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Abstract

The article presents the possibility of using axial flux signals in the fault diagnosis of low-power
induction machines working under varying load conditions. The study involved cases of asymmetrical
rotors and stators in steady state and transient conditions during start-up. The laboratory measurements
were performed on a modified induction motor, which was equipped with a special coil built into the
bearing shield allowing the measurement of the voltage proportional to the motor axial flux. Examples of
the obtained waveforms and numerical data were supplemented by conclusions and a review of current
knowledge concerning the application of the axial flux signal for the purpose of the fault diagnosis of
squirrel cage induction motors.
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Streszczenie

Artykul przedstawia mozliwos¢ zastosowania sygnatu strumienia poosiowego w diagnostyce maszyn in-
dukcyjnych matej mocy, pracujacych przy zmiennych warunkach obciagzenia. Badaniom poddano przypad-
ki niesymetrii wirnika i obwodu stojana dla stanu ustalonego oraz przejsciowego. Pomiary laboratoryjne
zostaly wykonane na zmodyfikowanym silniku, przystosowanym do pomiaru napigcia wprost proporcjo-
nalnego do strumienia unipolarnego, za pomoca wbudowanej cewki w tarczy tozyskowej. Przyktady uzy-
skanych przebiegow oraz danych liczbowych uzupetniono o wnioski i przeglad dotychczasowej wiedzy
z zakresu zastosowania sygnatu strumienia poosiowego w diagnostyce maszyn klatkowych.

Stowa kluczowe: asymetria silnika indukcyjnego, strumien osiowy, diagnostyka
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1. Introduction

The basic diagnostic signals in the induction motor are the voltage and current signals of
the stator circuit. In addition to the values of the currents in the windings of the stator and
the rotor, the level of the magnetic flux is another distinctive feature of induction motors. In
symmetrical induction machines, flux linkages have a component only in a radial direction.
For any asymmetry of induction motors, flux linkages decompose themselves additionally
into an axial component. The axial component causes not only additional losses in the
stator end-windings, but it also acts as a carrier of diagnostic information contained in
the electromagnetic field time harmonics available by the measurement [1, 6, 7]. As it was
proved in articles [2, 9, 10, 11, 13, 14, 19], an analysis of the axial flux course allows an
effective identification of damage to the stator circuit in the form of coil turn short- circuits
and rotor asymmetry. The article presents selected results of the authors’ research on the
application of the axial flux in the fault diagnosis of low-power induction motors [17, 18]. In
the article, a comparison to the stator current analysis was made under similar conditions to
those under which the axial flux waveforms were analysed.

1.1. Method of measurement of the axial flux

The main element used for detecting changes of the axial flux in time is the coreless
coil. The coil acts as a secondary winding in which a voltage, whose actual value is the time
derivative of flux, is induced by the action of the alternating axial flux.

As it can be seen, the main metrological feature of the air coil is lack of nonlinear
distortions and its characteristic similar to that of a band-pass filter.

a)

Fig. 1. View of measuring coil: a) inside the bearing shield, b) mounted inside the motor housing

In terms of mechanical structure, the diameter of the carcass is a very important
parameter. The diameter of the carcass cannot be either less than the diameter of the rotor or
greater than the diameter of the stator [7, 10]. Typically, the measuring coil is mounted on the
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fan cover or inside the bearing shield [6] — it is rarely mounted on the motor body [3]. Fig. 1
shows a view of the measuring coil used in the laboratory and its assembly inside the motor
housing.

2. Measuring system

The subject of the study was the induction motor type Sg-112M-4. The motor was
mechanically connected to a separately-excited DC generator by means of the Rotex flexible
claw coupling and the DataFlex 22/50 measuring shaft with integrated measuring speed
system. The DC generator provided a mechanical load to the induction motor.

The load torque was adjusted by changing the generator excitation current — an
autotransformer with a rectifier was used for this purpose. The DC generator output
was loaded by 4 kW set of resistive heating elements. The NI USB 6259 multifunctional
measuring card was used for the acquisition of measurement signals. The duration of
data recording for a single measurement was 10 seconds — the signals were recorded with
a sampling frequency of 10 kS/s per channel. In addition to measuring the coil voltage and
the shaft speed and torque, the phase voltage and current waveforms were recorded with the
use of the transducers LEM LV 25-P and HY 15-P.

Fig. 2. Laboratory view of: a) modified terminal box, b) induction motor with measuring instruments

Several simulated damages to the rotor were realized by the use of rotors with different
degrees of asymmetry. In the research, a symmetrical rotor and other two damaged rotors:
one with one broken bar and the other one with two broken bars, were used.

