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Abstract: Double frequency tests are used for evaluating stator windings and analyzing the
temperature. Likewise, signal injection on induction machines is used on sensorless motor
control fields to find out the rotor position. Motor Current Signature Analysis (MCSA),
which focuses on the spectral analysis of stator current, is the most widely used method for
identifying faults in induction motors. Motor faults such as broken rotor bars, bearing
damage and eccentricity of the rotor axis can be detected. However, the method presents
some problems at low speed and low torque, mainly due to the proximity between the
frequencies to be detected and the small amplitude of the resulting harmonics. This paper
proposes the injection of an additional voltage into the machine being tested at a frequency
different from the fundamental one, and then studying the resulting harmonics around the
new frequencies appearing due to the composition between injected and main frequencies.
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1. Introduction

The history of fault diagnosis and protection is as old as machines themselves. The manufacturers
and users of electrical machines initially relied on simple protection against problems like overcurrent,
overvoltage, earth-faults, efc., to ensure safe and reliable operation. However, as the tasks performed
by these machines became more complex, improvements were also sought in the field of fault
diagnosis. It has now become very important to be able to diagnose faults at their very inception, as



Sensors 2011, 11 3357

unscheduled machine downtime can upset deadlines and cause enormous financial losses. The major

faults of electrical machines can broadly be classified as follows:

Electrical Faults:

1.

stator faults resulting in the opening or shorting of one or more stator windings;

2. abnormal connection of the stator windings;
Mechanical Faults:
broken rotor bars or rotor end-rings;
4. static and/or dynamic air-gap irregularities;
5. bent shaft (similar to dynamic eccentricity) which can result in frictions between the rotor and
the stator, causing serious damage to the stator core and the windings;
6. bearing and gearbox failures.

and the frequency at which different kinds of fault typically occur is shown in Figure 1:

Figure 1. Statistical distribution of motor faults.
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Operating a machine under faults generates at least one of the following symptoms:

vk~

unbalanced air-gap voltages and line currents;
increased torque pulsations;

decreased average torque;

increase in losses and decrease in efficiency;
excessive heating.

Many diagnostic methods have been developed for detecting such fault-related signals. These

methods come from different types and areas of science and technology, and can be summarized as
follows [1-4]:

1.

Electromagnetic field monitoring by means of search coils, and coils placed around motor
shafts (axial flux-related detection). This is associated with the capacity for capturing the
presence of magnetic fields around an IM. Field evaluation must provide information about
motor-operation states as proposed by Zidat et al. [4], but this is an intrusive proposal.

Temperature measurements: temperature is a typical second-order effect in operation
conditions. Induction motors typically have an operational temperature range, defined in the
motor nameplate, and associated with tests performed. Any fault-operation condition shows a
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temperature increment. By performing a temperature analysis the first approach to identifying
fault conditions could be made.

3. Infrared recognition: this is used to evaluate the material state, especially for bearings. This
cannot be performed in an online system.

4. Radio frequency (RF) emissions monitoring: radio frequency is a second-order effect of a fault
condition, which is currently used for gearbox diagnosis.

5. Vibration monitoring: this is the typical method for fault diagnosis in industrial applications; it
achieves good results for bearing analysis, but presents some deficiencies with electrical and
rotor faults [5,6].

6. Chemical analysis: this is used to analyze bearing grease; it is used only with large motors and
not with the more typical small ones.

7. Acoustic noise measurement: this is a new trend in the field of gearbox failure detection.

8. Motor current signature analysis (MCSA), which is explained further below.

9. Model-based artificial intelligence and neural-network-based techniques. These are new
approaches which combine multi-modal data acquisition and advanced signal-processing
techniques introduced by Nandi et al. [7].

The present work is not an attempt to develop fault diagnosis for all recognized methods, but
instead focuses on the analysis of the motor current signature analysis (MCSA) technique. This
technique has been chosen for its recognition as an industrial standard and as a non-invasive technique.
The basis of this technique is widely known and has been introduced by several authors. Among them,
Toliyat et al. [7,8], Benbouzid et al. [9,10], and Thomson [11,12] are the most relevant in the field,
although many others [13-20] have also contributed to scientific advances in the area.

These publications introduce the basis of MCSA operations, which are also the basis of this
research project. Many of the authors deal with mechanical faults, especially with the effects of broken
rotor bars and eccentricities. Thomson, though, focuses on stator fault diagnosis and presents good
results and arguments. These works are a good introduction to MCSA condition-monitoring techniques
and give a clear overview of the analysis of faults in induction machines for steady-state operations.

Power supply in induction machines creates a rotating magnetic field on the armature. The rotating
magnetic field induces rotor voltages and currents at slip frequencies, and this generates an effective
three-phase magnetic field rotating at slip frequency with respect to the rotor. Two different cases
appear:

e Symmetrical cage winding = only forward rotating field is produced.
e Asymmetric rotor = a backward rotating field will result at slip frequency with respect to the
rotor.

