motor fault diagnosis, motor current sig-
nature analysis, magnetic flux, vibration, non-destructive tests
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1. Introduction

Three-phase squirrel-cage induction motors are commonly used as electrical drives in indus-
try because they are rugged, mechanically simple, and adaptable to a wide variety of opera-
tion conditions and simple to control.

Their design is commonly intended to have electrical and mechanical symmetries in the stator
and the rotor for better coupling and higher efficiency [1]. However, the motors are exposed
to different loading and environmental conditions. These conditions acting together with the
natural aging of the motor may lead to many faults. The fault condition in a motor will damage
the symmetrical property and induces an abnormal symptom during motor operation, such
as mechanical vibration, temperature increase, irregular air-gap torque, output power
variation, acoustic noise, line voltage changes, line current changes, and speed variations [1-5].

In induction electrical motors, surveys [6-9] report that the failures include internal faults (e.g.,
low insulation, stator interturn short circuits, worn-out/broken bearings, eccentricity, broken
rotor bars, and mechanical faults) along with external faults (e.g., unbalanced supply voltage,
over loading, blocked rotor, under voltage, and over voltage). These faults modify the
modulation amplitudes, which are inherent in the vibration, current, and flux signals.

In order to obtain good results during the fault diagnosis of electrical machinery, a growing
amount of research about new measurement instrumentation [10-13] and new signal proc-
essing techniques have been presented [14-17]. Their major goal is to improve or propose new
alternative techniques to those that already exist. Among these techniques, probably the two
classic ones are related to megger and impulse test. Unfortunately, in both cases, inherent
drawbacks can expose the electrical motor at a high voltage that could deteriorate insulation
condition making difficult their use in loco on industry plants.

An efficient and modern diagnosis technique should be nondestructive and requires only the
acquisition of signals that are readily available in the motor or in the motor control center.

In the case of three-phase induction motors, which in particular represent around 85% of
worldwide power consumption [18], it can be observed when using modern technologies such
as the motor current signature analysis (MCSA), magnetic flux, and vibration analysis that the
main faults are directly related to modulations around the power supply frequencies, rotor
slot frequencies, and resonance frequencies.

This chapter describes several methods of nondestructive testing to diagnose faults of
induction machine based on recent research conducted during this study. In addition, it
presents a dynamic model suitable for computer simulation of induction machines in a healthy
state with general asymmetries, such as power systems unbalance, stator interturn short
circuit, rotor broken bars, and mechanical faults. The model is an important tool of new
diagnostic techniques project because it provides analysis of the impact of failures on the
characteristics of the electrical machinery.

This chapter is organized as follows. The dynamic model and the characteristic frequencies of
the faults are presented in Section 2. A sound knowledge of dynamic model and characteristic
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frequencies will facilitate understanding the health condition of the electrical machine. The
simulation and experimental results are described in Section 3. Finally, conclusions are
presented in Section 4.

2. Fault models

The symmetrical machine model is well known in the literature. The dynamic model proposed
by Baccarini et al. [19] accounts for both mechanical and electrical faults in induction machines.
The model allowed several simulations in different conditions and outstanding effects
produced by the faults. The asymmetries can be power systems unbalance, stator interturn
short circuit, rotor broken bars, and mechanical faults (unbalance, misalignment, and me-
chanical looseness). A convenient selection of the state-space variable set enables description
of the machine with a very simple set of equations. The model is described in Section 2.1. To
facilitate understanding of the relationship failure/sign, the characteristic frequencies of the
faults are described in Section 2.2.

2.1. Dynamic model

2.1.1. Unbalance supply voltage

Unbalance supply voltage is characterized by the nonequality of voltage magnitudes and/or

when voltage angles among the three phases are different of 2713 Inthis chapter, the voltage
unbalance is represented by Eqs. (1)—(3), where w is the angular velocity and the subscript “s”
denotes variables and parameters associated with the stator circuits. When the voltage is

balanced the values K, K, and K, are unities:

Vo = K Viax cOS(WI), (1)

2
Vbs‘ = Kbstax Cos (Wt - Kangle ?ﬂ:)’ (2)
vcs = _(Vas + vbs)' (3)

A change of variables that formulates a transformation of the three-phase variables of the
machine circuits to two-phase transformation is given by Eqs. (4)—(6):
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where f represents either voltage, current, flux linkage, or electric charge. The variable ¢ isa

dummy variable of integration.

