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Abstract

The object of the investigation presented in the paper are measurements rela-
ted to diagnostics of induction motors, specially damages caused to bearings.
Due to the fact that the amplitude of the network voltage fundamental harmo-
nic in the supplying current spectrum is high in comparison with harmonic
components responsible for damages of bearings, there has been proposed
a preliminary elimination of this component from the analog current signal.
The proposed filter is shown in the paper. The paper presents also the measu-
ring system and provides results of the investigations carried out on motor
encumbered with specially prepared bearing defect.

Streszczenie

Pojawienie sig okreslonych typow uszkodzen w silniku jest zrodtem odksztal-
cenia pradu zasilajacego. W przypadku uszkodzenia tozyska amplitudy skta-
dowych harmonicznych w widmie pradu zasilajacego maszyng indukcyjna
w stosunku do amplitudy skladowej podstawowej sa bardzo mate w porow-
naniu z dominujaca sktadows sieciowa. Stwarza to problemy z pomiarem
sktadowych harmonicznych. Dlatego zaproponowano sttumienie sktadowej
sieciowej jeszcze w czg$ci analogowej systemu pomiarowego a nastgpnie
wzmocnienie pozostatego sygnahu.

Ponadto nalezato okresli¢ zaleznosci teoretyczne, opisujace zmiany w pra-
dzie przy okreslonych rodzajach uszkodzen. To zadanie rozwigzano budujac
modele matematyczne silnika indukcyjnego tak skonstruowane, aby byty
wrazliwe na wprowadzanie zaklocen, symulujacych zatozone rodzaje uszko-
dzen.

Celem pracy byto zaprojektowanie i badania systemu pomiarowego, ktory
umozliwitby pomiary sktadowych widma pradu silnika indukcyjnego odpo-
wiedzialnych za uszkodzenia tozysk i jego badania.

Rezultaty badan wskazuja, ze zastosowanie filtra waskopasmowego, ktory
redukuje skladowa sieciowa, pozwalaja na ujawnienie sktadowych widma,
ktore w zastosowaniu praktycznym sg uzyteczne - niosa informacje o stanie
diagnozowanego obiektu.
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1. Introduction

Present-day problems of technical diagnostics are connected with
great measuring complexity accompanying the diagnostic tests, and
also with some difficulty to put an interpretation on the results, which
requires treatment of the signals measured to obtain some definite
diagnostic information. ‘

There are a number of diagnostic methods such as: vibration me-
asurements, flux measurements, temperature measurements which
enable to estimate the technical working condition of an induction
motor.

The sphere of interest of the author is diagnostics of induction
motors using spectral analysis for measuring the motor supplying

current. This procedure enables to find out the following failures in
an induction motor:

o faulty winding,

e damage to bearings,

e other mechanical defects.

The occurrence of a certain type of motor failures can result in
distortion of the supplying current. In the case of damage to the mo-
tor’s winding, the supply current spectrum carries data related to fre-
quency components giving information about the existence of the
failure. Unlike faults in winding, mechanical defects, e.g. a defect in
a bearing, the problem is different. The spectrum of the current sup-
plying the induction machine also reveals components that signaling
such a damage. The amplitudes of these components are very small
in comparison with the dominanted network harmonic component,
in particular, at the outset of the failure growth. This creates some
problems connected with the measurement of the harmonic compo-
nents. In order to find a solution, it has been proposed that the ne-
twork component will be reduced already in the analog part of the
system and that the remaining signal will be next amplified and sub-
jected to spectral analysis.

Moreover, it is necessary to determine the theoretical relation-
ships that describe current waveform variations related to specific
types of failures.

In the paper [1] there are suggested frequencies connected with
bearings faults according to formulas:

£ £1xf (1)
f=lf,2xf,

@

where: f, - component of current spectrum, f, - the frequency of sup-

ply network, f_- the frequency of vibration connected with defined

fault of bearing, known from mechanic theory.

Special mathematical model of the object was created for induc-
tion motor diagnostics by current measurements and analysis
[2, 3, 4]. The simulations for defined types of bearing’s faults were
carried out on the model. The results of the simulations are similar to
the results obtained in the paper [1].

