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Abstract—n our work, the induction motor is modeled in stationary reference frame and single
phasing stator fault created in the induction motor model is identified using discrete wavelet transform.
The wavelet coefficients are used in calculating the energy and standard deviation of the decomposed
signal, which are the fault indicators in diagnosis. The Discrete Wavelet Transform along with Power
Spectral Density achieves better resultsin identifying the fault.
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I. INTRODUCTION

Induction motors are popularly used machine in industries as they provide the reliable and safe operation.
Failure of these may lead to unknown down time, greater loss in profit, etc. Therefore it is necessary to monitor
the system continuously as it provides adequate warning about the failure. The external faults are phase failure,
asymmetry of main supply and mechanical overload. Early fault detection helps for maintenance to be
scheduled during downtime and reduces the period of downtime. It leads in smoother functioning of the plant.
The main classifications of induction motor faults are stator fault, rotor fault, bearing fault and eccentricity fault.
Stator fault includes single phasing stator fault, inter turn short circuit and stator core insulation failures. The
failure in the system can be classified into internal and external failures. The internal failures are inter-turn short
circuit fault, broken bar fault, end ring fault and bearing fault. The fields & techniques related to the
identification of the fault related signals are vibration [1] & acoustic pressure measurement [2], artificia
intelligence and neural network based techniques [3] and pattern recognition [4], state and parameter estimation
[5], motor current signature analysis (MCSA) [6], Fast Fourier Transform [7], Short Time Fourier Transform [8],
parks approach [16] and wavelet transform based techniques [8-12, 13&14, 17-19]. The induction motor is
modeled in stationary reference frame [15]. Single phasing fault will occur as a result of loose wire, a bad
connection, bad starter contacts, overload relay problems, a bad breaker, a blown fuse, and other things can
cause this destructive condition. The symmetry of the motor is disturbed because of single phasing fault and it
has serious effect on the induction motor operation. The indication of single phasing fault is louder than normal
humming noise and shaft that vibrates rather than rotating. Fault diagnosis of rotor faults are implemented using
DWT & PSD [19]. Our contribution is implementing the fault diagnosing system for identifying the stator
related faultsusing DWT & PSD. Our proposed methodology is diagnosing the single phasing fault of the motor
using Discrete Wavelet Transform (DWT). The energy and standard deviation of the wavelet coefficients are
calculated using the wavelet coefficients. The Discrete Wavelet Transform (DWT) and Power Spectral Density
(PSD) is used in diagnosing the faults. The energy is calculated using Parseva’s theorem. The standard
deviation is used in verifying the results.

Il1. INDUCTION MOTOR M ODEL

An induction motor model is developed in stationary reference frame using MATLAB. According to this
equivalent circuit the equations of stationary reference frame can be derived and modified to find the parameters
like stator and rotor g-axis and d-axis flux linkages and currents. Stator and rotor flux linkages in stationary q
axisand d axis ((Wes© Was o™ & ya') are given below.

Vo= 08l {Ves + 1% (Yina' - Woe')} (1)
Yee'= opl{Vas + xr_lss (Ymd® - Yas)} dt )
Vo' o= op [ {Vg™® + % o' ;—lilr(\llmqs -} (©)
Vo= 0n [ (Ve - 2 o T I (g - ) o @
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Stator and rotor currentsin stationary g axis and d axis are specifiedas i iasiq & io' respectively.
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Where x5 = 2zfL;; and xi. = 2nfLl (11)

Wmg & Wmd® - stator mutual flux linkages in stationary g and d axis respectively. xs & X+ - stator and rotor
leakage reactance respectively. Vqu & Vg4 - dip frequency voltages which is taken as zero for squirrel cage
induction motor model. r - the stator resistance. r,* - the rotor resistance. Lis & L,* - stator and rotor leakage
inductances respectively. , - the base or rated value of angular frequency. m,/wy - the per unit speed needed for
building speed voltage terms in rotor voltage equations. The superscript s indicates stationary reference frame.
The subscript q & d indicates the parameter in stationary q & d axis respectively. The electromagnetic torque,

Tem = % ﬁ (\Vds‘5 iqs5 - \Vqss idss) (12)
Motion of rotor is given by the following equation:
2H (d(2)/dt) = Tem~ Treon~ Taamp (13)
] @bm?
WhereH = — (14)
2Sp

H - the ratio of kinetic energy of rotating mass at base speed to the rated power. T - externally applied
mechanical torque in the direction of rotor speed. Ty - the damping torque in the direction opposite to
rotation. Figl shows the induction motor model in stationary reference frame.

