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Presented proposed to make diagnostics of induction motor technical conditions basing on instantaneous power
spectra analysis. This method is attractive because of measuring simplicity and reliable results comparing to other
known methods. In this paper mathematical equations, which determines correlation between faulty frequencies in
power signal and most frequently caused fault types is presented. Also experimental results of verification this method
using laboratory equipment and tested motor with artificial damages is presented. Test results proved reliability of pro-
posed method and possibility of separating simultaneously presented faults by analyzing motor power spectra. Present-
ed theoretical results could be implemented in industrial applications for producing reliable and cheap diagnostic system
for small and medium power induction motors.
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3anporoHOBaHO METOJ AIarHOCTHKH TEXHIYHOTO CTaHy aCHHXPOHHMX JIBUT'YHIB Ha OCHOBI aHAJIi3y CIIEKTPa CUTHAILY
MUTTEBOI MOTY>KHOCTI. JIaHUIT MeTO/] € MPUBaOIMBHUM 3aB/SKHA MPOCTOTI BUMiIPIOBaHb CUTHAJIIB, HEOOXITHUX JJIs aHAJi-
3y, a TaKOX OB HaIHHUMU pe3yJIbTaTaMU JIarHOCTUKH MOPIBHSIHO 3 1HIIMMH BiTOMHMH MeTojnamu. HamaHo mate-
MaTU4HI BUPA3H, 1110 BCTAHOBIIOIOTH 3B’ 130K MK 4aCTOTaMU Je(eKTiB y CUTHAIII MOTY>KHOCTI Ta HalO1JIbIIl PO3MOBCIO-
JOKEHUMU THIaMH Ae(eKTiB. 3 METO MiJTBEPHKEHHS Mpale3[aTHOCTI 3alpOOHOBAHOTO METO/Ia MMOKAa3aHO eKCIIepH-
MCHTaJIbHI pe3yNbTaTH, OTPUMaHi Ha JlabopaTopHOMY O0JIaTHAHHI Ta TECTOBHMX JBUTYHAaX 31 IITyYHO CTBOPCHUMH TOIII-
KOJUKEHHSIMU. Pe3ynbTaTH eKCIeprMEHTIB IMiATBEpAWIN HalIHHICT 3aIIPOIIOHOBAHOTO METOXy Ta MOKJIMBICTD PO3i-
JICHHS OJTHOYACHO HASBHUX Pi3HUX THITIB Ie(EKTIB HA OCHOBI aHANI3y CIEKTpa MOTY>KHOCTI ABUryHa. OTpUMaHi Teope-
THYHI PE3yIbTATH MOXKYTh OYTH 3aCTOCOBaHi y MPOMHUCIOBOCTI IIPU CTBOPEHHI HaAIHHUX i HEAOPOTUX CHCTEM JliarHOC-
TUKHU aCUHXPOHHHX JIBHUT'YHIB CEpEHBOIT i MaJIoi IOTY>KHOCTI.

KoaiouoBi ciioBa: miarHocTHKa, aCHHXPOHHUN JABUTYH, aHAJII3 CUTHATY MOTY>KHOCTI.

PROBLEM STATEMENT. Electrical machines, es- industrial applications. In spite of a very simple and
pecialy induction motors (IM) are most widely used reliable construction, there happen IM sudden failures
energy consumers and energy converters for different which may lead to failing of the whole work
station. This may result in significant pecuniary losses es. The aim of these methods is to detect deviations in
because of repair operations and idle time. Thus, timely signa spectra.
diagnostics of incipient faults of electrical motors, and Well-known IM incipient faults detection methods
especially induction motors, is a very important task. To are successfully used for large and medium machines.
achieve this effect the on-line IM diagnostic systems are However, there are some limitations for usage of these
being devel oped. methods applying to low-voltage machines, because of

Different reviews [1-3] showed that most frequently economical reasons and sensors size [6].
caused IM faults are the following: the bearings faults In this work it is proposed to make IM diagnostic
(32-52 %), stator windings faults (1547 %), rotor basing on instantaneous power signa analysis. Such
bars/rings (less than 59%), shaft or coupling faults analysis gives comprehensive information about current
(about 29%), faults caused by external devices technical conditions of motor. It allows one to make
(12-15 %), other faults (10-15%). For detection of conclusion about possibility of usage motor with rated
bearings faults usually use well-developed and widely load or necessity to reduce motor load in order to pro-
used methods of vibration diagnostics [4-5]. Thus, this long itslifetime.
work deals with incipient faults detection of stator and EXPERIMENTAL PART AND RESULTS
rotor. Most common rotor faults are the rotor-to-stator OBTAINED. The instantaneous power spectra analysis
eccentricity and the rotor bar breaks. Most common alows avoiding shortcomings of analyzed diagnostic
stator defects are the short circuits in windings and also methods [7-11]. Instantaneous power spectra anaysis
the windings parametrical asymmetry. allows both detection of fault presence and estimation of