This backward rotating field induces a voltage in the stator at the corresponding frequency, and
generates a related current which modifies the stator-current spectra. Different rotating fields appear
with different faults in the induction machine, such as air-gap eccentricity, broken rotor bars, bearing
damage and short circuits in the stator windings. The current frequencies associated with rotating fields
are expressed by Equations (1-4):
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(a) Air-gap eccentricity fault [9,10]

fecc _fs|:1im£1_—sj:| (1)
P

where m = 1,2,3,... is a positive integer, p is the number of pole pairs, s is the per-unit slip, and f; is the
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Sbdp f{( , j } (2)

where I/p = 1,5,7,11,13,.. .are the characteristic values of the motor.

electrical supply frequency.

(b) Broken rotor bars [7,8]

(©) Bearing damage [9,10]
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where n; is the number of bearing balls, f;,y are the characteristic vibration frequencies, f is the speed
of the mechanical rotor in Hz, b, is the ball diameter, p, is the bearing pitch diameter, and f is the
contact angle of the balls with the races.

Equation (3) shows the frequency vibration of a motor with a broken bearing; however these
harmonics cannot be easily appreciated on currents. In fact, the case of bearing damage causes rotor
eccentricity, and furthermore the appearance of eccentricity on the rotor or even on the load will cause
further bearing damage. For this reason, we can also use Equation (1) to detect bearing problems.

fsth = fs |:1 * mZZ(l__SJi|
P 4)

fsﬂ=Jg[ﬂ(1—s)ik}
V4

(d) Shorted turns

d. (1) medium frequencies

d. (2) low frequencies

)

where Z, is the number of rotor slots or rotor bars and k =0,1,3,5,...

Expression (4) shows the components produced by shorted turns in the air-gap flux waveform, and
hence the stator currents as a function of rotor slots, around the medium-order harmonics, while
Expression (5) shows the harmonics produced by the fault around the base frequency f;. However,
frequencies shown by (5) also appear in the case of any rotor unbalance, including eccentricities, rotor
misalignment, etc. Therefore, (4) is frequently used to detect the fault, and (5) is used to assure the
origin in shorted turns in the stator winding.

Figure 2 depicts the stator current spectrum of the induction machine. The harmonic frequencies
produced by the fault are clearly shown at 25 Hz, 75 Hz, 125 Hz and 175 Hz, as expected from (1).
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Figure 3 depicts the stator current spectrum for a constant load of the induction motor with broken

bars, one-sixth of the total in this case. As expected, an important harmonic appears in the lower
sideband of the main frequency.

Figure 2. Stator current spectrum of an induction motor with high eccentricity at nominal load.

Amplitude (A)

25 30 35 40 45 50 55 60 65 70 75
Frequency (Hz)

Figure 3. Stator current spectrum of an induction motor with eight broken bars.
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The effects of electrical faults on induction machines are clearly introduced by Thomson [11,12],
while some other authors [17,18] work with current monitoring without spectral analysis. In the case of
stator faults, spectral analysis may not be needed. However, it is worth considering if we are aiming
for a global solution for the fault diagnosis of induction machines.

Having acquired this knowledge about motor behavior under healthy and faulty conditions and its
relation to the distribution of harmonics, deeper studies for improving fault detection could be carried
out. As previously described, MCSA is a good fault-detection technique, which has achieved good
results in numerous cases. However, its drawbacks do not allow a global solution for an online
condition-monitoring technique or the development of diagnostic tools.
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The main drawbacks are related to the fact that induction machines do not operate with a constant
low torque and at a constant speed. Induction machines have become increasingly popular, especially
since inverter drives appeared on the market. Nowadays, squirrel-cage motors cover most industrial
and domestic applications and are the most important way of converting electrical energy to
mechanical energy. These motors work with different kinds of applications with constant and variable
loads, and at constant and variable speeds. Moreover, inverters introduce additional drawbacks in
motors, such as common mode voltages, dv/dt, and additional harmonics. A global solution is needed
and induction machines in different operating positions should be studied further. The main purpose of
this work is to develop new fault-detection techniques for any operating condition.

Different solutions have been introduced in order to minimize the problems related to proper fault
identification under non-standard load conditions. Some are based on flux measurement in the stator
teeth [21], or by performing higher-order statistical analyses [22].

Important trends in fault detection are the injection of additional frequency tests and the
development of new tools based on improved signal-processing techniques, such as the Wavelet
Transform or dq0 conversions. The first introduction of signal injection can be found in the EN
61986-2002 standard used for motor insulation evaluation. In 1998 Ho and Cheng [23] introduced the
low-frequency signal injection on faulty machines, which proved to be a good approach with some
very interesting results. However this is far from being a full solution, since it fails to take into account
the effects of the signal injection, such as the composition between injected and fundamental
harmonics.

In a paper published in 2004 [24], Henao, Capolino et al. developed the idea of mechanical fault
detection by injecting different excitation signals, such as a discrete interval binary sequence (DIBS)
and multisine, with the intention of exciting faulty modes with the low frequency resolution and
analyzing the stator current and the stray flux measured by an external flux sensor. This work,
regardless of being based on the analysis of stray flux, offers an interesting approach to faulty motor
behavior excited by different injected signals.