The following conclusions can be drawn from tests performed on
the model:

e all frequency components present in the spectrum of a motor with
a centric rotor can be modulated with a frequency of f_ and 2f_
(and its multiples), where f is the frequency of oscillations of the
air gap,

e the amplitudes of information-carrying spectrum components ap-
pear in the range from -60 to -85 decibels with respect to the fun-
damental frequency of 50 Hz, when the frequency range is
20-3000 Hz. Values are defined as a relation between measured
components and main net component of amplitude 10 V,

e the simultaneous occurrence of static and dynamic eccentricity
(which is real in a motor with damaged bearing) results in a high
congestion of spectral lines. The components which carry diagno-
stic information will be in such a situation difficult to detect.

2. The diagnostic system

The following assumptions for creating the measurement system were

chosen:

- for conserving the necessary distance between the signal and no-
ise of the system, the total noise of the system should not
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exceed -105 dB and the range of measured frequencies should be
of 20 Hz - 3 kHz,

- to insure flexibility, the possibility of extension of software and
further automatization of measurements, the measurement system
should be computerized, based on virtual instruments. In the futu-
re, such computerized system deprived of stationary equipment
will allow field tests.

For realisation of computer measurement system, the hardware
produced by National Instruments and software environment La-
bVIEW [5, 6] of the same producer were chosen. The tests were
carried out to determine the usefulness of data acquisition cards with
A/D converters of 12 and 16 bit. Because of decidedly better noise
characteristics, for further works there was chosen the card type
NI6052E, with 16-bit converter.

National Instruments gives the following figure for appraising
the accuracy of measurement performed with data acquisition cards:

A, =HU,*P)+(0+D+N+Q)] 3)

where: 4, - Absolute Accuracy - maximum, total measurement ertor,
U, - Input voltage - measured voltage, P_- % of reading - relative
error, referred to the present, measured value (from producers speci-
fication), O - Offset - constant displacement of all measurement re-
sults, D - Drift - displacement of characteristic connected with varia-
tion of temperature. If the temperature falls within +15° to +35°C
drift is taken into offset, N (Noise) + Q (Quantization) - component
based on noise, relates to the number of averages of each measure-
ment.

In producer’s specification there are given two values of this com-
ponent: for a single measurement and for 100 averages.

Measurement accuracy of acquisition card type NI 6052E was
estimated up to the formula (3) as follows:

Coefficient “% of reading” from producer’s specification is
0,0371% (for measuring range + 10V taking 1 year after calibration,
for measured value 10 V).

It gives the value of the first component of formula (3):

e U _*P=10%0,000371=3,71 mV

On the basis of the first current measurements it was decided, that
the current analysis would be made for 10 averages. It requires the
re-counting of the coefficient from the specification according to for-
mula:

N+Q (for x averaged points)=Averaged N+Q (from table)* 100/ x (4)
In this case:

e N+Q (for 10 averaged points)=87 mV *+/100/10 =275 mV

Offset (from producer’s specification) is 947 mV. Due to compa-
rative character of the planned measurements the offset can be ne-
glected.

Assume that the temperature during measurements is in the range
+15°C to +35° C drift has been already taken into account in the
offset so it can also be neglected.

In total the maximum positive error of measurement in these con-
ditions is:

o A (atfull scale)=+(3,71 mV+275 mV)=+4 mV

The assumed range of measured components value from (-85) to
(-60) dB in the linear scale indicates the magnitude 0,5 to 10 mV.

These are small values in comparison with the absolute measure-
ment error. For reduction of the relative measurement error, the input
voltage must be increased.

Because of the existence of the outstanding fundamental compo-
nent in the signal, which in this case does not carry useful diagnostic
information, to be able to increase the signal, it is necessary to redu-
ce the outstanding component in advance. The filtering followed by
the amplification of the signal should be performed on the analogue
side of system. The maximum possible value of the gain is restricted
by harmonic current components (3, 5 and 7 harmonic), the amplitu-
des of which are smaller than the first harmonic by about 40 dB.

After filtering the outstanding component and amplification of
the rest of signal by 40 dB, the measured signals will be in the inte-
rval of: 50mVto 1 V.

The relative measurement error of these components, according
to their value, will be within the interval 8% to 0,4%.

On the basis of the opening tests there was put into practice an
improved system for current tests and motor voltage [8]. This is shown
in fig. 1. )

Motor current measurement system using tuned frequency filters
has four analogue lines. Three for current measurement signals (8 A
DC/AC) and one for voltage measurement signal (400 V DC/AC).

