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Abstract. The motors can be exposed to different types gfeagive environment and inappropriate operation.
Different internal motor faults (e.g., short cirtwf motor leads, low insulation, ground faults, waout/broken
bearings, broken rotor bars) along with external torofaults (e.g., phase failure, asymmetry of masapply,
mechanical overload, blocked rotor, under load) aspected to happen sooner or later. Beside itddgradation of
the electric motors isolation can be acceleratethd motor operates in aggressive environmentsingrit still more
susceptible to incipient faults. If the incipieatits or the gradual deterioration are not detectttky can provoke the
break down of the motor causing damages and upSetral faults can be avoided if the applicatiwork condition
and origin of the faults be understood. In termglectric motors, the reliability has been growiognstantly due the
importance of their applications and of the tectugital progress. This work proposes the applicatibthe vibration
analysis for the detection and diagnosis of theilosulation between turns and unbalance voltage, these represent
most of the electric faults that happen in the motdhe results showed the efficiency of the vibnatechnique and
their relevance to detect and diagnose faults @uittion motors. In this way it's possible to in@utin a maintenance
programs.
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1. INTRODUCTION

Induction motors are used worldwide as the workihansindustrial applications. Such motors are roloachines
used not only for general purposes, but also iratthms locations and severe environments LaminmoH#9007).
General purpose applications of induction motorduitle pumps, conveyors, machine tools, centrifugathines,
presses, elevators, and packaging equipment. Onother hand, applications in hazardous locationdude
petrochemical and natural gas plants, while sevemvironment applications for induction motors g grain
elevators, shredders, and equipment for coal plaamim Filho (2007), Silva (2006).

Predictive maintenance program must include seve@iniques of monitoring of electrical motor's ddion.
Among these techniques, probably the two most iclasses are related to the electric current andatibn analysis
Lamim Filho (2007). Unfortunately, in both casesieérent drawbacks make difficult their use in loao industry
plants. According to published surveys Benbouzi@0@), Baccarini (2005), induction motor failureglirde bearing
failures, inter-turn short circuits in stator wings, and broken rotor bars and end ring faults.

Bearing failures are responsible for approximately-fifths of all faults. Inter- turn short circsiin stator windings
represent approximately one-third of the reportaalt§. Broken rotor bars and end ring faults regmesround ten
percent of the induction motor faults, Lamim Fif2907).

In the last twenty years several researches hage teveloped seeking the detection and diagnosfaults in
three-phase induction motors Trutt (1993), AImgiti@96), Brito (2002), Henao (2003), Baccarini (20Q@mmim Filho
(2007), Nakamura (2008). However, one of the reteas' difficulties is to distinguish faults astdnturn short
circuits, unbalanced voltage supplies and rotoeetity, Lamim Filho (2007), Silva (2006).

The detection of faults through the comparisonpafcsra of vibration analysis when they are stildevelopment
phase makes possible to the maintenance enginpt&arta corrective action regarding the foresealt.fa

The degradation of the electric motors isolation ba accelerated if the motor operates in aggressivironments,
turning it still more susceptible to incipient feajylIBenbouzid (2003), Baccarini (2005), Lamim Fi{2007).

If the incipient faults or the gradual deterioratiare not detected, they can provoke the breakdsfwhe motor
causing damages and upsets. Several faults cavoled if the application, work condition and origif the faults be
understood, Lamim Filho (2007). In terms of electmotors, the reliability has been growing condjadue the
importance of their applications and of the tecbgalal progress.
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In this work is presented the detection and diagno$ the inter-turn short circuits in stator winds and
unbalanced voltage supplies using vibration anslysthniques, and these represent most of therieléatits that
happen in the motors, Benbouzid (2003), Brito (30Qamim (2004).

For a better understanding of the relationshipufaikign, the accomplishment of experiments coletioin an
experimental bench is indispensable. At this wayesal experimental tests were done at the LabgratioVibration
and Control of UNICAMP (University of Campinas). Aexperimental bench was set up, where its robustnes
guaranteed the repeatability of the tests (intam-hort circuits and unbalanced voltage suppliggjer the same
conditions and full load. The results showed tH&iehcy of the vibration technique and their relage to detect and
diagnose faults in induction motors. In this way tossible to include it in a maintenance programs

2. EXPERIMENTAL TESTS

The experimental test, Fig. 1, was assembled irL#tm®ratory of Vibrations and Mechanical Projectshe FEM-
UNICAMP-Mechanical Project Department.
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Figure 1. View of the experimental setup.