Two articles published in 2003 and 2004 [25,26], by Briz and co-workers, use high-frequency
injection as a method of detecting winding faults in the first paper, and rotor faults in the second. The
measurement of the negative-sequence carrier-signal currents, using low-magnitude high-frequency
voltage superimposed by the fundamental excitation voltage, was shown to reliably detect faults in the
stator windings and the rotor cage (broken rotor bars) at their incipient stage, regardless of the working
condition of the machine. This is also an interesting approach, which we have considered in our work,
although the effect of signal compositions has been not taken into account. These works [24-26] show
the injection of additional signals as a good technique for fault detection. However, the effects of
frequency composition and behavior under double frequency (injected plus fundamental) are not
clearly shown. These subjects are developed, and supported by theoretical analysis, simulations and
experimental results. As already introduced, injection can be a good method of analyzing motors
driven by power inverters, which could implement a diagnostic routine.
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2. Proposed Approach

Due to the effects of induction we expect to see both the main frequency and the auxiliary
frequency injected in the spectrum. However, as a contribution of the magnetic nucleus and iron
hysteresis, and also due to the general non-linearity of the induction motor, additional compositions
appear, defined by the following equation:

fo=n-fy+m-J, (©)
wheren=m=..-2,-1,0,1,2,...,and £.> 0.

It is possible to determine the effect of broken rotor bars in the motor’s current spectrum by
studying the flux composition in the stator and the mechanical composition of frequencies as a speed
composition. In the stator there are different magnetic fields due to the different signal injections. If
different fields are considered as different wheels moving around themselves with different angular
speeds, relative speeds between them will become evident.

Moreover, if the rotor is taken into consideration, it will be easy to define the different relative
speeds between the rotor and all the stator fields. The relation equations between rotor currents and
stator currents in an induction machine establish the former as an image of the latter. For instance, if
the rotor has salients such as broken bars, these will have an effect on stator currents as images. In an
ideal induction machine, all the different current distributions will be sine-shaped like the fields, but
there are many effects that cause non-idealities. In addition, any change in the air-gap flux distribution
can be seen as a non-ideal effect and will cause some marks in the current spectrum, as well as around
the different injected signals.

To determine these different marks, it is necessary to study the composition of the different
frequencies, the different magnetic fields induced in the machine, and the relative speed between them.
In (7) we shall consider the rotational speed of the motor f;:

I =1 t=s) (7
p

Broken bars or rings, fractures in the squirrel cage, and other faults in the rotor will lead to

pulsating fields, which can be seen as two rotational fields rotating at slip frequency:

f;fotational = isf‘s (8)

From the point of view of stator windings, the backward component of the rotor bar failure is seen
at frequency (—sf; + [ f,), where | is the function of pole pairs. This means:

I-s
= l _ -
Sbb_back fs|:[ - J S} 9)

corresponding to the broken rotor bars frequencies in the left sideband. Note that the forward
component of the rotating field in the rotor does not produce any new harmonic in the stator spectrum.

If a three-phase test signal is injected in the stator at frequency f;, new rotational components are
again produced in the rotor at frequencies # (f; - f. - f,), where f. are new composed frequencies such as
(6). The rotating image fields produced in the stator are seen at # (f. — f,) % f.. A general expression can
be obtained that includes all the harmonics of the main and injected frequencies:
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fbb_back_inj :infsimfi_2jsfs (10)

wherej=1, 3,4, 6, ..

The faulty frequency components that appear in the stator are not only due to the injected signals,
but also to the composed frequencies specified by (6). Harmonic components produced by the failure
in the rotor are expected to be found around the composed and corresponding harmonics of these new
frequencies.

The motor could be considered as a low-pass filter with a pole frequency of 400 Hz. Since different
injected frequencies will produce different compositions, the injected signals should be chosen to
obtain composed frequencies between four times f; and 400 Hz. In this way, the optimum bandwidth is
windowed to analyze the stator current spectrum without affecting the motor operation.

The main (and sometimes the only) solutiion when a motor fails is to repair it or to replace it. On
the contrary, the approach presented allows setting up permanent supervision and predictive
maintenance actions on the motor and the associated chain. The way to implement the frequency
injection test is as simple as injecting frequency components from the inverter source and analyzing
frequency bands around the new harmonics appearing on the stator current.

3. Simulation Analysis
The objective of the preceding modeling was to estimate the impedance variation due to faults. The

typical parametric model for induction machines is presented in Equations (11), (12) and (13). They
express the voltage relationship between rotor and stator (11), torque (12), and speed and rotor position

Equations (13).
V1ol ool

T =115, @] (1)
dw 1 do
~=—(T, -T o ;o —= 13
dt J ( elec mec ( )) ’ dt a)m ( )

3.1. Rotor Misalignment

Rotor misalignment can be expressed as a variation on mutual inductances between rotor and stator
windings. This variation pulses at the frequency § /s referring to stator fields.

