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SUMMARY

Electrical rotating machines have a great economic significance as they enable conversion of energy between mechanical and electrical state. Reli-
ability and operation safety of these machines can be greatly improved by implementation of continuous condition monitoring and supervisory sys-
tems. Especially important feature of such systems is the ability of early fault detection. For this reason, several methods for detection and diagnosis
of the machine faults have been developed and designed. As fault detection methods can largely differ in the types of detectable faults, machine
adoptability and price of the system, a novel method was developed that can be used for cost-effective detection of various faults of electrical ma-
chine. Machine fault detection technique presented in this paper is based on the measurement of magnetic field in the air gap. Numerous studies
have proven that crucial information about the machine condition can be determined based on measurement and analysis of the magnetic field in the
air gap. It has also been confirmed that analysis of the air gap magnetic field can be used to detect, diagnose and recognize various electrical faults
in their very early stage. Proposed method of positioning and installation of the measuring coils on ferromagnetic core parts within the air gap region
of the machine enables differentiation of various faults. Furthermore, different faults can be detected if measuring coils are placed on the stator teeth
then when placed on the rotor side. The paper presents method on how to analyse and process the measured voltages acquired from measuring
coils placed within the machine, especially in the case of rotor static eccentricity detection. The methodology is explained by means of finite element
method (FEM) calculations and verified by measurements that were performed on the induction machine. FEM calculation model was used to predict
measurement coil output of the induction motor for healthy and various faulty states (at different amounts of static eccentricity). These results were
then confirmed by measurements performed in the laboratory on the induction traction motor that was specially modified to enable measurements
of faulty operation states of the machine. Measurements comprised of several machine fault conditions broken one rotor bar, broken multiple rotor
bars, broken rotor end ring and various levels of rotor static eccentricity.

Other methods used for faults detection are primarily based on the monitoring of quantities such as current and vibration and their harmonic analysis.
This new system is based on the tracing the changes of induced voltage of the measuring coils installed on the stator teeth. Faults can be detected
and differentiated based on RMS value of these voltages and the number of voltage spikes of voltage waveform i.e. without the need of harmonic
analyses. If these coils are installed on the rotor it is possible to detect the stator winding faults in a similar manner.
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NTRODUCTION

Induction motors are one of the most common types of electrical rotat-
ing machines. These machines play an important role independently or as
part of a complex process, and are widely present in the power plants, oil
refineries, chemical plants, metal foundries, pumping stations, coal mills,
paper industry, etc. Because of the importance in the process, it is neces-
sary to prevent failures and ensure reliability and availability of key induc-
tion motors. To achieve these tasks all key machines, contain some types
of protection, supervision, and monitoring. Also, one of the main goals is
early and reliable fault detection and provision of mutual recognition of
each fault. Majority of induction motor faults is caused by electrical and
mechanical conditions of the machine combined with operational environ-
ment. According to the literature [1 — 4], the most common faults of induc-
tion machines are bearing faults, following stator and rotor faults and other
faults such as different types of eccentricity (static, dynamic or both). In
order to early detect and recognize induction machine fault, various types
of fault detection methods have been developed [5, 6, 7, 8]. These meth-
ods are a result of long-term testing, measurement, and monitoring of the
induction machine operation. All these methods with more or less success
enable fault detection of induction motor.

One of the common motor problems is the occurrence of rotor static ec-
centricity that exceeds the allowable limit [9]. There are generally two kinds
of rotor eccentricities: static or dynamic (showed on the figure 1). In the
case of static eccentricity, the rotor turns around its centre of gravity, but
this centre is displaced of the stator centre line. From the stator point of
view, the place of minimal air gap occurs at unchanged circular position.
In the dynamic eccentricity case, the central axis of the rotor is not fixed
but during rotation changes its position relative to the stator centre line. In
this case the position of minimal airgap does not stay at the same stator
circular position, but rather changes in time. Within this paper only the
phenomenon of static eccentricity was analysed. The occurrence of rotor
static eccentricity in induction machine can cause some of the following
undesirable effects: vibrations, unbalanced magnetic pull (UMP), addition-
al losses in the rotor winding and in parallel circuits of the stator windings,
occurrence of the shaft voltages and currents, additional losses in the sta-
tor or rotor core, and finally in the worst case scenario physical contact of
the rotor with the stator [10]. These undesirable effects either reduce the
machine performance and efficiency or make secure operation of the ma-
chine impossible and therefore lead to the complete machine shutdown.