Figl. Induction motor model in stationary reference frame
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Fig2. Single phasing fault in Induction Motor Model

The induction motor model has the following sub blocks. They are 3phase ac generator, abc to dq conversion,
g axis block, d axis block, rotor, dg to abc conversion and zero sequence voltage to current conversion blocks.
The inputs of the motor are the maximum input voltage, the frequency and the induction motor parameters. It
has the following 7 subsystems blocks: 3phase ac generator, abc to dg conversion, q axis block, d axis block,
rotor, dg to abc conversion & zero sequence voltage to current conversion blocks.

A. Generating 3phase ac voltage

Y our The 3phase ac supply applied on the stator terminals are V ,Vps and V.

Vs =V, sinot (15)
Vps = Vi sin (ot — 120) (16)
Vs =V, sin (ot — 240) an

V., - the maximum voltagesin a, b & ¢ phase of the supply voltage. i, ins and ics are stator phase currents. The
zero sequence current,

ios — Ias+ipstics (18)

3

The 3¢ supply is given to the stator terminals of the induction motor. When the three phase currents are
balanced, the zero sequence current, iy is zero.

B. abc to gdo transformation

The phase voltages V., Vis and Vs can be transformed into gdo stationary voltages Vs, Vs and Vs using
the equations (19 to 22). The g-axis of stationary voltages aligns with stator a phase axis.

Vas = 5Vas =3 Vos =3 Ves (19)
Vas = 75 (Ves = Vis) (20)
Vos = 3 (Vas + Vos + Ves) = ¢ (s + s + Ies) (21)
Where Cyg = 55— (22)

Cgyisvery small value.
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C. g-axis& d-axis

In this block, the stationary qdo stator and rotor voltages are used to calculate the flux linkages and the
currentsin stationary reference. The equations related to this are calculated using the equations (1 to 11).

D. Rotor

To construct a rotor model, the torque & the per unit speed of the motor are calculated using the equations
(12 to 14).

E. qgdo to abc transformation

Inverse transformation is used in transforming the stator gqdo currents to abc phase currents.

lgs = iqs +ios (23)
. -1, V3, .
Ips = 71qs - 71ds + lps (24)
. -1, V3., .
Ies = ?lqs + 71115 +1os (25)

F. Zero sequence
The zero sequence current (i) is calculated from the zero sequence voltage(V,s) using equation (20)
fos = 12 J (Vs — loss)dt (26)
25.4mm (1")
« Bottom = 25.4mm (1")
o Left = Right = 25.4mm (1")

I1l. SINGLE PHASING STATOR FAULT IN INDUCTION MOTOR

A three phase induction motor will have steady state operation, if it receives 3 phase supply. The stator fault
is created by opening any of the phase supply connected to the system.It is shown in fig 2. 80000 data samples
with sampling frequency of 100kHz are stored under healthy and faulty conditions. The data of single phasing
faulty condition is acquired with R phase open, Y phase open and B phase open. The current is measured in
each phase and the effect of fault in each phase should be analyzed. The sample R phase current measured with
healthy and single phasing faulty condition is shown in fig3.

@

(b)
Fig3. Phase current measured in R phase under (a) healthy condition (b) single phasing faulty condition
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Fig4. Frequency spectrum of stator current with R phase single phasing fault

The sampling frequency of the signal is 100kHz. The frequency spectrum of the stator current with R phase
opened is shown in figd. From fig4, the frequency components associated with the single phasing stator faults
are 175, 275, 375, 500, 625, 725Hz. Note that the 50Hz frequency is the supply frequency. Wavelet transform
is a non-invasive technique, which splits the signal into several details and one final approximation. The mother
wavelet, Daubechies db-10 & level-12 is used in wavelet decomposition. Because the frequency components
associated with this fault and fundamental frequencies are covered in this decomposition levels. The frequency
band depends on sampling frequency (fs). The highest band, corresponding to level 1, covers the frequency from
fs/2 to f5/4 and so on. The centre frequency and band width will be halved in the next decomposition level. The
decomposition details and its frequency bandwidth are given in tablel.