There is arange of methods for incipient fault detec- damage level by anaysis of proper harmonic value.
tion. Widely used are monitoring of mechanical vibra- Thus, it allows one to make estimation of the energy of
tions, currents, reverse sequence pole and partia charg- a fault and the corrélation of this energy to additional

damage of IM parts under influence of additional vibra-
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tions caused by proper harmonic. Moreover, the instan-
taneous power spectra analysis allows anayzing of IM
operation modes under significant nonlinearity, when it
is incorrect to use superposition principle for current
harmonics [12]. Also, instantaneous power spectra anal-
ysis is more reliable, it is less dependent on noise, and
gives additional harmonic components for analysis
[7-11].
The instantaneous power is defined as

p(t) =u(®)i(t),

where u(t) isthe phase voltage; i(t) isthe input phase
current.

In case of a healthy motor running with a constant
speed and fed from ideal supply, the expressions of the
phase voltage u(t) , phase current i(t) and instantaneous

power, are following [13]:
u(t) = v2U, cog(wt) ;
i(t)=~/21, cos(wt - j );

p(t) = u(t)i(t) = 2U,1, cos(wt)cos(wt - f ) =
=2U,1, cos(wt )[ cos(wt )cos(f ) +sin(wt)sin(f )] = 1
=U,l, cos(f )+U,I, cos(f )cos(2wt )+
+U 1, sin(f )sin(2wt),

where Uy, 1; are RMS values of phase voltage and
current, respectively; w=2pf is the angular frequency,
where f isthe supply frequency; j is the motor load
angle.

In difference to current spectra, which contain only
the fundamental component at the frequency f , the

instantaneous power spectra has an average power com-
ponent U;l;cos(j ) and fundamental component at

frequency 2f .

In order to make comprehensive analysis of IM de-
fects, it is necessary to analyze total instantaneous pow-
er of three phases, which is the sum of phase instanta-
NEOUS POWErS:

Prot (1) = UA®)i A1) + ug(D)ig(t) +uc(®)ic(t) -

Tota three phase instantaneous power contains more
diagnostic information. It alows to analyze not only
defects which causes phase signals modulations, but
also alows analyze defects which caused by motor or
supply asymmetry and which leads to phase signals
asymmetry. In case of symmetrical motor, signal of total
three phase instantaneous power contain only dc com-
ponent. Thus, every kind of motor fault or drive system
asymmetry leads to appearance unique harmonic com-
ponents which could be used for certain detection of
fault type.

As it was mentioned above, rotor bar break causes
sinusoidal modulations of the stator current. By analogy
to [6], modulated phase current can be expressed as

i =i(t)[1+1, cos(2pfyt)] =

N2, eos(20( - f)t- )+
si(t)+—1,1, 8 a
2 1" Ercos(2p( T + fy, - 1)

)

where |, isthe modulation index; fyy, isthe modulat-
ing frequency; s isthedip.

According to expression (2), phase current spectra,
in addition to fundamental component, contain two
sideband components at frequencies f - f,, and
f + fy, (Fig. 1,8).

Expression for modulated phase instantaneous pow-
er isthe following:

Pm (D) =im(tu(t) =

1 .
= Po(t)+ 2 1l Uy cos2p(21 - fi)t- ]+
3
# 2 1l0 cod2p(2 + Ty - ]+

+11 Uy cos(j )oos( fit).

This expression shows that phase instantaneous
power spectra, besides dc component py(t) and two
sideband components at frequencies 2f - f,, and
2f + fy,, an additional  component
I, U;cos(j )ecos( f,t) at the modulation frequency
fop, which is an additional diagnostic parameter
(Fig. 1,b).

In case of symmetrical drive system there is com-
pensation of harmonic components in 3-phase instanta-
neous power spectra. Thus, it contains only dc compo-
nent and component at frequency 2f + f, (Fig. 1,c).

Any kind of drive system asymmetry leads to ap-
pearance additional harmonic components in 3-phase
instantaneous power spectra at the modulation frequen-
cy fy,, Sideband component at frequency 2f + f,,,
and fundamental component at frequency 2f
(Fig. 1,c).