Figure 1. Types of eccentricities: a) static b) dynamic
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In order to early detect and recognize static eccentricity problem, various
types of fault detection methods have been developed [11, 12, 13, 14].
This paper presents new methodology for static eccentricity detection that
was developed as part of the continuous research in the field of rotat-
ing machine fault detection techniques. The basis for this new innovative
methodology can be find in the previous research that was presented
within the paper [15]. Within the previous research the squirrel-cage faults
(such as broken bar/s or ring) and the possibility of their early fault detec-
tion were analysed.
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The new approach for rotor static eccentricity detection described in this
paper is based on the air-gap magnetic field analysis. Presented method-
ology is more reliable and requires less data processing than other known
methods. The magnetic field is determined by measuring coils embedded
in the machine airgap, installed on the stator teeth, and mutually spaced
for the pole pitch. Based on the voltage waveforms and RMS values of the
induced voltages in the measuring coils it is possible to detect rotor ec-
centricity of the induction machine. In the paper results obtained by finite
element method (FEM) and measurement on the real induction motor are
presented. In order to show changes in the induced voltage waveforms
and RMS voltage values of the measuring coils, numerical simulations on
the FEM model have been performed. At first, FEM calculation for a regular
motor operation was conducted. Then, using the same FEM model with
maodifications in placement of the machine rotor centre point position the
cases of static eccentricity were simulated. In the FEM model, the rotor of

the motor was shifted in the direction of +y axes for achieving differences
in static eccentricity. To detect the existence of static eccentricity, induced
voltages in measuring coils mutually spaced for the pole pitch were ob-
served and analysed. Based on the RMS value change of the induced volt-
age in the coils, the presence of rotor displacement and static eccentricity
was determined. FEM result were verified through measurements on the
induction machine.

The aim of the paper is a contribution to early and reliable rotor eccentricity
detection of induction machines, based on the magnetic field analysis in
the air gap. The novelty of this new methodology is magnetic field analysis
obtained by measuring coils installed in the airgap of induction machine.
The main advantage of this methodology is that it avoids complex signal
processing and the need for harmonic analysis of the measured signal.
The presence of rotor static eccentricity is determined by detection of
changes in induced voltage waveform and RMS value in the measuring
coils, mutually spaced for a pole pitch.

FEM ANALYSIS OF THE INDUCTION
MACHINE

The FEM analysis was performed in the commercial software Infolytica
Magnet. Two-dimensional FEM model of the squirrel-cage induction mo-
tor is showed on the figure 2.a). The figure 2.b) shows distribution of the
magnetic field together with the position of the measuring coils. These
measuring coils are in the airgap, installed on the stator teeth and circularly
spaced for a pole pitch, P To achieve reliable static eccentricity detection,
it is necessary to ensure exactly this kind of measuring coils layout. Based
on the waveform and RMS value of the induced voltage in the measuring
coils it is possible to detect rotor eccentricity of the induction machine.
To determine changes of these voltage values, numerical simulations on
the FEM model have been performed. Table 1 lists regular and simulated
faulty conditions of the analysed induction motor. Percentage of eccen-
tricity is given in relation to the minimal air gap width. First, FEM calcula-
tion for a regular machine operation was performed. Then, using the same
model with corresponding modifications the simulations of static eccen-
tricity were performed. In the FEM model, the machine rotor was shifted
in the direction of +y axes for achieving changes of static eccentricity. The
influence on the induced voltage in measuring coils circularly spaced for a
pole pitch was observed and analysed with aim to detect the static eccen-
tricity presence. Based on the RMS value change of the induced voltage
in the coils, the presence of rotor displacement and static eccentricity is
determined.