It enables the motor current measurements to be made in three
phases, and voltage measurement in one supply net phase. In each
measuring line there are antialiasing filters with the possibility of
choice cutting-off frequency in the given range: 200 Hz, 1 kHz,
10 kHz, 20 kHz. Each filter is of low-pass Butterworth’s type.
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Fig. 1. The diagram of supplying current measurement system for induction motor;
M - induction motor, UP - microprocessor, PP1-PP3 - transducers for current me-
asurements, PU - transducer for voltage measurements, FAA1-FAA4 - antialiasing
filters, FWP1-FWP4 - narrow band filters, DAQ - data acquisition card, C - com-
puter

Rys. 1. Schemat blokowy system do pomiaru pradu zasilajacego silnik indukcyjny;
M - silnik indukcyjny, uP - mikroprocesor, PP1-PP3 -przetworniki do pomiaru
pradu, PU - przetwornik do pomiaru napigcia, FAA1-FAA4 - filtry antyaliasin-
gowe, FWP1-FWP4 - filtry waskopasmowe, DAQ - karta akwizycji danych,
C - komputer

The current measurement lines contain notch-type filters with
automatically tuned cut-off frequency to about 50 Hz (network fre-
quency of motor supplying).

The notch filter is based on integrated universal continuous time
filter UAF42 of Burr-Brown’s production. Its topology is compati-
ble with Butterworth’s second order filter. Converters C/A AD7533
of 10 bits were used for numerical controlling of the cut-off
frequency.

The program applied in the microprocessor performed adjustment
of filter frequency according to actual networking frequency. The
measurements and adjustments are realized separately in each cur-
rent phase. This enables the adjustments to be independent of the
tolerance of components used for setting the filter frequency.

In each line there are amplifiers, which can increase the signal by
40 dB.

Next the signal is transferred to the measuring card placed in the
computer of PC class.

The panel of virtual instrument for current investigations is pre-
sented in fig. 2.

Then, the system created in LabVIEW environment performs the
spectrum analysis. The results of data processed in this way are di-
splayed on the monitor in the form of the current spectrum.
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Fig. 2. The panel of virtual instrument for current waveform investigations
Rys. 2. Panel przyrzadu wirtualnego do badania krzywej pradu zasilajacego silnik

3. Laboratory simulation

The current spectrum of a motor with damaged bearings is very com-
plex and difficult to analyse. In the first stage of experimental tests it
has been decided, to facilitate the definition of existing relationships,
to force the motor to an oscillation of the air gap at one adjustable
frequency. To achieve this, a direct-current motor with variable rota-
tional speed has been attached to the body of the tested, elastically
fixed motor. The rotor of the DC motor had a specially-added eccen-
tric mass which during rotation brought the frames of both motors
into oscillation with an adjustable frequency.

Fig. 3 presents the spectrum of the tested motor operating with
a load of 70% of rated current I without external vibration.

In the adequate spectrum for no-load running motor only harmo-
nics numbered from 1" to 18 are visible. In all figures in this section
the fundamental component of current is reduced by 30 dB.
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Fig. 3. The current spectrum of an induction motor loaded to 70% of rated current
1,, without external vibrations

Rys. 3. Widmo pradu silnika indukcyjnego z obciazeniem 70% pradu znamion-
owego [ bez zewngtrznych wibracji

Fig. 4 presents the spectrum of the motor’s supply current wave-
form for the case of an active vibrator which generates vibrations at
40 Hz. The motor under test is loaded to 70 % of rated current I .

Crosses on the spectrum components denote spectral lines which
have no diagnostic significance, due to their presence also in case of
lack of vibrations. The remaining, new components were identified
- these are the effects of modulation of the components from fig. 3
with a vibration frequency of +f_and also +2f .

As a result, based on the investigations shown in fig. 3 and 4 the
mathematical model of the motor current waveform was identified.
In this model there are given by author 35 formulas defining the
physical source of harmonics, existing in the current spectrum of
motor with faultless bearings. There is also 140 formulas, defining
the physical source of new harmonics, existing in the current spec-
trum of motor with faulty bearing. Table 1 presents a few of formulas

for correct bearings, when table 2 presents examples of formulas of
expected diagnostic components for faulty bearing.