2.1.2. Symmetric model

The voltage v, the flux A
equations for the stator and rotor flux are expressed as

da
£ = Vqs - rsiqs - Wﬂ’ds’
dt
di, _
dtd = vds - rslds + W/lqs’
i,
d: = _’/;"lqr _(W_Wr)ﬂ’d)ﬁ
di,
Ttd =—ri, +(w-w,)4,.

£“_77
T

The subscript

, and the current i can be expressed in arbitrary reference frame.

The

?)

(8)

©)

(10)

indicates the variables, the parameters, and the transformation associated

with rotor circuit. The machine electromagnetic torque T,, the load torque T},,;, and the rotor

Wr

velocity T are related as
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I

dt J

dW _]-;_Bmwr_T;oad

) (11)

where | is the combined moment of inertia of the motor and the mechanical load. The constant
B, represents the viscous friction associated with the mechanical load and motor.

The Runge-Kutta fourth-order method is used to obtain the solution to the differential
equations expressed in (7)—(11).The currents of the stator and the rotor are represented by
Egs. (12)—(15):

iy = A — 4,0, (12)
Iy = Ay = Ay 05, (13)
i, = A0y~ 2,4, (14)
ia'r = }{’di‘a3 - //i'dxaz’ (15)
2 T L m L S
where g =L (L ~L 5 a=—"; =" 5=

The parameters L, and L, are the stator and rotor self-inductances, and L,, is the mutual
inductance. The expression for the electromagnetic torque in terms of arbitrary reference frame
for a p-pole machine may be expressed as

T= %g(idsiqs ~ is)- (16)

2.1.3. Mechanical fault model

The occurrence of motor mechanical faults (unbalance, misalignment, and mechanical
looseness) results changes in the air-gap space harmonics distribution, which leads to a
sideband currents in the current spectrum that can be written as

S =f(1i1<m I‘—S} (17)
p

where f is the stator supply frequency, K,,.. =1, 2, 3, ... is the order number, and s represents
the motor slip. The slip is defined as

253



254 Non-Destructive Testing

g= (18)

The interaction of those harmonics with the mainly sinusoidal supply voltage causes specific
harmonics in the power and torque spectrum:

I-s
f;orque = Ktorque 7 (19)

Considering the harmonics in torque spectrum, the mechanical faults are analyzed, in this
model, by introducing a load torque modulation T,,, associated with the rotation frequency
in the load torque. Thus, Eq. (11) becomes

T -Bw —T —T sin(2zft
dWr __e mWr load mec Sln( ﬂf:\ ) . (20)
dt J

2.1.4. Stator fault model

The shorted turns leakage inductance is assumed to be HLy where # denotes the shorted

A

turns fraction. The voltage ¥ andd flux linkage # equations of the stator and rotor windings

are transformed to dq axes, rotating at an arbitrary speed "= d0/dt  The machine stator
equations can be expressed in complex two-phase dq variables as follows:

d2, , 2 .
= R T E,urszf cosd, (21)
d :;;A =V, — iy WA+ % uri, siné. (22)

The equations for rotor circuits are equal to those corresponding to a healthy motor as in
Egs. (9)-(10). For the shorted turns, the flux linkage equation is

da

as2

dt

=7, — ur, (idscose+ iqssiné’—if), (23)

where 7 and i; represent the fault resistance and the short-circuit current, respectively.
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The stator and rotor currents are obtained from the following equations:

Iy = Aty — Apag + (L,a10 -L,a, )if cosd, (24)

iy = Ay, — Agaq + (Lrar10 - Lma“)if sinf, (25)

i, = Agay — Aag+(Lay, — L,a,)i;cos0, (26)

iy = Ayty — Agas +(Lay, — L, a, )i, sin6, (27)
i, = [—/1“52 + (alziqs +ai, )cos 0+ (alzids +ay;i, )sin (9] /a,, (28)
. 1 L 1 2 4L, 2 1L,

m
G=l-T T =or =T, s 0%=3L  M0~3 4  M1=3 4

where )
ap=pL g az=pLl ‘114=11(L s*tsul m)