This means a variation on mutual inductances of:
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k, =‘kcos (2-7z's-fS]

k, =|kcos (2-77- s f. +2—7[j
3 (14)
k, =|kcos (2-77- s f. —277[)
Giving a final expression of inductances:
I LSA MSAB S, MSRAA (1 + kl ) MSRAB (1 + kz ) MSRAC (1 +k3) |
MSEA LSB MSB(; MSRBA (1 + k3 ) MSRBB (1 + kl ) MSRBC (1 + kz )
M Se M Scs Lgg M SRe (1 +k, ) M SRy (1 +h;y ) M SRee (1 +k, ) (15)

MRSAA (1+k1) MRSAB (1+k2) MRSAC (1+k3) Ly, MRAB MRAC
MRSBA (1+k3) MRSBB (1+k1) MRSBC (1+k2) M
MRSCA (1 +k2) MRS(,B (1 +k3) MRSCC (1 +k, ) M

R BA

Rey

3.2. Broken Rotor Bars

The incidence of broken rotor bars (BRB) must appear principally as a variation on rotor
resistances. In fact, BRB incidences produce changes in both rotor resistances and inductances.
However, for broken rotor bars, variations of resistance in one rotor phase allow proper results to be
achieved. The actual degree of error depends on the number of bars the rotor cage has, the number of
contiguous broken bars, and the damage in the degrading bar(s). Since Rra is the equivalent resistance
of parallel n/3 rotor bars, if all but one rotor bar are healthy then the relationship can be obtained by the
following Equation (16):

R

ﬁ)k'Rmi
. 3-1 k
Rm:a‘Rm: = 'Rmi
ani +k_Rmi 1+ %_1)
3-1 (16)

Rm:Rrai

n

3
a:R""‘ _ ken

R, 3+(n-3)k

For example, for a 12 bar in a rotor cage, an increase in Rra by a factor of 1.328 (i.e., a = 1.328
above and R’ra = 1.328-Rra) would mean that the resistance of one rotor bar had increased by a factor
of 83 (k = 83), if the other bars were not damaged. If there are m contiguous broken bars and two bars
next to them with the same damage k, then the R’ra/Rra relationship would be:
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=a-R (/ m— 2) 2 k ‘R
(,,/ rai ) +%—m—2)k
m—2

(17)

_R' B k-n
"R, 6+(n-3m-6)k

Furthermore, resistance exchange would be an inductance variation happening on misalignment,
rather than a mutual inductance variation appearing as variations in the self phase inductance L, due to
the variation in the number of rotor bars and a variation in mutual inductance, M (between the rotor
and stator) due to the reluctance exchange. The variations on R, L and M would pulse at rotor relative
speeds, and referring to stator rotating flux, this pulsation is s f,, giving:

In the case of rotor resistance:

a, =|acos (2-7z-s-fS]

a,

=|a cos (2-7[-5-]‘_Y +2T”j

(18)
o, =|o cos (27[ s f. —‘%TJ
In the case of rotor self-inductance:
K, =|KCOS (2~7r-s-fs}
2
K, =|k CcOS (Z-ﬁ-s-fs+TJ (19)
K, =|k cOs (2-7[- s f —2%]

For the x version, an equivalent equation can be used as given for a in the rotor resistance case,
depending on the number of rotor bars n, and degree of damage on rotor bars k:
L k-n

L 33k 20)

ra

Mutual inductance must fulfill the same expression (14) as in the case of eccentricity.
These variations will give the equation substitutions on fundamental motor equations, which for the
case of broken rotor bars gives:

R, (+a,) 0 0

[?1=] o R,(+a,) 0 1)
0 0 R, (+a;)
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3.3. Simulink Motor Model Implementation
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Ly (l + Kz) MRBC
Res Lgy (1 T K )

M

3366

(22)

The parametric equation system just presented has been implemented on Simulink, with the
different blocks containing differential equations for stator and rotor phases, torque and differential
speed equations. In the differential equations for stator and rotor phases variable parameters have been
introduced, which represent the fault condition. Three additional blocks have been added to the main
model developed in Section 3 to introduce the additional frequency on the stator supply. The following
Figure 4 shows the expected harmonic composition on stator currents due to the injection, and the
appearance of the faulty harmonic at the frequency test and the additional composed harmonics.

Figure 4. Implemented injections on the parametric model.
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The composed frequencies appear only in the case of motor misalignment, increasing in amplitude
with the increment of the fault condition. Figure 5 shows the expected harmonic distribution.
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Figure 5. Injection of 125 Hz with no load; injected and composed harmonic distribution.
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Figures 6, 7 and 8 show how harmonics appear due to the fault condition around the injected and
composed harmonics.