Figure 2. a) 2D FEM model; b) distribution of the magnetic field with position of the
measuring coils

Table 1. Calculated regular and faulty conditions of the induction machine

Operating state | Regular condition | Faulty condition — Model variant
static eccentricity
Induction [ -
machine rated ° 15 % of static eccentricity
load ) 20 % of static eccentricity
25 % of static eccentricity

The figure 3.a) shows the voltage waveform induced in the measuring
coils mutually spaced for the pole pitch, —obtained for regular operation
condition. For correct voltage waveform interpretation, it is necessary to
have certain information regarding machine active part elements and un-
derstand their impact on the measuring coil voltage waveform. Figure 3.b)
presents the impact of the squirrel-cage rotor bars on the induced voltage
waveform in the measuring coils. Numbers on this figure mark the impact
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of every rotor bar on the waveform. In one rotor turn, the waveform con-
tains the number of rises and drops of the voltage that is exactly equal to
the number of rotor bars. In the analysed case the induction machine has
28 rotor bars.

Figure 3. a) Induced voltage waveform in the measuring coils Ms1, Ms2, Ms3 and
Ms4 - normal condition; b) impact of the squirrel-cage rotor bars on the induced
voltage waveform

Following the regular machine operation, FEM simulations of static eccen-
tricity listed in the table 1 were performed. Figure 4 shows induced voltage
waveform in the measuring coils when rotor is displaced for 25 % of the
air gap width in the — y axis direction. Figure 4.a) shows comparison of
the induced voltage in the measuring coils Ms1 and Ms3, and figure 4.b)
comparison of the voltage in the measuring coils Ms2 and Ms4. Through
observation of these figures it can be noticed that the absolute value of
voltage induced in the coil Ms3 is greater than the voltage induced in the
coil Ms1. This result is expected, as the chosen rotor displacement direc-
tion places squirrel-cage rotor nearest to the coil Ms3, and farthest apart
from the coil Ms1. The comparison of the induced voltage in the measur-
ing coils Ms2 and Ms4 is shown on the figure 4.b). From this figure it can
be concluded that the induced voltage in the mentioned measuring coils
are equal. This result is expected as, in case of the chosen rotor displace-
ment direction, the relative position of the rotor to these two coils stays
the same.
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Figure 4. Comparison of the induced voltage waveform in the measuring coils for
the static eccentricity amount 25% of the air gap (a shift in the — y axis): a) Ms1 and
Ms3 diametrically spaced; b) Ms2 and Ms4 diametrically spaced

RMS values of the induced voltages in the measuring coils Ms1, Ms2, Ms3
and Ms4 obtained by FEM calculations due to the vertical rotor displace-
ment are listed in table 2. These results lead to the following conclusions:
when a static eccentricity occurs, induced voltage reaches the highest
value in the coil that is nearest to the rotor, and the lowest in the coil that
is farthest to the rotor; when the rotor is shifted in + y direction, the highest
voltage is induced in the measuring coil Ms1 and the lowest in Ms3; when
the rotor is shifted in — y direction, the highest voltage is induced in the
measuring coil Ms3 and the lowest in Ms1; induced voltage value changes
depending on the static eccentricity amount; the induced voltage values
in the measuring coils Ms2 and Ms4 practically stayed unchanged with
rotor displacement (positions perpendicular to the displacement direction,
where the air gap size stays the same). In the case of the normal condi-
tion (without the presence of static eccentricity) the induced voltage values
and the waveforms of the four measuring coils are symmetrical. The rotor
displacement leads to differences in induced voltage waveforms and the
RMS voltage values of the measuring coils. The last column in the table
2 shows the percentage deviation between the measuring coils with the
highest voltage change due to the rotor displacement in the vertical direc-
tion. Based on the data in the table 2 the dependency curves between the
induced voltage in the measuring coils and the rotor displacement in the
vertical direction were determined. The figure 5.a) shows changes of the
induced voltage RMS values in the measuring coils Ms1 and Ms3 and the
figure 5.b) changes of the induced voltage RMS values in the measuring
coils Ms2 and Ms4, due to rotor displacement in the vertical direction for
different amounts of static eccentricity.