The electromagnetic torque is expressed in dg variables as shown in Eq. (29): the first member
of this equation is equal to those corresponding to a healthy motor and the second member is

the additional component introduced by the fault:
3p L. p S .
T = EELm (zqszdr - zdszq,,) + E,uLmlf (zqrsm 0 —1i,cos 9). (29)

2.1.5. Rotor fault model

The rotor fault model is proposed by Cunha et al. [20]. The complex vector rotor current,
Eq. (15) or Egs. (26) and (27), is computed from the symmetric model in rotor-fixed reference

frame as in Eq. (30). The Ty, transformation matrix is generated by a simple algorithm, Eq. (31):

l_rz _T1 Z_qr (30)

lrn 10
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cosd cos(@—ﬁz—”j cos(@———j cos(&—ﬂn_IZHJ
2 n n 2
sin@ Sin(é’—ﬁz—”] cos(@—E—J sin(e—ﬁ_n_lmrJ
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n
where K, =——

-1
n -

It is known that the fault current is mainly divided in a few bars adjacent to the broken bar.
Considering that the bar kth is broken, the zero current through this bar is achieved by changing
the n-loop rotor current as in Eq. (32). Finally, the new n-dimensional rotor current vector is

determined by Eq. (33) and fed back to the induction motor integration algorithm;

— - irl
iy iy
iy
T i)
=l 2 (32)
ey || ek
2
L m
L ll’n .
][]
by
iOl
I =] i (33)
ey | | Been
I B

2.1.6. Complete model

Figure 1 shows the flowchart of the computer program that is suitable for computer simulation
of induction machines in a healthy state with general asymmetries: power systems unbalance,
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stator interturn short circuit, rotor broken bars, and mechanical faults. The parameters ¢ and

h are the total simulation and integration time values in seconds.

START

Read Machines and
Power parameters

Calculate: vy, vg
Bge. (1)- (8

Faults 7?7

Calewlare: T,
Hq. (16)

Stator

Read parameter p

l

Faults #?
Update
slates
* dth order Rumge — kuna

Bge. (7)- (1)

4th order Runge = kuma
Eqs (AL 2D

-

v

refor currents Eg. (33)

Caleulare : eurrents , forgue Calculare . currents , lorque
Ege (12) - (14) Eqe (24) - 290
1
Cileuiae the currens broker bhars
rator mesh Eq. (30) CLTENES = Tav e
Calewlate thenews dg

Figure 1. Flowchart of the computer program.
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2.2. Characteristic frequencies of faults

2.2.1. Unbalance supply voltage

The study of the rotating magnetic field nature presented here is important to give a better
understanding of the deterministic frequencies identification related to the unbalanced voltage
supplies, using vibration and magnetic flux analysis.

The three-phase induction motor, composed by stator and rotor, usually works at the constant
speed, but small changes can occur due to changes of the mechanical load linked to the shaft.

The stator is composed of laminations of high-grade steel sheet. A three-phase winding is put
in slots cut on the inner surface of the stator frame. The rotor also consists of laminated
ferromagnetic material, with slots cut on the outer surface.

The squirrel-cage windings consists of aluminum or copper bars embedded in the rotor slots
and shorted at both ends by aluminum or copper end rings. The three-phase winding on the
stator is a distributed winding. The winding of each phase is distributed over several slots.
When current flows through a distributed winding it produces a sinusoidal distributed
magnetomotive force (MMF) centered on the axis of the coil representing the phase winding.
If an alternating current flows through the coil, it produces a pulsating MMF wave, whose
amplitude and direction depend on the instantaneous value of the current flowing through
the windings.