Figure 6. Detail of 175 Hz for 125 Hz injected frequency with low torque. This shows a

BRB fault condition.
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Figure 7. 125 Hz Injected frequency test, low load.
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Figure 8. Injection of 125 Hz, low load. Detail.
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Figures 9 and 10 show a comparison between different composite frequencies; composite
frequencies appear only in the case of a fault condition, which implies a good fault-estimation

parameter for a motor operating with no load.
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Figure 9. Composite frequencies 2 Fs + Fi.
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Low-frequency composed harmonics cause torque oscillations, which are confusing for simulation
results. Figure 11 shows frequency-composed harmonics at low frequencies, lower than the frequency
supply. The variation in amplitude in some harmonics can be appreciated, due to the fault condition
and torque oscillations during startup. These harmonics may hence be used to get good results in fault

detection.
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Figure 11. Composed frequencies 2 Fs—Fi.
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3.4. Influence of Injected Currents
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To consider the effect of saturation on the rotor sheet, the induced field has been simulated by means

of FEM software. Different injected frequency tests will produce different effects on the motor; several
papers [8] introduce us to the injection theories for sensorless control motors. These references talk about

the motor as a band-pass. In order to ensure this, it is possible to simulate the flux density of current and

field on the stator and squirrel cage, using a simulator properly, introducing rotor and stator design and
introducing the frequency test found in Figure 12 (current flow density for 50 Hz frequency) and in
Figure 13 (current flow density for 200 Hz frequency) for the same voltage amplitude.

Figure 12. Flux density for 50 Hz frequency.
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Figure 13. Flux density for 200 Hz frequency.

L///

=2.850e-+100
2.700e+100 : 2.850e+100
2.550e+100 : 2.700e+100
2.400e+100 : 2.550e-+100
2.250e+100 : 2.400e-+100
2.100e+100 : 2.250e-+100
1.950e+000 : 2.100e+100
1.800e+100 : 1.950e+000
1.650e+100 : 1.800e+100
1.500e+000 : 1.650e-+000
1.350e+000 : 1.500e-+000
1.200e+000 : 1.350e-+000
1.050e+000 : 1.200e-+000
9.000e-001 : 1.050e-+000
7.500e-001 : 2.000e-001
6.000e-001 : 7.500e-001
4.500e-001 : 6.000e-001
3.000e-001 : 4.500e-001
1.500e-001 : 3.000e-001
<1.4800e-001

nsity Plot: |, MAma2

L)

Having a look at the last two figures we can see that for the 200 Hz frequency test there is a bigger

T TTTT T T T

—

current density, which confirms the idea that the motor could be considered as a band-pass with
200 Hz of central frequency of the band. In order to do this, we will try to inject our frequency test as
close as possible to 200 Hz.

Regarding the effect of saturation, the FEM analysis shows the flux distribution on the motor sheet
to be similar for the injected frequencies under analysis. Therefore, injecting a low current of
frequency test does not produce saturation on the motor sheet.

4. Experimental Procedure
4.1. Test Rig Experimental Setup

A three-phase, 1.1 kW, 380 V and 2.6 A, 50 Hz, 1,410 rpm, four-pole induction motor was used in
this study. First of all, its healthy performance was analyzed and, afterwards, one-sixth of the rotor
bars were damaged. The current has been measured by an A622 Tektronix current probe, 100 Ampere
AC/DC. The current ranges are 0/100 mV/A, and the typical DC accuracy is £3% £ 50 mA at 100
mV/A (50 mA to a 10 A peak). The frequency range goes from DC to 100 kHz (=3 dB).

4.2. Signal Acquisition Requirements

Auxiliary test voltage was injected at frequencies of 80 Hz, 125.5 Hz, 176 Hz, and 200 Hz, and
amplitudes of 29 V, 36 V, 43 V, and 46.5 V, respectively. To inject the test frequency, different
options have been tested, including the use of a synchronous machine to achieve a complete sinusoidal
auxiliary supply. At present, an AC frequency inverter is used which is able to inject an auxiliary test
voltage from 0 Hz to 400 Hz and from 0 to 250 VAC.

Frequency sidebands were checked around some of the new current harmonics obtained in (10),
especially:

fa==2f+f o =2f,+ 1 fua=1,+2f,
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where f.; is the composed frequency (Table 1). New fault harmonics are expected at frequencies
provided by (10).

Table 1. Injected and Composed Frequencies.

Supply Frequency (f;) = 50 Hz
Injected Frequency (f) S =2+ fo=26+fi fa=fT2f
Hz Hz

Hz Hz

79.9 —20.1 179.9 209.8
125.5 25.5 225.5 301
175.8 75.8 275.8 401.6
200 100 300 450

Several tests have been carried out taking the aforementioned into account. These validate the idea
of using an auxiliary voltage test signal and analyzing the sideband harmonics for the detection of a
faulty induction motor.

The load was adjusted by means of a DC motor working as a generator and by supplying a set of
resistors. The motor was supplied with 220 VAC, star connection. This means 150 V AC per phase,
which leads to a speed lower than the nominal (1,275 rpm), and a slip frequency higher than the
nominal value (approximately 15%). Using this connection does not affect the main conclusions of the
paper, although the results are shown in a much clearer manner.

Figures 14 and 15 show the standard MCSA spectrum around the main frequency of 50 Hz, both for
a healthy and for a faulty motor, and for each frequency injected. The rotor was running at 1,275 rpm,
and the faulty frequencies for broken rotor bars are shown at 15 Hz from the generating frequency,
approximately (Figure 14). The ratio between the harmonic due to the fault and the main harmonic is
lower than 1%. This result agrees with that expected from applying the classical MCSA method.