Table 2. RMS values of the induced voltage in the measuring coils obtained
by FEM calculations due to the rotor displacement in a vertical direction

A [mm] d’}ﬂgg{l’gn MST V]| MS2 V] [ MS3 [V] | MS4 [V] | AU, %]
-025| to—y | 2155 | 2,468 | 3011 | 2533 | 39,72
020 | to—y | 2213 | 2,475 | 2,804 | 2520 | 30,74
—015| to—y | 2283 | 2484 | 2777 | 2522 | 21,66
0,00 | centre | 2422 | 2422 | 2421 | 2424 | 0,00
015 | to+y | 2764 | 2505 | 2,265 | 2468 | 22,06
020 | to+y | 2901 | 2525 | 2221 | 2483 | 30,58
025 | to+y | 3012 [ 2535 | 2,159 | 2472 | 3952

a) b)
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Figure 5. Changes of the induced voltage RMS values in the measuring coils
due to rotor displacement in the vertical direction for different amounts of static
eccentricity: a) measuring coils Ms1 and Ms3; b) measuring coils Ms2 and Ms4

MEASUREMENTS ON THE INDUCTION
MACHINE

The measurements were performed on the squirrel-cage induction ma-
chine. The figure 6.a) shows analysed induction machine main parts. This
motor was specially modified in order to analyse static eccentricity effects
in the laboratory conditions. The eccentricity level control was possible
due to the redesign of motor bearing shields, shown on the figure 6.b). The
shown mechanism allows the change of rotor static eccentricity position
through tightening of the positioning bolts. Figure 7.a) shows the positions
of measuring coil installation on the stator teeth of the machine. The po-
sition and layout of the measuring coils installed in the tested motor is
showed on the figure 7.b). The results obtained by measurements for reg-
ular condition are shown on the figure 8. The figure 8.a) shows the induced
voltage waveform of the measuring coils Ms1, Ms2, Ms3 and Ms4, and
the figure 8.b) the voltage induced in the coils Ms5, Ms6, Ms7 and Ms8.

Figure 6. a) Squirrel-cage induction machine analysed in the laboratory; b) bearing

a) b)

shields adapted for static eccentricity simulation on the machine tested in the
laboratory
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Figure 7. a) Measuring coil installation on the stator teeth of squirrel-cage induction
machine; b) position of the measuring coils in the induction machine adapted for
laboratory testing
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Figure 9 shows results obtained by measurement for the case of 25 %
of static eccentricity and the rotor displacement in the — y axis. On the
figure 9.a) the voltage waveforms of the measuring coils Ms1 and Ms3
are showed, and on the figure 9.b) induced voltage in the measuring coils
Ms2 and Ms4. The result obtained by the measurement are in accord-
ance with the previously shown results obtained by FEM calculations
for the same eccentricity level. The RMS values of the induced voltage
in the measuring coils obtained by measurements due to the rotor dis-
placement in a vertical direction are shown in the table 3. Based on these
values, dependency curves between the induced voltages of the measur-
ing coils and the rotor displacement in the vertical direction are derived.
These curves are shown on the figures 10.a), 10.b) and 11. Due to the
rotor displacement direction the biggest changes of the induced voltage
RMS values are noticed in the measuring coils Ms1 and Ms3, as shown
by the figure 10.a). Voltage changes of the coils Ms5, Ms6, Ms7 and Ms8
are also significant (figure 10.b), while voltages of measuring coils Ms2
and Ms4 had no noticeable change of RMS value (figure 11). The results
obtained by the measurement are in the good alignment with the theses
explained in the section with FEM results. The figure 12 shows comparison
of the induced voltage in the measuring coil Ms1 obtained by FEM calcula-
tion and measurement for the case of the 25% of static eccentricity. In the
case of voltage waveforms, the results are in good alignment, but some
misalignment exist in the voltage amplitudes. This misalignment is the re-
sult of imperfections in coils installation, tolerances in machine design and
deviations in the measurement process.