The definition of unbalanced voltage used by the power community is the ratio of the negative
sequence voltage to the positive sequence voltage [21]. For a set of unbalanced voltages V,,
Vi and V,, the positive and negative sequence voltages are given by

vV, +aV, +a’V,
Vo = e, (34

V. +a'V, +aV
Vabzz ab 3bc ca, (35)

where a = -0.5 + j0.855, a* = —0.5 + j0.855, and V,,,; and V,, are positive and negative phase
sequences, respectively.

Each set produces corresponding balanced currents, and two vectors represent the three-phase
currents of the stator.

The positive sequence voltage is the same as for machine in a regular operation condition.
However, the negative sequence will produce a reverse rotating field and the slip rotor will
be 2 —s. The motor behaves as the addition of two separate motors, one running at slip s with
a terminal voltage of V,,; per phase and the other running with a slip of 2 — s and a terminal
voltage of V,
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The frequency of the induced rotor voltage for this negative motor is approximately 120 Hz.
This high frequency in the rotor causes the rotor current to concentrate in the top of the rotor
conductors, thus increasing the effective rotor resistance and decreasing the effective rotor
leakage reactance. The increase in the effective rotor resistance reflects a significant increase
in rotor losses I’R for a given value of rotor current [22].

Unbalance supply voltage is a usual industrial problem that generates electrical machine
overheating, reducing lifetime, provoking vibration that thereafter generates mechanical wear,
and noise.

The influence of voltage unbalance upon three-phase induction motors has long been a concern
of electrical engineers. One of the main scopes of this chapter is about nondestructive test on
the induction motor under voltage unbalance. The paper [21] reviews three definitions of
voltage unbalance developed by NEMA, IEEE, and the power community, respectively. The
differing definitions of voltage unbalance are analyzed in order to understand the implications
of their use.

2.2.2. Short circuit

The presence of interturn short circuit and/or unbalanced voltage supply will give rise to a
magnetic asymmetry that crosses the machine's air gap. These asymmetry can result in
magnetizing current proportional to the rotor slot harmonic frequencies and their respective
modulations in twice the line frequency, i.e., (1 + An(1 - s)/p)fl £ 2fl, +4fl, etc., where A =1, 2, 3,
..., 1 is the number of rotor bars or slot, p is the number of pole pairs, {1 is the line frequency,
and s is the rotor slip. These frequencies of stator current will generate a torque pulsation and
consequently vibration that is transmitted through the motor frame. These considerations are
based on studies conducted by Gojko and Penman [23] and Gupta and Culbert [24], for three-
phase motor.

3. Nondestructive diagnostic method

Using the model described in Section 2.1, several analyses were performed and fault diagnosis
algorithms were developed by Baccarini et al. [19,26]. The proposed methods allow the full
engine diagnostics, i.e., verify the absence or the presence of the following failure conditions:
initial short-circuit, broken bars, and mechanical failures.

The proposed methods were validated on a test bench. The results and the test bench are
described in Section 3.1. The methods are nondestructive and need only the information of the
current sensors, typically present in an industrial plant. Therefore, these techniques will be
referred to herein, “the signal current methods.”

The results and experimental analysis of Sections 2.2.1 and 2.2.2 are described in Section 3.2.

259
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3.1. The signals current methods

3.1.1. Description of the experimental setup 1

The experimental system is set with special induction machine to simulate the failure, a direct
current (dc) machine, a measuring system, encoder, computer, a three-phase varivolt, resis-
tances, and the board acquisition.

A separate dc generator feeding a variable resistor provides a mechanical load. In order to
allow tests to be performed at different load levels, the dc excitation current and load resistor
are both controllable.

The motor was rewound to allow short-circuit simulation between different numbers of coil
turns. The stator windings are connected in delta in all tests. In order to prevent damage of the
stator windings, a resistor was used to limit the short-circuit current.

Either the mechanical structure where the motors are settled offers the possibility to move the
two machines, in a way the system can be aligned or different degrees of misalignment can be
tested. Shaft alignment in the setup was guaranteed by using a laser alignment tool.

The motor was initially set with the cage intact and several tests were realized with the
symmetric rotor. The rotor bar fault has been caused by drilling holes into the aluminum bars.