For the purposes of the research, some modifications to the stator windings and the
terminal box were required. The stator winding modification allowed the short-circuiting
of a selected number of turns in phase ‘W’ by the use of the 6—40 Q control resistor and an
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ammeter to limit the short-circuit current. During the measurements, the induction motor
phases were connected in the star configuration. The motor was supplied from the rigid
network and operated without its cooling fan. The fan was removed because of the possible
generation of additional rotary components in the frequency spectrum related directly to
the number of fan blades. Before the measurements session, the drive system was aligned.
All calculations and measurements were performed using the Matlab software. Fig. 2 shows
views of the laboratory stand together with the measuring instruments.

3. Diagnostic signals
3.1. Asymmetry of the rotor cage
In the case of rotor asymmetry (as damaged bars or dynamic eccentricity), the spectrum

of the voltage proportional to the axial flux contains noticeable components described by the
following equation [6, 7]:

f=1 [s+k(1-s9)] (1)
where:
[, — frequency associated with the asymmetrical rotor;
J, — fundamental frequency;
s — slip;
k — 3,57...

Additionally, regardless of the rotor condition, from among the spectrum components,
besides the mains frequency and its odd multiples, the first slip component can be identified
[6, 11] as:

Ja=1s 2)

where:
f,, — primary slip frequency.
Based on equation (2) and design parameters of an induction motor as demonstrated in
[9, 19], it is possible to reproduce courses of the torque and rotor speed in time domain.
Among additional frequencies related to the rotor asymmetry described by equation
(1), in the spectrum of the measuring coil voltage, the following components described by
equation (3) can be observed:

o=kl s 3)
where:
/., — another successive odd slip frequency.
Also in the case of analysis of the axial flux signal, the diagnostic signal (commonly used
to analyse the stator current and to detect rotor cage asymmetry and dynamic eccentricity
[6, 7, 15, 19]) described by the equation (4), was applied:

1=t (1-25) )
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where:
[, — leftsideband slip frequency.

It should be noted that on the basis of equations (3) and (4), a damage to the joint rings
of the rotor cage can be detected. However, in the case of the stator current analysis, the
distinction between the damage to the rotor bars and to the joint rings is not possible in
practice [6, 15].

3.2. Asymmetry of the stator

A common cause of asymmetry of the stator circuit are inter-turn short-circuits inside
a single phase of the winding or inter-phase short-circuits leading to the rapid failure of the
induction motor [3, 6]. As indicated in the introduction, the analysis of voltage proportional
to the axial flux allows the detection of inter-turn short-circuits already in the initial stage
of damage. The main diagnostic signal in the form of spectrum components for the short-
circuits detection in the stator winding can be described by the following formula [3, 6, 7]:

fi=kf,+ [n(1—s) m]/60 (5
or
S, =k f,+nm/60 (6)

where:
f. — frequency appearing when short-circuiting;
n_— synchronous speed,;
m— —2,—-1,+1,+2, ...
n — motor speed.
As it can be seen, the frequencies of the spectrum components depend on design
parameters of the induction motor as the number of pole pairs and supply frequency.

>

4. Measurement results and analysis
4.1 Stationary analysis

Spectral analysis of the steady state signal [4, 15, 16] is one of the basic methods for
assessing the condition of a rotor and stator. When attempting to identify the characteristic
signs of damage within the spectrum of stator current, it is necessary to provide and maintain
the specified measurement conditions. When testing a low- and medium-power induction
motor, it should be loaded at least half the nominal torque [15].

Furthermore, the drive system should be free of defects in mechanical connections,
such as a misalignment for example, while the rotor unbalance influences the quality of the
measurements slightly less. Failure to meet these conditions regarding the tested induction
motor leads to disorder in the readability of the current spectrum, making proper separation
of diagnostic components impossible. It should also be mentioned that a direct spectral
analysis of the stator phase current does not allow to detect the stator asymmetry caused by
an insignificant number of shorted turns inside a single stator phase.
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The axial flux signal (expressed in an intermediate form of the voltage waveform where
influence of load torque values and supply frequency [6, 7] on readability of the spectrum
voltage is minimal) is free of the above drawbacks [17, 18]. In addition, as it will be shown
later in this article, the axial flux signal shows high sensitivity to any asymmetries of
electrical origin. Below, some chosen measurements and the FFT spectrum calculations
results for an induction motor with rotor and stator asymmetry are presented. The amplitude
spectrum was limited to a band of 200 Hz. The resulting diagrams were produced on a linear
scale (Fig. 4—6). Some selected examples were obtained for an induction motor running in
the steady state with the stator load current 4.5 amps.