In case of air gap eccentricity, current frequencies
lead to modulation of phase current:

i eccen(®) =i(t) +
K €l g cos(2n(f - ki, )t- agy )+ U

contains

J2 | (4)

t— é G
2 HEiEt ey COS(2a(f +KE, )t - aep )
where 1l ,a¢1 ae the current amplitudes and the
initial phase angle for frequencies f - kf;; I, aep
are the current amplitudes and the initial phase angle for
frequencies f +Kkf, .
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Figure 1 — Spectra of phase current (a) and phase power (b) for motor with rotor bar breaks
and 3-phase power spectrafor symmetrical (c) and not symmetrical (d) drive system with rotor bar breaks

In this case the expression for phase instantaneous
power of a motor operating under air gap eccentricity is
the following:

Peccen(t) = TeccenD)U(T) = Po(t) +
8y COS20(21 - kG, )t gy |+ @
é a
T &+ | ooy CO22( 21 - K, - g [+ ()
2! 1,(:1g+l,ﬂk COS(argq, ) COS(KF, 1) + 3
g"’ I e2k COS(ank )COS(kfrt) EI
Air gap eccentricity leads to appearance in phase

power spectra sideband components at frequencies
2f - kf, and 2f +kf, , and additional harmonic com-

ponents at frequencies kf, .

The vibrations caused by bearings damage leads to
current modulation at the following frequencies:

ibrg () =i(t) +
\/EI K €élpyy cos(2p( f - Kipg )t - apy ) +u

t—hae G,
2 k=16" Ip2y cos(2p( f + kfbrg - apgy )Q

where Iy, ,apy, ae the current amplitudes and the
initial phase angle for f - Kipg s
Ip2:8p2 @€ the current amplitudes and the initial
phase angle for frequencies f +Kkfy, g .

frequencies

By analogy to (5), the instantaneous power of motor
operating with the bearings damage is the following:

pbrg(t) = ibrg(t)u(t) = pO(t) +
&l b1 C05[27T(2f - Kforg )t - ablk]+ u

é a

+l| U 5é+|b2k00 277:(2f' kfbrg)t'abZk +l:|
5 '1Y1d é a
2 " “kagt oy COS(apyy ) cOS(Kfpgt) + ;

a
&* 1o COS(appy, ) COS(Kfiy gt) 4

Bearings damage leads to appearance in phase pow-
er gpectra sideband components at frequencies
2f - kg and 2f +kf,,, and additional harmonic

components at frequencies kfy .

By analogy, equations for detecting other frequently
caused IM faults using instantaneous power signal anal-
ysis were given [14].

To verify effectiveness of proposed method, a series
of experiments was done. Three identical induction mo-
tors of type ANP80B4Y2, 1.5 kW, were used for test-
ing. These motors were artificially damaged with three
most frequently caused damage types: stator winding
unsymmetry, rotor bar breaks and rotor eccentricity.

The tested motor used in the experimental investiga-
tion was a three-phase induction machine type
AO 90 SH4, 50 Hz, 4-pole, 1.1 kW, 1410 rpm, 2.8 A.
For investigation of turn-to-turn short circuit in stator
windings, the taps were provided in one of the stator
winding phases to imitate turn-to-turn short circuits
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(Fig. 2, Table 1). For broken bars investigation several
rotors of identical type with 1,2, 3 or 4 broken bars,
which can be interchanged, were used (Fig. 3). DC gen-
erator provided a mechanical load.

¢ I

Figure 2 — Stator phase winding taps circuit

Table 1 —IM winding resistance measurement data

Phase Resistance value, ohm
A 7.576
B 7.632
C 7.66
Winding part Resistance value, ohm Reduction of winding
turns number, %
Tapsin phase C 1-z 7.45 2.74
2-z 6.9 10
3z 6.31 17.6

broken bar #2

broken bar #3

broken bar #1

Figure 3 — Scheme of rotor apertures location:
1, 2, 3, 4 are broken bar numbers.

Correspondence of the existing faults to the fulfilled
experiments sequence number is shown in Table 2.

Table 2 — Experiments with IM artificial damages

No. Fault type

IM basic variant without artificial defects

1

2 IM with a screwed-out bolt No. 1

3 IM with a screwed-out bolt No. 1 and phase C
winding short circuit 2.74 %

N

IM with a screwed-out bolt No. 1 and phase C
winding short circuit 10 %

5 IM with a screwed-out bolt No. 1 and phase C
winding short circuit 17.6 %

6 IM with screwed-out bolts No. 1 and No. 2

7 IM with screwed-out bolts No. 1, No.2 and
winding short circuit 2.74 %

8 IM with screwed-out bolts No. 1, No. 2, No. 3
and No. 4

A measuring module and software were developed
by authors [14] for measurement and record of electrical
values (voltages and currents) necessary for the analysis
(Fig. 4, 5).