Figure 8. Measured results for the regular condition: a) induced voltage waveform in
the measuring coils Ms1, Ms2, Ms3 and Ms4; b) induced voltage waveform in the
measuring coils Ms5, Ms6, Ms7 and Ms8

Figure 9. Measured results for the case of the 25% of static eccentricity: a)
induced voltage waveform in the measuring coils Ms1 and Ms3; b) induced voltage
waveform in the measuring coils Ms2 and Ms4

Table 3. RMS values of the induced voltage in the measuring coils ob-
tained by measurements
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Figure 10. Changes of the induced voltage RMS values in the measuring coils
due to rotor displacement in the vertical direction for different amounts of static
eccentricity: a) measuring coils Ms1 and Ms3; b) measuring coils Ms5, Ms6, Ms7
and Ms8
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Figure 11. Changes of the induced voltage RMS values in the measuring coils
due to rotor displacement in the vertical direction for different amounts of static
eccentricity: measuring coils Ms2 and Ms4
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Figure 12. Comparison of the voltage induced in the measuring coil Ms1 obtained
by FEM calculation and measurement for the case of the 25% of static eccentricity

Almm] | Motion direction MS1 [V] MS2 V] MS3 [V] MS4 [V] MS5 V] MS6 [V] MS7 [V] MS8 [V] MSD1 [V] MSD2 [V] AU, mﬂ
-0,30 to-y 1,780 2,141 2,747 2,172 1,862 2,504 2,532 1,946 2,109 2,250 54,32
-0,25 to-y 1,819 2,133 2,638 2,166 1,895 2,44 2,461 1,973 2,116 2,234 45,02
-0,20 to-y 1,867 2,133 2,533 2,161 1,936 2,383 2,393 2,007 2,132 2,220 35,67
-0,15 to-y 1,919 2,142 2,441 2,153 1,987 2,338 2,333 2,041 2,152 2,201 27,20
-0,10 to-y 1,984 2,148 2,352 2,152 2,039 2,285 2,269 2,082 2,175 2,190 18,54
-0,05 to-y 2,045 2,148 2,268 2,151 2,095 2,240 2,210 2,126 2,181 2,170 10,90
0,00 centre 2,151 2,172 2,159 2,134 2,198 2,194 2,122 2,182 2,218 2,136 0,37
0,05 to+y 2,248 2,177 2,070 2,126 2,279 2,138 2,057 2,239 2,242 2,122 8,59
0,10 to+y 2,34 2,198 2,012 2,122 2,342 2,098 2,002 2,275 2,274 2,100 16,30
0,15 to+y 2,444 2,182 1,926 2,116 2,421 2,044 1,947 2,345 2,278 2,084 26,89
0,20 to+y 2,577 2,194 1,865 2,116 2,517 2,000 1,894 2,417 2,292 2,062 38,17
0,25 to+y 2,703 2,211 1,816 2,115 2,606 1,963 1,846 2,475 2,318 2,046 48,84
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CONCLUSION

The aim of this paper is a contribution to the early and reliable rotor static
eccentricity detection of squirrel-cage induction machines, based on the
magnetic field analysis in the air gap. The new and innovative approach
for rotor static eccentricity is presented. This is patent pending solution
and intellectual property of KONCAR Electrical Engineering Institute. The
novelty of this new methodology is magnetic field analysis obtained by
measuring coils installed in the airgap of induction machine, and spatially

spaced for pole pitch, o By FEM calculations and measurements, it is
proven that by using the measuring coils on the stator teeth it is possible
to detect static eccentricity occurrence in a very early stage (practically at
10% of static eccentricity appearance). One of the main advantages of this
methodology is that it avoids complex signal processing and the need for
harmonic analysis of the measured signals. Determination of rotor static
eccentricity is based on the changes in induced voltage waveform and
RMS value of the measuring coil voltage, i.e. in the distortion of the sym-
metry between the induced voltage in measuring coils.
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