The faults were inserted in a three-phase motorWBG (FH 88747), squirrel cage rotor, 5 CV, 17pfhy 220 V,
60 Hz, 4 poles, category N, 44 bars, 36 slots, 8RB5-2Z bearing, ID-1, frame 100L, class of insolaB, FS 1,15,
Ip/In 7,5, IP 55, 13,8 A.

A CC generator [4] feeding by the bankresistance is used as a load system. Varying tbiceexent current of the
CC generator field, it is obtained, consequentg, tariation of the motor load.

The generator is connected to the electric motoouih flexible couplings [2] and a torquimeter Bt could
guarantee the same operation condition in all ttemplished tests.

To simulate a low isolation, among spirals fromame phase it was extracted four derivations inikg dm. 2a”.
Those derivations were disposed externally andetinka series (two each time) with a resistance p#itk 2b”, of
1Q, 100 Watts (each one) connected in parallel aiédo the circuit in order to control the curreréensity of short
circuit in approximately 10 A, always staying themminal load of the motor.

Derivation:

(a) Derivations in a coll (b) Resistance bank
Figure 2. Recoiling of the induction motor.
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The stator winding arrangement is illustrated igure 3.
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Figure 3 - Stator winding arrangement.

The location of the tappings for one of the motioages (phase A) and the stator windings is showAgirg.

Each coil is constituted by 26 turns with the ditenevire equal to 16 AWG. As each phase is formgé boils, so
the total of turns for each phase is equal to 156.

SLOT NUMBER

22, 33

(a) Location of the tappings for motor phase A (b) Details of the stator windings
Figure 4. Stator windings.

Therefore the configuration allows to analyze I@slation (short circuit) among, at least, two tuamsl, in the
maximum, 10 turns for the phase A correspondinght® percentages of 1,2% (2/156) and 6,4% (10/1%58pwo
isolation.

The excitement for unbalance phase was obtainedting a changeable resistance in series with 6étigegphases
of the electric motor supplying, Fig. 5.

Figure 5. Excitement for unbalance phase.



Proceedings of COBEM 2009 20th International Congress of Mechanical Engineering
Copyright © 2009 by ABCM November 15-20, 2009, Gramado, RS, Brazil

3. GENERAL CONSIDERATIONS

The factors that affect the behavior of the induttmotors can be grouped into problems of eledrienagnetic
origin and problems of mechanical origin. Becausthe importance of understanding the sources stidiances for
the diagnosis of failures, several studies haven lmemducted in order to identify possible frequenadileterministic,
Baccarini (2005), Lamim Filho (2007).

3.1. General Considerations on Unbalanced Voltage Supplies

Thus, for the study after it was used as a referéine following works, Almeida (1996), BaccarinD(5).
When an electric current through a conductor imeekis a region of magnetic field the driver suffarforce action
described by (1), Sen (1997):

F=ixBI (1)

- -

Where i is the vector of electric currenB is the vector of flux density ards the length of the stator.

If the three-phase stator winding of the inductiator is fed by balanced sinusoidal voltage, isdpoed in the air
gap a magnetic field which has sinusoidal distidnuin the space and rotates with synchronous speechile the
rotor spins with velocity. The difference between the two speeds is calipdgeed.

The fundamental space component of the resultingewsd the flux air gap turns on the rotor with aesg of
slipping sny and induces electromotive force (EMF) of the $tgguencysf in the rotor circuit. These electromotive
forces generate currents of slip frequency in #es In short-circuiting of the rotor.

The currents of the rotor in the slip frequencyagate a magnetomotive force (MMF), whose fundanmematial
also moves at the speed of slip on the rotor.

But superimposed on this rotation is the mechamimation of the moton. Thus, the speed of the rotor field in the
space is the sum of these two speeds, Baccari@bj20

Considering, first, failures in the rotor, the uhtial frequencies in the circuit are: line freqexef, frequency of
rotation of the rotof, and frequency of slippinf (f, = sf).

Doing the analysis for uniform air gap (infinitemhber of slots) and purely sinusoidal current, theression of the
force will have two components of the frequencyslifiping, but outdated of the angi as shown in (2), Baccarini
(2005):

Frotor =k sin(sa)lt) sin(sa)lt -6) (2)

Doing the decomposition of the multiplication ofisj we have:
k

Frotor = — [cos g - cos(ZSa)lt - 6?)] 3)
2

Where2sawit = 2wt = 2(27f,)t.