3.1.2. Winding short-circuit fault and unbalance supply voltage

To validate the proposed method, simulations of different induction machine were carried out.
The simulations presented here refer to a motor with the following nominal parameters: 3 CV,
220 V, 60 Hz, 4 poles, and 1710 rpm. It is the motor of the test bench. The Monte Carlo
computational algorithm was used to simulate random motor operation conditions: mechan-
ical load, different broken bar, degree of mechanical fault, different percentages of turns
shorted, level of voltage unbalance, and noise in the measurement system.

Several experimental results are presented below to demonstrate the robustness and accuracy
of the stator short-circuit model. The negative sequence impedance of a healthy induction
motor is practically constant. However in the presence of short-circuit failure, the symmetry
of the windings is lost and the value of negative impedance changes.

Multiple experimental tests were performed on different days and times. The negative
sequence impedances for each test were calculated. The average value of impedance is the
situation of lack of failures. Other series of tests were performed in the following conditions:
the absence of short circuit with 3, 6, and 15 shorted turns. Figure 2 shows the mean and square
mean error of the negative components impedance for a healthy motor with 3, 6, and 15 shorted
turns.

Results from the experiments are very encouraging. The performance was not affected by the
voltage supply unbalances or inherent machine and/or monitoring system asymmetry. It can
be seen that experimental results exhibit the same trend as predicted by the model.
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Figure 2. Mean and square mean error of the negative component impedance for healthy motor with 3, 6 and 15 short-
ed turns.

3.1.3. Mechanical faults

The presence of mechanical fault is analyzed in simulation and experimental tests. Figure 3a
and b shows the simulation stator current spectrum of the motor with different levels of
mechanical failures and operation at rated load. The nominal load frequency f, is 28.5 Hz. In
that way, the spectrum contains components near 31.5 and 88.5 Hz. These f + f, components
point out the presence of mechanical fault and their amplitudes increase as the mechanical
fault's level rises.

a b

i 20
g U g °
2 =
£ = f =
) h
i'é'“m\‘.L 5 5-4;1\" ¥

sl Lk P lﬂl

0 50 100 150 200 [i] 50 100 150 2008

{Hz) (Hz)

Figure 3. Simulation current frequency spectrum.

Figure 4 shows the phase current spectra for a motor with mechanical fault. The zoom spectra
are centered on the fundamental frequency (60 Hz). The component 32 Hz (f - f,) and the
component 88 Hz (f + f,) indicates the presence of mechanical fault.
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Figure 4. Experimental current frequency spectrum and mechanical faults.

3.1.4. Broken rotor bars

The best-known technique for the detection of broken bars in induction motors is related to
monitoring the side bands around the fundamental frequency of the stator current. However,
the stator current is a nonstationary signal as it changes over time. Therefore, the fault rotor
bar detection using the frequency spectrum is a difficult task that needs a complex signal
processing.

The Vienna Monitoring Method (VMM) was proposed for diagnosing faults in the rotor cage
induction motors. The technique estimates the torque of induction machine using two different
models: voltage model (T,) and current model (T,) [25]. In symmetric rotor condition, no faults,
the difference torque between the two models (AT =T, - T,) is almost zero. In the case of a rotor
failure, the resultant torque AT oscillates at twice the slip frequency.

Baccarini et al. [26] also proposed a method for online monitoring of the induction motor in
order to detect and locate a single broken rotor bar. Similar to the VMM, the technique does
not use the frequency spectrum. The machine states are calculated with the help of two models.
One model is designed to reject asymmetries in the rotor resistance. The other estimates the
rotor flux using the discrete model proposed by Bottura et al. [27]. The presence of asymmetry
in the rotor causes a different response in the form of a modulated torque deviation. The



Nondestructive Tests for Induction Machine Faults Diagnosis
http://dx.doi.org/10.5772/63166

frequency of the modulation is determined by two times the slip frequency. A minimum of
torque difference indicates the faulty rotor bar location.

3.1.4.1. Simulations results

Figure 5 shows the torque modulation, simulation results, for three load operating conditions
(112, 78, and 45% of nominal load). The presence of broken rotor bars results in the presence
of a noticeable deviation in the torque's magnitude. The torque residue has a constant term
and an oscillating term that is related to the presence of broken bars.