Figure 14. Stator current spectrum for a healthy motor with a load.
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Figure 15. Stator current spectrum for a faulty motor with a load.
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The current spectra around fcl, fc2, and fc3 for every frequency injected, for a healthy motor, are

shown in Figures 16, 17 and 18. To show the effects of every frequency better, composition
frequencies were centered at 0 Hz and the resulting faulty frequencies were located around this central

position.

As expected, frequency compositions fcl have higher amplitude than fc2 and fc3 in a healthy

motor, because they are at a greater distance from the pole of the low-pass motor filter.

Figure 16. Stator current spectrum around fcl for a healthy motor.
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Figure 17. Stator current spectrum around fc2 for a healthy motor.
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Figure 18. Stator current spectrum around fc3 for a healthy motor.
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Figures 19, 20 and 21 show the current spectrum around fcl, fc2, and fc3 for every frequency
injected to a faulty motor. As expected, the corresponding current spectrum component due to the fault
is —15 Hz in every figure. However, the spectrum around fcl has plenty of different harmonics, which
makes it difficult to identify the fault. This is because the centered frequencies are 25.5 Hz, 76 Hz and
100 Hz, and the sidebands are in the range of 5 Hz to 120 Hz. It is in this range that we can locate most
harmonics in a real machine: rotor eccentricities, flux unbalances, and mechanical shocks, among
others. On the other hand, Figure 20 and Figure 21 show much clearer spectra, although the amplitudes
of the harmonics are lower around fc3 because they are close to the cut-off frequency of the low-pass
motor filter.



3375

Sensors 2011, 11

Figure 19. Stator current spectrum around fcl for a faulty motor.
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Figure 20. Stator current spectrum around fc2 for a faulty motor.

1255 Hz
175.8 Hz

200.1 Hz

- Fi

——Fi

- Fi

Amplitude Spectrum: 2*fs + fi

(v) epnudwy

20

Frequency (Hz)

Figure 21. Stator current spectrum around fc3 for a faulty motor.
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Although the amplitude of these new fault components is quite reduced, the 10% ratio found
between the fault frequency and the generating frequency is higher than the 1% ratio calculated for the
standard components used in the classical MCSA (Figure 12).

Generating frequencies in Figure 19 are of the same order as the main frequency. This means that
the test signals affect the motor’s operation, to then change the slip. This fact, combined with the
unclear spectrum, makes low-frequency compositions fcl unsuitable for the detection of rotor faults.

Figure 20 and Figure 21 show faulty frequencies exactly with the expected values. However, the
generating frequencies are too large in the case of fc3 and the resulting harmonics are too small and
difficult to measure and analyze. On the contrary, Figure 20 shows not only an excellent relationship
between generating and resulting frequencies of about 11%, but also a fault harmonic amplitude of
2 e-3A, which is enough to be obtained and analyzed. Therefore, the proposed method consists of
capturing and analyzing these new current spectral components that appear due to the signal
composition between main and injected frequencies.

Some relatively important harmonics appear in the spectra for both healthy and faulty machines.
For instance, Figure 17 and Figure 20 show a —10 Hz frequency component of 1.5e-3 A for Fi = 80 Hz,
which corresponds to 170 Hz in the stator current spectrum. This component, which is not directly
related to the fault, is due to the frequency composition (5Fs—Fi). A similar explanation can be offered
for the +10 Hz frequency component of 2e-3 A in Figures 18 and 21, which is due to the frequency
composition (3Fs—Fi). In this case, the real stator component is 220 Hz. Obviously, all these
frequencies which are due to frequency compositions given by (10) should not be considered for fault
analysis.

The amplitude of the compound frequencies fci in the stator current spectrum is shown in Figure 22.
From the figure, it can be concluded that the magnitude of fcl in a healthy motor is larger than in a
faulty motor. However, the magnitude of fc2 and fc3 in a healthy motor is smaller than for a faulty
motor.

These conclusions are applicable to every frequency injected. Thus, specific compositions fc2 and
fc3 could also be used to detect rotor failures, because their amplitude, for every frequency injected, is
clearly higher in the damaged motor.

To detect a fault, the sideband around the expected fault frequency is monitored for a period of time
after applying a test frequency. The diagnostic system will look for a specific harmonic amplitude
increase. If it appears, and the relationship between the generating frequency fc2 and the fault
frequency is higher than a predetermined value, then the fault will be detected. Compared with the
standard MCSA method, the only drawback is that it is necessary to generate and apply the test signal
to the stator phases. However, the generation of a 75-200 Hz sine wave is not a problem for the
modulator included in every present frequency inverter. On the other hand, the measurement of the
current phases is already used in the MCSA method, as well as for control purposes.

The selection of the test signal frequency is a trade-off between several concerns. The carrier
frequency must be high enough to create a deep bar effect that prevents the high frequency flux wave
from substantially linking to the rotor bars, but it must also be low enough so that the skin effect in the
rotor laminations does not repel the flux from penetrating below the rotor surface.
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In a practical case, a low-pass filter model of the machine can be proposed, with the pole frequency

in 400 Hz. Therefore, the interaction between main and signal test frequencies should cause new

harmonic components lower than this value in order to get good results.