The Equation (3) shows that the force generatedahesnstant part and a variable part Wi that is, twice the
frequency of slipping. As the irregularities arérintited to the rotary engine, the unbalance calsedMF will
unbalance the forces on both sides of the rotosingwibration. The vibrations induced in the fraofdhe engine are
subject to the instantaneous angular position@faéhor. Multiplying (3) by theosw wherewis the motor speed, there
is the radial projection of the rotational forcaedhie frame of the engine:

k
Frotor = E [cosé? cosat — cos(ZSw_Lt -0) cosaJt] 4)

The Equation (4) is the expression of a modulatibamplitude with carrier, where the carrier is t#ation of the
motor and the modulation signal is twice the frewwyeof slipping.

Due to AM modulation the mechanical vibration ie fiame has the same harmonic of the rotationakfand, in its
spectrum; the component in the frequency of therrods side bands spaced with twice the frequehslpping.

If the defects are located on the stator, the tieguforces do not turn and has the following shape
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Fstator = ksin(ait) sin(ait -0) (5)

k
Fstator = 5 [cose —cos@ayt ~ 9)] (6)

The resulting vibration has a constant componedtather one alternated in twice the frequencthefline. The
frequency of rotation of the rotor and slip arepdlsvolved in the process, and can cause moduktioound twice the
frequency of the line, Almeida (1996).

3.2. General Considerations on Short Circuits

According to Guptaet al. (1993), for three-phase motor withbars, the magnetomotive for¢8!MF) frequency
generated by the current that runs through a mtde with maximum amplitudg n.xcan be found by :

Floop]_(t'gr ) =

= E[K coqvg, +s t)+K codvl, —s t)] (7)
vat Vv rrsey v r S

Wheret is the time g is the angle of rotor positiomy is the mains angular frequency anid the rotor slip.

2 1) . T
vr n n

Equation (7) is derived in the rotor reference fearm the neighboring rotor loop, which is shifted277n rad in
space, a current of the same frequency and amelhut phase shifted p.277n flows, wherep is the number of pole
pairs. This loop produces its own MMF which hasftilowing shape, Gojket al. (2000):

l:Ioopz(t’ 6 )=

bl 2
=2 [KV co{vé’r * st = (v + p)?J +

v=l 9)
2
+ KV co{v@r - swlt - (v - p)TH
The total rotor MMF is the sum of the MMFs of dletrotor loops and it is given by:
Fte)=
—ni1§ Ky cos vé, +s t—i(v+ p)er +
izov=1) v PSRl n (10)
) 2
+Ky co{v&r - st - |.(v— p)—ﬂ
n

Equation (10) clearly shows that MMF waves exislydior the casey = p, v+ p =+ /An, andv - p = £ An,
A=1, 2, 3... Asv can be only a positive integer, it follows thatyofor v = p andv = An # p MMF waves exist.
Therefore, apart from the basic harmonic of MMF or p which is the armature reaction to the basic haimoh

MMF from the stator side, there exists the so-chletor slot harmonics of ordein # p (space harmonics). These
MMF waves have the following shape when observethfthe stator side:
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F (t,0) =

= Frlco{(l—/]%(l—s)Jait +(An- p)0j+ a
+F, co{(h A2 (- S)let -(An+ p)Hj

p

It can be shown in a similar manner that highegdency rotor currents, which are a result of highemonic flux
density waves from the stator side, produce MMFegawvhich have a similar shape given by Eq. (12).

Multiplying Eg. (11) and Eq. (12) MMF waves withregtant air-gap permanent, the flux density wavethefsame
shape will be obtained. Flux-density waves willuod electromotive forces (EMFs) in the stator wigdi and these
EMFs will generate currents.

Fw(t,H) =
= Fy 100 (1—/l£p(1—s)ja)lt +(/1n_,,p)gj+ "
+F Co{(1+ p %(1— s)jait ~(in+ ﬂp)gj

From Eq. (11) and Eq. (12) it is clear that besitiesEMF at the base frequency additional EMFs aplbear only
at rotor slot frequenciegl + An(1 - s)/p)f (now, they are time harmonics). These frequenayppmments will be
prominent depending on the number of pole paiftuatdensity waves, i.e., MMF waves in (11) and )12

Under inter-turn short-circuit conditions a newisstof MMF waves will appear, which can be desdibs:

0
Fadd (t, 9) = k_Z_oo Faddkcos(“it - ke)

k20

(13)

Therefore, there exist MMF and flux-density waveslhnumbers of pole pairs and in both directiohsotation.
One of these waves is a wave with the same nunfogole pairs as the basic flux-density wave in thechine, but
with an opposite direction of rotation. This wawesmo influence on the stator current spectra lsecaunduces only
base frequency current component. As previouslyudised, all other waves only induce EMFs and gémerarents at
rotor slot harmonic frequencies. Therefore, no fregquency component appears in the stator curpadtsa as a result
of a fault in the stator windings, only a rise lire rotor slot harmonic frequencies can be expeGegiaet al. (1993).