a) Voltage signal from measurement coil — symmetric induction motor
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Fig. 3. Symmetrical induction motor: a) voltage signal from measurement coil, b) FFT spectrum

a) Voltage signal from measurement coil — damage to one bar of cag
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Fig. 4. Damage to one bar of cage: a) voltage signal from measurement coil, b) FFT spectrum
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a) Voltage signal from measurement coil — damage to two bars cage
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Fig. 5. Damage to two bars of cage: a) voltage signal from measurement coil, b) FFT spectrum

a) Voltage signal from measurement coil — dynamic eccentricity
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Fig. 6. Dynamic eccentricity 40%: a) voltage signal from measurement coil, b) FFT spectrum

In the case of an induction motor damage resulting in an asymmetry of the rotor cage,
it can be shown that the damages to the cage bars cause a significant increase in component
amplitudes described by formulas (1) to (4), while at the same time, they cause a decrease
of the supply fundamental component amplitude (Tab. 1). For dynamic eccentricity, like in
the case of the damages to the bars, the growth of the amplitudes of the components (1)
and (4) can be observed, in the absence of changes in the component (3) as compared with
a symmetrical induction motor. Based on the conclusions made, it can be stated that the
preliminary assessment of dynamic eccentricity is possible on the basis of odd multiple
components of slip frequency (3) and seems to be an important supplement to the method
based on searching slot harmonics in the band of mid-frequency spectrum [19].
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Voltage signal from measurement coil — short circuits and symmetrical cage
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Fig. 7. Short circuits and the symmetrical cage: a) voltage signal from measurement coil, b), ¢), d)
FFT spectrum for different number of shorted turns
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Voltage signal from measurement coil — short circuits and damaged to two bars of cage
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Fig. 8. Short circuits and two bars of cage damaged: a) voltage signal from measurement coil, b), ¢), d)
FFT spectrum — shorted turns and two bars of cage damaged
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Values of the diagnostic signals from FFT spectrum

Table 1

Type of
dam-
age

Diagnostic signals [V/Hz]

0 s+3(1-s
]f) K 3f0 K 5f0 s fo (1-2s) ?J’; fo[ ( J
0
.| 0.104/3.5 | 0.006/10.5 1.35/ 50
Symmetric 0.00046/24.5 | 0.0046/43 0.0006/143
motor 0.14/150
Onebarof | o1073¢ | 0.032/11.4 | 0.002/193 | 0.012/42.4 2930} 6 002/142.4
cage 0.15/150
Twobarsof | ()53 e | 004114 | 0010193 | 0.0220423 F224 30 1 050/142.3
cage 0.16/150
Dynamic 1.24/ 50
Eccentricity 0202/3.6 | 0.008/10.8 | 0.0064/19.5 | 0.014/42.3 =7 0.104/142.6
4 shorted 0.98/ 50
turnsand 2 | 0.166/4.2 | 0.044/12.6 | 0.006/21.0 | 0.02/41.7 0.046/141.6
bars 0.14/150
15 shorted 0.68/ 50
turns and 2 | 0.202/4.2 | 0.046/12.6 | 0.0042/21.0 | 0.026/41.7 0.046/141.6
bars 0.02/150
25 shorted 0.56/50
turns and 2 | 0.224/42 | 0.046/12.6 | 0.0072/21.0 | 0.018/41.7 0.054/141.6
bars 0.12/150
5 é;D 3, + [n (1 —s5) m]/60
g g f H
[a~
=S m=2 m=—-1 m=-2 m=-3
4 shorted
turns and 2 1/50 | 0.013/150 | 0.0108/195.8 |0.0012/127.1|0.0106/104.2 [0.00112/81.3
bars
15 shorted
turnsand 2 | 0.66/50 | 0.022/150 | 0.020/195.8 |0.0012/127.1|0.0126/104.5 |0.00024/81.3
bars
25 shorted
turnsand 2 | 0.54/50 | 0.06/150 | 0.022/195.8 |0.0024/127.1|0.0114/104.5 | 0.02/81.3
bars
4 shorted
. 1.10/50 | 0.012/150 |0.00074/196.2| 0/252.2 0/207.4 | 0.0004/80.7
15 shorted
s 0.76 /50 | 0.026/ 150 | 0.00144/196.20.0010/126.1|  0/207.4  |0.00030/80.7
25 shorted
s 0.42/50 | 0.048/ 150 | 0.0024/ 196.2 | 0.0004/126.1 | 0.0004/103.8 | 0.0004/80.7

For: R=21.5Q, 4 shorted turns — 0.1 A, 15 shorted turns — 0.3 A, 25 shorted turns — 0.65 A
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According to the presented measurements and calculation results from Fig. 7 and 8,
the occurrence of slight inter-turn short circuits in the stator phase produces a growth in
the amplitude of the third supply harmonic, while at the same moment, a weakness of the
flux of the supply frequency can be observed. Upon a combined damage to rotor and stator
circuits, an interaction of the rotor and the stator magnetic fields can be observed, expressed
by the occurrence of sums and differences of the components as described (5) and equal to
twice the slip fundamental frequency (2). The basic feature of the combined damage to rotor
and stator circuits is the lack of significant differences in the amplitudes of the components
associated with the asymmetry of the rotor (1), (3) and (4) relative to an induction motor with
the rotor circuit damage only.