Figure 22. Amplitude of the stator composed frequencies.
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In case of incipient fault condition the appearance of fault harmonics and composed harmonics

remains. However, the amplitude of harmonics is directly related with the fault condition. other testing

has also been carried out with inverter supply and low fault condition 1 and 2 BRB. In the following it

is shown and the main testing results are discussed

Main Supply, Vphase = 230 Vrms
Test voltage, Vphase =20 Vrms

f=50Hz
fi=80 Hz, f,= 125 Hz;
Figure 23 shows the fault condition and the compositions off signals over the spectrum.

Figure 23. Band Current Spectrum for 1 BRB motor.
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Although the injected voltage was obtained from an auxiliary generator through a serial

transformer, there is no problem to generate a composed three-phase sine wave with the desired test

frequency by using a special modulation reference in the Space Vector Modulation block of the power
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inverter. For a practical implementation in industrial equipment, the frequency test signal should be
higher than the bandwidth of the current loop, especially when vectorial control is applied to IM. In
that case, the choice of frequency test signal will be the same as in sinusoidal application, more or less
on the 80-200 Hz band. In order to allow subharmonics due to the modulation we introduce a
reactance high-pass filter between the drive and the VVVF converter, which cuts subharmonics due to
an asynchronous modulation. Figure 24 shows the amplitude comparison between composed
harmonics for 1 Broken Rotor Bar, 2 and 4. The injected frequencies chosen have been the most
promising ones for fault detection (80 Hz and 125 Hz).

Figure 24. Amplitude comparison of the stator composed frequencies for different fault condition.
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5. Conclusions

Signal injection ensures proper results in the detection of faults, especially in cases of low torque.
The use of an anti-clockwise injected frequency introduces additional slip on the motor which allows
the detection of faults with a better dynamic resolution. Furthermore, the composed frequencies are
good indicators of the behavior of machine faults. It has been clearly demonstrated that in the case of a
fault condition some of these composed frequencies increase their values, which implies unbalances in
the machine that could be understood as a fault condition.

However, the composed frequencies only introduce the notion of unbalances, but they cannot
differentiate between rotor misalignments and BRB fault conditions, in order to get a proper diagnosis.
The fault condition could be distinguished by analyzing the current spectral distribution about injected
and composed harmonics, but the location of faulty harmonics depends on the slip value, which means
that in case of a variable load the fault condition cannot be clearly appreciated.

In conclusion, it is possible to establish that:

— The signal injection technique is a good method for fault detection under low load, through
examination of the fault harmonics on the injected signal and the frequency compositions.

— The signal injection technique is a good estimator of conditions of unbalance, through

examination of the amplitude of the composed frequency.
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— In case of a variable load, the composed frequency should ensure unbalance, but
improvements will be needed in the field of signal processing to distinguish fault

conditions.

Acknowledgements

The authors wish to acknowledge the financial support received from the Ministerio de Ciencia y
Tecnologia de Espana (Spanish Ministry of Science and Technology) for carrying out this work, under
the TRA2010-21598-C02-01 Research Project.

References

1. Cabanas, M.F.; Melero, M.G.; Orcajo, G.A.; Cano, J.M.; Solares, J. Técnicas para el
Mantenimiento y diagnostico de Maquinas Eléctricas Rotativas. Marcombo: Oviedo, Spain, 1996.

2. Meador, D. Tools for O&M, from Building Controls to Thermal Imaging. In Proceedings of
O&M Workshop for Government Facility Managers, Washington, DC, USA, 19 June 2003.

3. Vas, P. Parameter Estimation, Condition Monitoring, and Diagnosis of Electrical Machines;
Oxford University Press: New York, NY, USA, 1993.

4. Zidat, F.; Lecointe, J.-P.; Morganti, F.; Brudny, J.-F.; Jacq, T.; Streiff, F. Non Invasive Sensors
for Monitoring the Efficiency of AC Electrical Rotating Machines. Sensors 2010, 10, 7874-7895.

5. Wang, H.Q.; Chen, P. A Feature Extraction Method Based on Information Theory for Fault
Diagnosis of Reciprocating Machinery. Sensors 2009, 9, 2415-2436.

6. Gao, L.X.; Ren, Z.Q.; Tang, W.L.; Wang, H.Q.; Chen, P. Intelligent Gearbox Diagnosis Methods
Based on SVM, Wavelet Lifting and RBR. Sensors 2010, 10, 4602-4621.

7. Nandi, S.; Toliyat, H.A. Condition Monitoring and Fault Diagnosis of Electrical
Machines-A Review. IEEE Trans. Energy Convers. 1999, 10, 1906-1915.

8. Nandi, S.; Toliyat, H.A.; Li, X.D. Condition Monitoring and Fault diagnosis of Electrical
Motors- A Review. IEEE Trans. Energy Convers. 2005, 20, 719-729.

9. Benbouzid, M.E.H.; Vieira, M.; Theys, C. Induction Motor Faults Detection and Location Using
Stator Current Advanced Signal Processing Techniques. /IEEE Trans. Power Elect. 1999, 14,
14-22.