-m ﬂ
7 1"
) 1B
=2 dR s
t - Y
g 1 K
a | [
a4 |
104 ’
-1 T T T T T T T T T g
0 20 an & a 100 120 140 160 1a0 0
Froquency Hz]

Fig. 4. The current spectrum of an induction motor for a load of 70 % of I with an
active vibrator generating vibrations of the body of the tested motor at 40 Hz
Rys. 4. Widmo pradu silnika indukcyjnego z obcigzeniem 70% pradu znamion-
owego silnika I z aktywnym wibratorem pobudzajacym stojan silnika do drgan
o czestotliwosci 40 Hz

Table 1. Examples of the formulas for spectrum harmonic components for faul-
tless bearing

Tabela 1. Przyktadowe zalezno$ci okreslajace sktadowe harmoniczne widma przy
nieuszkodzonych tozyskach

Symbol in Fig. 3 Formula

1 f;

2 3f;
3 5f,
4 fi-f;
5 fi+f
6 f1-2f;
7 fi+2f,
8 Ify-3 £,
9 f1+3f;
10 3fi-f;

Table 2. Examples of formulas for diagnostic harmonic components expected for
faulty bearing

Tabela 2. Przyktadowe zaleznosci okreslajace oczekiwane sktadowe harmoniczne
przy uszkodzonym tozysku

Diagnostic harmonic
components expected for Formula

faulty bearing (fig.4)
1A fi+fy
1B fi-fw
1C fi+2fy
1D fi-2fy N
2A 3fi+f,
2B 3f)-fw
2C 3fi+2f,
2D 3f-2f,1
3A 5fi+fyw
3B Si-f

4. Investigation results

In fig. 5 is presented an example of motor current spectrum. The
bearings in this motor were faultless.

Fig. 6 shows an example of motor current spectrum with real faulty
bearing - the outer ring was intentionally broken.

Fig. 7 presents comparison of amplitudes of spectra from fig. 5
and 6 for frequencies chosen according results obtained from model
tests.
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Fig. 5. The current spectrum for faultless bearings
Rys. 5. Widmo pradu dla fozysk bez uszkodzef
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Fig. 6. The supplying motor current spectrum for damaged bearing
Rys. 6. Widmo pradu zasilajacego silnik dla uszkodzonego tozyska
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Fig. 7. Comparison of spectra amplitudes (frequencies are chosen according re-
sults obtained from model tests)
Rys. 7. Poréwnanie amplitud w widmie (czgstotliwosci zostaty okre§lone na pod-
stawie badan modelowych)
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5. Conclusions

The following conclusions can be drawn from investigations, pre-

sented in the paper:

e using notch filter (which reduced the fundamental network har-
monic of the supplying current) enable to reveal small components
of the spectrum. Measuring these components makes it possible to
give diagnostics of the induction motors by current analysis,

o diagnostics of bearings, based on the analysis of the current spec-
trum becomes easier when the motor runs no-load - the spectrum
contains more diagnostic components with greater amplitudes. This
situation is contrary to that in diagnostics of squirrel-cages unsym-
metry based on an analysis of current,

e due to the fact that generally the current spectrum contains a num-
ber of components with closely spaced frequencies, it is necessary

to determine the frequency of the supply network as well as the
rotational frequency with an inaccuracy not exceeding the value of
+0.03 Hz. It is also necessary to have a spectrum resolution of at
least 1/8 Hz,

The measurement of the angular velocity and of the supply ne-
twork frequency should be carried out and averaged over the same
time interval in which the current signal sample has been taken for
spectrum analysis.

In the proposed measurement system this requirement has been
met in such a way that the value of the angular speed and of the
supply frequency is calculated on the basis of appropriate compo-
nents in the same current spectrum that is further used in the sear-
ching of diagnostic components,

e success requires that the measurement system has an accordingly
low noise level and high dynamic range of measurement,

o she assumption of author’s general thesis that all frequency com-
ponents present in the spectrum of a motor with eccentric rotor
can be modulated by the £f and +2f frequency where f_is the
frequency of oscillation of the air gap, permits to reduce the dia-
gnostics to search for spectrum components with frequencies de-
termined beforehand. The f frequencies for various types of be-
aring faults are given in [1],

o the proposed methodology allows to attempt the diagnosis of be-
arings also in the case when the motor is supplied from a frequen-
cy converter. In such a case, components in the supply voltage
spectrum should be identified and the diagnostic components cal-
culated. Then components with frequencies modulated according
to the principle given above should be searched for. Such tests
were carried out on the simulation stand with a vibrator mounted
on the motor giving positive results.
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