112%% of full load T8% of fill load
0.05 0.02
Gl E
= =
A avava SR
& =
_ : -0.02
0.5, 0 20 30 0 10 20 ar
45%s of fil load
0.01
E
% 0 ] Healthy Rotor
E ——— Broken Bar
=
=0.01
o 0 10 20 30

Figure 5. Induction motor torque deviation for healthy rotor and one broken rotor bar for three different load operat-
ing conditions and simulations results.

3.1.4.2. Experimental results

Several tests were performed to obtain the torque residue for a healthy rotor for different load
operating conditions. Figure 6 shows the torque residue for a healthy rotor. The value of the
maximum residue gives the fault pattern. The presence of these residues is probably due to
inherent rotor asymmetries.

The fault of the rotor bar has been caused by drilling a hole in an aluminum bar of a genuine
motor and several tests were performed by different load conditions. The torque residues are
shown in Figure 7a and b for nominal and 60% of nominal load condition. Due to the presence
of broken bars, these values are higher than the reference standard (Figure 6). The modulation
frequency is twice the slip frequency. For operation with low load (Figure 7b), the modulation
frequency is lower compared to the nominal operating conditions (Figure 7a), as a result of
the low value of the slip. The fault diagnosis is not compromised because of the low value of
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slip. The technique allows the diagnosis of the presence of cracks or broken bars for all
operating conditions.

1 1'.1 1,'1 'I.I'l 1.Iﬂ 2
Tirme (s)

Figure 6. Full load motor operating condition torque residue for healthy rotor, fixed as pattern fault. Experimental re-
sults.

S WANrAW;
STATATAVATAV I NVARVALY,

112 14 18 18 12 14 1% s 3
Tia 1) Time (3}
{n) b}

LR
-

Figure 7. Torque residue for one broken rotor bar; experimental results: (a) full load motor operating condition; (b)
60% nominal load motor operating condition.

3.2. Characteristic frequencies analysis

3.2.1. Description of the experimental setup 2

The experimental systems is set with special three-phase induction motor to simulate the faults,
5 HP, 1730 rpm, 220 V, 13.8 A, 60 Hz, 4 poles, 44 bars, and 36 slots. A dc generator feeding a
resistance bank is used as a load system. By varying the excitation current of the dc generator
field and therefore its output voltage, a variation of the motor load can be obtained [11, 28].

A torque meter, 0-7500 rpm, bidirectional, and maximum toque of 1000 LB-IN was used to
ensure the same operating conditions in all tests. To simulate a low isolation, among turns
from the same phase four tappings in a coil were extracted and this makes possible the control
of the turns in short circuit.
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The flux signals were acquired by a magnetic flux sensor [11]. The vibration signals were
acquired by an accelerometer, sensitivity 10.13 mV/g, and frequency range from 1 Hz to 20
kHz. It was observed from the spectra of vibration that all tests had a good repeatability and
that there were no variations of mechanical origin that would interfere in the spectra of
vibration, ensuring a perfect analysis of the results.

Magnetic flux and vibration signals were collected (total of 300) from a series of 10 tests at each
excitement (without fault, two, four, and eight turns short circuits, and voltage unbalance) and
randomly repeated under the same load conditions (100, 90, and 80% of load).

The signs of magnetic flux and vibration were submitted to an antialiasing filter with 2.5 kHz
of cut frequency and 5 kHz of sampling frequency.

3.2.2. Magnetic flux and vibration

The main rotor slot frequencies and their side bands described in Section 2.2.1 and 2.2.2 are
computed at A =1, n =44, s =0.036, p = 2, and fI = 60 (1212.48 and 1332.48 Hz). The spectra
computed by FFT for the magnetic flux and vibration in linear scale with the motor working
without fault and full load are shown in Figure 8. Unlike the vibration spectrum, the magnetic
flux spectrum clearly shows the frequencies 1212.48 and 1332.48 Hz. This is because the
magnetic flux signals have a strong presence of the rotor slot frequencies and their side bands
[28].
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Figure 8. Spectra without fault, with machine operating at nominal speed, and under full load: (a) magnetic flux; (b)
vibration.
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The visualization of the components of rotor slot harmonic frequencies, Figure 8, that had been
most excited by the short circuit and voltage unbalance imperfections turns out to be extremely
difficult.