4.2. Non-stationary analysis

The operating states of an induction motor in transient conditions [7, 8] can be divided
into electrodynamic and electromechanical transient states. In the first case, the waveforms
of electromagnetic and mechanical quantities vary with comparable speed. In the above
operating condition, extraction of the diagnostic signal (which is an electrodynamic
quantity) from the total current waveform is considerably more difficult or even impossible.

Therefore, the most often considered transient state in the diagnostics of induction
motors is an electromagnetic transient state, where it is assumed that the electromagnetic
quantities change as a function of time at a constant speed. In this case, the preferred option
is a long duration of the electromagnetic transient state, a typical example of this is the heavy
start-up of an induction motor.

As shown in [9, 11], also in the case of the voltage waveform proportional to the axial flux
in the transient state and the dynamic state, similarly as in the analysis of the stator current, the
low-frequency methods can be applied successfully in the comparative analysis of diagnostics
signals’ fluctuation. As it will be proven later in the article, a precise observation of changes in
selected diagnostic signals is only possible when using the time-frequency methods.

Below, one can find some examples of spectrograms made with the use of the short-
time Fourier transform [15, 20] during the start-up of the symmetrical motor and the motor
with one damaged bar of the cage. The below examples were selected for the induction
motors operating in steady states and loaded at 7 amps stator currents. In the analysis,
a short-time Hanning window with a duration of 0.2 seconds was applied. The frequency
band under observation was limited to the frequency range 0—150 Hz, where the amplitudes
of diagnostic signals associated with the rotor circuit achieved the greatest values. The
obtained spectrograms were supplemented by the theoretical waveform of the diagnostic
signals during the start-up (Fig. 9).

According to the spectrograms presented in Figs. 10 and 11, a common feature is the
presence of the supply fundamental component and primary slip frequency (2). For an
induction motor with one damaged cage bar, one can observe the change in time of the
components described by formulas (1) — [for k= 3,5, 7] and (3) — [for k = 3]. Despite the short
time of the motor start, the basic diagnostic signals remain clearly visible, which does not
happen in the case of the stator current analysis, where it is required that the starting time of
the induction motor is at least 1.5s.
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Theoretical change of diagnostic symptom for asymmetry of rotor cage
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Fig. 9. Theoretical change of diagnostic symptoms for the asymmetry of the rotor cage for different
motor loads

Spectrogram STFT — axial flux signal of the symmetrical induction motor
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Fig. 10. Spectrogram STFT — axial flux signal of the symmetrical induction motor

Spectrogram STFT - axial flux signal, damaged to one bar of cage
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Fig. 11. Spectrogram STFT — axial flux signal, one damaged bar of the cage
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Fig. 12 presents the course of observed diagnostic signals in the time domain for the
frequency of 125 Hz. The observed frequency was selected in view of the possibility to
observe all relevant diagnostic signals associated with the cage rotor circuit, with the
exception of the signal (2). The frequency band in the range of 100—150 Hz should be
considered universal to evaluate the technical condition of the cage rotor during the start-
up because the pattern of the diagnostic signals remains constant regardless of the design
parameters of the induction motor.

Course of the observed frequency 125 Hz

Symmetrical
Damaged to one bar of cage

. : P
0 02 04 06 08 1 12 14 16 18 2
t[s]

Fig. 12. Change of the observed frequency 125 Hz

Course of the observed frequency 50 Hz

Symmetrical
Damaged to one bar of cage

0 02 04 06 08 1 12 14 16 18 2
t[s]

Fig. 13. Course of the observed frequency 125 Hz

5. Conclusions

Among the most important advantages of using the signal of the axial flux as a diagnostic
signal, one should point the lack of significant influence of such physical quantities as the
torque and supply frequency on the readability of the spectrum.

As it was shown, the greatest benefit from the axial flow analysis can be obtained in the
initial stage of development of any asymmetry of electrical origin in the form of damage to
the rotor and the stator. In addition, the analysis of the flux axial signal requires less effort
than the calculations for the purposes of the stator current analysis.

One of the disadvantages of using the axial flux as a diagnostic signal seems to be the
lack of measurement of the operational quantities in the form of voltage or current as well as
the need to use measuring coils of different diameters customized to the mechanical size of
the induction motor, in the case of the coil location inside or outside the bearing shield.

In the future research concerning the use of the axial flux, the authors plan to create
a database of measurements for high-power induction motors and the detailed elaboration
of the statistical data for different duties and mechanical loads — this is required to develop
areliable indicator of technical condition of a wide range of power of induction motors.
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