10. Benbouzid, M.E.H.; Kliman, G.B. What Stator Current Processing-Based Technique to Use for
Induction Motor Rotor Fault Diagnosis? IEEE Trans. Energy Convers. 2003, 18, 238-244.

11. Thomson, W.T.; Fenger, M. Current Signature Analysis to Detect Induction Motor Faults. /[EEE
Trans. Ind. Appl. Mag. 2001, 15, 26-34.

12. Thomson, W.T.; Morrrison, D. On-line Diagnosis of Stator Shorted Turns in Mains and Inverter
Fed Low Voltage Induction Motors. In Proceedings of IEEE Power Electronics Machines and
Drives Conference, Bath, UK, 16—18 April 2002; pp. 122-127.

13. Schoen, R.R.; Habetler, T.G.; Kamran, F.; Bartheld, R.G. Motor Bearing Damage Detection
Using Stator Current Monitoring. [EEE Trans. Ind. Appl. 1994, 26, 114-116.

14. Korde, A. On-line Condition Monitoring of Motors Using Electrical Signature Analysis, Recent
Advances in Condition-Based Plant Maintenance. In Seminar Organized by Indian Institute of
Plant Engineers, Mumbali, India, 17-18 May 2002.



Sensors 2011, 11 3380

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

Miletic, A.; Cettolo, M. Frequency Converter Influence on Induction Motors Rotor Faults
Detection Using Motor Current Signature Analysis Experimental Research. In Proceedings of
Symposium on Diagnostic for Electrical Machines, Power Electronics and Drives, SDEMPED,
Atlanta, GA, USA, 24-26 August 2003; pp. 124-128.

Alford, T. Motor Current Analysis and its Applications in Induction Motors Fault Diagnosis;
ENTEK IRD, International Corporation: Milford, OH, USA, 1999; pp. 1-24.

Haylock, A.; Mecrow, B.C.; Jack, A.G; Atkinson, D.J. On-line Detection of Winding
Short-Circuit in Inverter Fed Drives. In Proceedings of Ninth International Conference on
Electrical Machines and Drives, Canterbury, UK, 1-3 September 1999; pp. 258-262.

Welchko, B.A.; Jahns, T.M.; Hiti, S. IPM Synchronous Machine Drive Response to a
Single-Phase Open Circuit Fault. I[EEE Trans. Power Electro. 2002, 17, 764-771.

Bellini, A.; Filippetti, F.; Franceschini, G.; Tassoni, C.; Passaglia, R.; Saottini, M.; Tontini, G.;
Giovannini, M.; Rossi, A. On-Field Experience with Online Diagnosis of Large Induction Motors
Cage Failures Using MCSA. IEEE Trans. Ind. Appl. 2002, 38, 1045-1053.

Henao, H.; Capolino, G.A.; Razik, H. Analytical Approach of the Stator Current Frequency
Harmonics Computation for Detection of Induction Machine Rotor Faults. In Proceedings of
Symposium on Diagnostic for Electrical Machines, Power Electronics and Drives, SDEMPED,
Atlanta, GA, USA, 24-26 August 2003; pp. 259-264.

Cabanas, M.F.; Pedrayes, F.; Ruiz, M.; Melero, M.G.; Orcajo, G.A.; Cano, J.M.; Rojas, C.H. A
new On-Line Method for the Early Detection of Broken Rotor Bars in Asynchronous Motors
Working under Arbitrary Load Conditions. In Proceedings of IEEE Industrial Applications
Symposium, IAS 2005, Hong Kong, China, 2—5 October 2005; pp. 662-669.

Ballal, S.; Khan, Z.J.; Suryawanshi, H.M.; Sonolikar, R.L. Adaptive Neural Fuzzy Inference
System for the Detection of Inter-Turn Insulation and Bearing Wear Faults in Induction Motor.
IEEE Trans. Ind. Electron. 2007, 54, 189-199.

Ho, S.L.; Cheng, K.W.E. Condition Monitoring of Rotor Faults in Induction Motors by Injection
of Low Frequency Signals into the Supply. In Proceedings of Power Electronics and Variable
Speed Drives, Sorrento, Italy, 21-23 September 1998; pp. 200-205.

Demian, C.; Mpanda-Mabwe, A.; Henao, H.; Capolino, G.A. Detection of Induction Machines
Rotor Faults at Standstill Using Signals Injection. /IEEE Trans. Ind. Appl. 2004, 40, 1550-1559.
Briz, F.; Degner, M.W.; Zamarron, A.; Guerrero, J.M. Online StatorWinding Fault Diagnosis in
Inverter-Fed AC Machines Using High-Frequency Signal Injection. IEEE Trans. Ind. Appl. 2003,
39,1109-1117.

Briz, F.; Degner, M.W.; Zamarrén, A.; Guerrero, J.M. Online Diagnostics in Inverter-Fed AC
Machines Using High-Frequency Signal Injection. /[EEE Trans. Ind. Appl. 2004, 40, 1109-1117.

© 2011 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access article

distributed under the terms and conditions of the Creative Commons Attribution license

(http://creativecommons.org/licenses/by/3.0/).