Given this difficulty, Lamim Filho et al. [11] have proposed the application of the envelope
analysis by Hilbert transform (HT) [29], which is very used in the detection of mechanical
faults, for the visualization of the rotor slot frequency components that have been most excited
by the electrical faults.

Thus, by applying Hilbert transform in the frequency range from 1 to 2 kHz for magnetic flux
and vibration analysis, low-frequency flux and vibration spectra were obtained in which the
rotor slot frequency components became extremely easy to visualize and compare with each
other.

The spectra of the magnetic flux and vibration after the application of envelope analysis for
the motor working at a full-load condition without fault, short circuit of eight turns, and
voltage unbalanced (V,, =200V, V;,.=200 V, and Vca =220 V) are shown in Figures 9 and 10,
respectively.
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Figure 9. Envelope analysis from the flux magnetic signal with machine operating at nominal speed and full load: (a)
without fault; (b) eight turns short-circuited (c) voltage unbalance 200 V.
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Figure 10. Envelope analysis from the vibration signal with machine operating at nominal speed and full load: (a)
without fault; (b) eight turns short-circuited (c) voltage unbalance 200 V.

After comparing the spectra of the magnetic flux signals and the spectra of the vibration signals,
it could be verified that the components of frequency demodulated in 2fl (120 Hz), 4fl (240 Hz),
and 6fl (360 Hz) were excited the most by the insertion of the short circuit and voltage
unbalanced (Figures 10 and 11). Therefore, these harmonics will be considered as the
characteristic frequencies for the identification of short circuit and voltage unbalanced, and
will be referred to as second (2dh), fourth (4dh), and sixth demodulated harmonic (6dh). For
the magnetic flux and vibration analysis, the graphs of tendency for the motor working with
100, 90, and 80% of load are shown in Figures 11 to 13, respectively.
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Figure 12. Tendency of the faults introduced into the motor with 90% of load, without fault (WF), two turns short
(2TS), four turns short (4TS), eight turns short (8TS) and voltage unbalanced (UP): (a) magnetic flux; (b) vibration.
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Figure 13. Tendency of the faults introduced into the motor with 80% of load, without fault (WF), two turns short
(2TS), four turns short (4TS), eight turns short (8TS) and voltage unbalanced (UP): (a) magnetic flux; (b) vibration.
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The averages of the amplitudes of the fault characteristic frequencies of the ten tests conducted
under conditions without fault, two turns short circuit, four turns short circuit, eight turns
short circuit, and voltage unbalanced using Hilbert transform.

4. Conclusion

A good start of any reliable diagnosis method is an understanding of the electric, magnetic,
and mechanical behavior of the machine in healthy and under fault conditions. Therefore, this
chapter describes a dynamic model for asymmetric motor operating conditions. The model
permits the simultaneous introduction of electrical faults (stator interturn short circuit, broken
rotor bars, and/or voltage unbalance) and/or mechanical faults (unbalance, mixed eccentricity,
and/or shaft misalignments) for three-phase induction motors, and further detection of a
specific fault in a mixture of patterned fault signs.

Further simulations are carried out to check the validation of these computational models.
Then, a strategy to detect and diagnose faults is presented and tested on the rig. The approach
is easy to apply and all that is required is measurement of the three line currents and voltages.
Therefore, it can be used in a continuous basis without interfering with normal motor opera-
tion.

In addition, the characteristic frequency of faults is analytically studied and shown in the
magnetic flux and vibration signals as a nondestructive test for induction motors.

The spectral analysis after the application of the Hilbert transform makes it possible to
highlight a clear way for all modulations related to considered characteristic frequency of
faults, unlike the analysis of the spectra of the vibration and magnetic flux in its raw form
applying only the fast Fourier transform.

The experimental results show that this methodology can be adapted for different motors and
used as a nondestructive test in real predictive maintenance programs in several industries
segments.
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