These frequency components(int An(1 - s)/p)f, can also be excited by the phase unbalancerdgisired than to
identify which frequencies will be more sensitigedne or other faults. Now it is possible to make torrect diagnosis
of the fault that compromises the motor function.

3.RESULTS

It has been acquired 60 spectra of magnetic fluk\dbration in a series of 10 tests for each exoitet (without
fault; two, four, six and ten turns short circuitsnbalance phase) and randomly repeated underatme $oad
conditions.

The board NI-6251 made by National Instruments wssd for acquisition data. This board has 16 amzdbg
channels of entrance that can show until 200 kH¥ Znligital accountants of 24 bits each. The anedbgntrances
have resolution of 16 bits. The signs of magndtig &ind vibration were submitted to anti-aliasing filter with 2.5
kHz of cut frequency.

The Matlab software was used for the implementatiothe algorithm of data acquisition and diagnadifaults.

According to Baccarini (2005) it might exist a rimg time of the motor before the short circuit beén turns
evolves for short circuit between phase-land arabpfphase what justifies the development of faldtsction systems.

Through the analyses of item 3.1 and 3.2 it casdi@ that the presence of an abnormality in therraitcuit and/or
in the stator circuit will provide a riot in the gretic flux density that crosses the air gap maztiausing a
modification in the reference spectrum and it candentified through the analysis of the freques@emponents in
two times the line frequency aiftl = An(1 - s)/p)f. The spectrum of vibration for the motor workinghw100 % load



Proceedings of COBEM 2009
Copyright © 2009 by ABCM

20th International Congress of Mechanical Engineering
November 15-20, 2009, Gramado, RS, Brazil

in the condition without fault is showed in Fig. 6.
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Figure 6. Vibration spectrum without fault withetimachine operating at rated speed and rated load.

The spectrum of the vibration for the motor workimgth 100 % load and two turns short circuitéexl
showed in Fig. 7.
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for the motor workimgth 100 % load and four turns short circuitéex

Figure 8.
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The spectrum of the vibration for the motor workimgth 100 % load and six turns short circuitéd
showed in Fig. 9.
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Figure 9. Vibration spectrum with six turns sheirtuited.

The spectrum of the vibration for the motor workingth 100 % load and ten turns short circuited
showed in Fig. 10.
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Figure 10. Vibration spectrum with ten turns steirtuited.

The spectrum of the vibration for the motor workiwgh 100 % load and unbalance phase (Vab = 21¥b¢ =
210 V e Vca = 220 V) is showed in Fig. 11.
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Figure 11. Vibration spectrum with unbalance phase
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According to Nandi and Toliyat (2000) the®2farmonic (1260 Hz) is always present when thei sgator fault.
After the comparison of more than 100 spectra bfation it was possible to verify that the harmagiitand the 2% of
the line frequency were the most excited by theriien of the short circuit and unbalance phas@s&mharmonics will
be considered until the end of the text as beirsgastteristic of the fault frequencies.

For the vibration analysis the graph of tendencghiswed in Fig. 12. It was consider the means@ftiplitudes of
the characteristic frequencies of the ten testseththrough in the situations without fault, twers short circuit (sc),
four turns short circuit, six turns short circuén turns short circuit and unbalance phase wid?d0f load.
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Figure 12. Tendency of introduces faults.
4. CONCLUSION

In This paper, we have discussed the use of viaraéchniqueo detect and diagnose problems in induction motors
from electrical sources (inter-turn short circugisd unbalanced voltage supplies) beyond normal itond/motor
signature).

It was observed through the spectrum of vibratibiat all tests had a good repeatability and thatettwas no
change of origin to mechanical interference ingpectra of magnetic flux and vibration, ensuringe&fect analysis of
the results.

For the short circuit fault it could be observed game behavior. It can be followed gradually siloeeer levels
that represent only low insulation until higher é&ss They can be considered highly harmful to thedgmachine
functioning.

It must be highlighted that one of the most impuatrteontributions of this work is the relationshiptiveen the
signals of vibration analysis with some of the maiectric origin faults (inter-turn short circuasid unbalanced voltage
supplies) and the determination of characteriséquencies for each one.

The experimental results were undoubtedly impresaivd can be adapted and used in real predictiv@enance
programs in industries.
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