The following assumptions were accepted for exper-
imental researches. The possibility of load variation was
not taken into account. This variation may lead to ap-
pearance of interharmonics and low-frequency harmon-
icsin power spectra. Interharmonics do not make signif-
icant influence on informative harmonics which are
used for analysis. The influence of low-frequency har-
monics could be compensated by anaysis of three-
phase IM instantaneous power mean value. The influ-
ence of heating appears in changes of windings active
resistances. In case of uniform heating the active re-
sistances will change symmetrically. Nonuniform heat-
ing mainly leads to clearer asymmetry demonstration. It
could be observed by difference between amplitude
harmonics by phases. Researches [14] showed that the
main influence of saturation appears on 6-th and its
multiple harmonics of instantaneous power. However,

EnexTpomexanivHi i enepro3oepiratoui cucremu. Bumyck 3/2013 (23)

52



EJIEKTPOMEXAHIYHI CUCTEMM, METOU OIITUMI3ALIIT TA MOJIEJTFOBAHHS

harmonics of lower frequencies were used in this work.
It has to be mentioned, that offered method could be
used both for variable speed motor and for fixed speed
motor based on voltage inverter (with PWM).

Currents and voltages of phases were measured both
under idle mode and full load mode, and then they were
analyzed. Analysis results leads to the following conclu-
sions (Fig. 6, 7).

Analysis givesthe following results. All tested motors
have basic mixed eccentricity, caused of motor disassem-
bling and assembling operations. Further anaysis
showed, that both methods could be used for detecting
different motor damages types, but amplitude values of
current spectra harmonics related, for example, to stator
unsymmetry, are too small (Fig. 6,b,d). Thus in order of
incipient fault they could be wrong detected as a noise
harmonics. In difference to this method, total 3-phase
spectra analysis alows operate with clearly visible har-
monics (Fig. 7,b,d). Moreover, this method allows get big
number of additional harmonic components related to
each damage type. This feature aso allows avoid wrong
diagnosis. Thus, instantaneous power spectra anaysis is
more reliable diagnostic method, which could be easily
implemented at industrial enterprises and it doesn’'t need
expensive equipment for implementation.

measuring
software

Figure 5 — Photo of the measuring complex
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AHAJIN3 CIIEKTPA MFHOBEHHOﬁ MOIIHOCTHU KAK METOJ JUATHOCTHUKH
IOBPEXJIEHNU POTOPA U CTATOPA ACUHXPOHHOTI O ABUT'ATEJISI
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[Mpemmoxen MeToA IUAarHOCTUKM TEXHUYECKOTO COCTOSHMSI aCHHXPOHHBIX JIBHTaTeliell Ha OCHOBE aHAIM3a CHEKTpa
CHI'HAJIa MTHOBEHHOH MOIITHOCTH. JIaHHBIN METOJ IpUBJIEKaTEeNIeH OJlaroaapsi NpOCTOTe U3MEPEHUH CHTHAJIOB, HEOOXO01H-
MBIX JUIS aHAJIN3a, a Takxke OoJee HaEKHBIMU pe3yJIbTaTaMH AUarHOCTHKH 110 CPABHEHHIO C APYTUMH M3BECTHBIMU METO-
nmamu. [IpencraBineHsl MaTeMaTH4eCKHE BBIPRKCHUS, YCTAHABIMBAIOLINE CBS3b MEXKIY YacTOTaMH Je(EKTOB B CHUTHAJIC
MOIIIHOCTH U HanOoJjiee pacipocTpaHEHHBIME TUIIaMK edekToB. [ moaTBepkaAeHHUsT paboTOCHOCOOHOCTH TIPS IOKEH-
HOT'O METOJIa MPEeACTABIICHBI YKCIIEPUMEHTAILHBIC PE3YJIbTATHI, TIOJyYCHHBIC Ha JJAOOpaTOPHOM 000pYIOBAaHUU M UCIIBITY-
€MBIX JBUTATEISIX C WCKYCCTBEHHO CO3/aHHBIMH HOBPEXKICHUAMH. Pe3ynbTaTel SKCIEPHMEHTOB MOATBEPIMIN HaA&X-
HOCTB NPEUIOKECHHOTO METO/Ia 1 BO3MOXKHOCTh Pa3/IeJICHUs] OJJHOBPEMEHHO CYIIECTBYIOIIUX Ne(heKTOB pa3HbIX THIIOB Ha
OCHOBE aHaJIM3a CIIEKTpa MOIIHOCTH ABurareis. [IpeacraBieHHbIe TEOPETHIECKUE PE3YIIBTAThl MOTYT OBITh IPUMEHEHBI B
MIPOMBIIIUICHHOCTH TIPH CO3/IaHUM HaJIEXHBIX U HEJOPOTHUX CHCTEM THUATHOCTHUKU aCHHXPOHHBIX JIBUTaTelell cpenHed u
MaJIOH MOII[HOCTH.

KroueBble c10Ba: 1TMarHOCTHKA, aCHHXPOHHBIHN JIBUTATENb, AHAIN3 CUTHAJA MOIIHOCTH.
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