TABLEI
DECOMPOSITION DETAILS AND CORRESPONDING FREQUENCY BANDS
Decomposition details Frequency bands
(H2)

Detail at level 1 50000 - 25000
Detail at level 2 25000 — 12500
Detail at level 3 12500 — 6250
Detail at level 4 6250 — 3125
Detail at level 5 3125-1562.5
Detail at level 6 1562.5 - 781.25
Detail at level 7 781.25 — 390.63
Detail at level 8 390.63 — 195.31
Detail at level 9 195.31 - 97.66
Detail at level 10 97.66 — 48.83
Detail at level 11 48.83 —24.42
Detail at level 12 2442 -12.21

Higher order wavelet decompositions are preferred as they avoid overlapping. The wavelet coefficients of the
decomposed signals are shown in fig4. The difference between the healthy and faulty condition is shown only in
detail level8. The fault existence can be understood only from this detail. It is not easy to differentiate the
existence of fault with the current waveform shown in fig3. Therefore it is necessary to proceed with the
technique from which the existence of fault and fault location can be identified.

Fig5 shows the wavelet decompositions for the detail levels 7 to 12, as its frequency bands cover the fault
frequency and supply frequencies. The higher decomposition levels are able to reveal the faulty conditions
compared to the lower decomposition levels. The decomposition levels 8 to 11 shows very clearly. The
frequency bands correspond to these bands covers the fault frequency of the single phasing fault.
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@ (b)

Fig5. Wavelet decomposition of induction motor (a) healthy condition (b) faulty condition

But it is quite difficult to compare the coefficients directly. Therefore, DWT along with PSD is used in our
work to identify the single phasing fault, which is discussed in the next session. The energy and the standard
deviations are used as the indicators of fault.

IV.DWT & PSD IN IDENTIFYING SINGLE PHASING FAULT

Discrete Wavelet Transform (DWT) is used in Multi-Resolution Analysis (MRA) as it decomposes the high
frequency components and low frequency components. The filter coefficients are used to calculate the wavelet
coefficients. These coefficients are used in calculating the energy and standard deviation of the signal. The
energy of asignal is calculated using Parsevel’ s theorem, i.e., by adding squared coefficients of details and final
approximation.

ThL 2 = Bl )| + T Ty [ 27

As the energy of the signal is used in PSD, it performs better. Standard deviation of the decomposed signals
isused in verifying the results. The energy and standard deviations are calculated and used as fault indicatorsin
this session. The energy at each decomposition level is calculated with wavelet coefficients. It is able to revea
the fault occurred in the motor. The mother wavelet used in calculating the wavelet coefficients is Daubechies
db10 with 8 decomposition levels. The energy is calculated with the phase current measured in all the phases
under healthy and single phasing faulty conditions. The considered single phasing faulty conditions are R phase
open, Y phase open and B phase open. The tablell shows the energy calculated in each decomposition level for
healthy and faulty conditions with phase currents measured in R phase. Tablelll shows the energy caculated
using the current measured in Y phase. TablelV shows the energy calculated using the current measured in B
phase. For the data listed in tabled 2 to4, the energy is calculated and it is shown using fig4. i.e. Figé shows the
energy of the wavelet coefficients of each decomposition level under healthy and single phasing faulty
conditions with the stator currents measured in all the phases.

Fig6a,b,& c show the energy of the signal calculated using the wavelet coefficients of R phase, Y phase & B
phase stator current signal. The energy of the signal is calculated with healthy data and faulty data. The faulty
data considered are R phase open, Y phase open and B phase open. When single phasing fault occurs in R phase,
the energy of the R phase signa is lesser compared to the healthy condition; when the single phasing fault
occurs in other phases Y or B, the energy calculated with R phase measurement is higher compared to the
healthy conditions.
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TABLEII

ENERGY CALCULATED FROM THE CURRENT MEASURED IN R PHASE

Wavelet Energy in Joules (R phase measurement)
de<_:o_mpos
Ig-:/(t)elns Healthy szrr: sztr: B ph open
1 3.47E+08 1'9%90 1'0%E+0 9.56E+08
2 3.47E+08 1'938E+0 1'0%E+0 9.56E+08
3 3.47E+08 1'938E+0 1'0%E+0 9.57E+08
4 3.47E+08 1'9%50 1'0%50 9.57E+08
5 3.47E+08 1'9%50 1'0%50 9.58E+08
6 3.48E+08 1'9‘5'0 1'0%50 9.50E+08
7 3.48E+08 1'958E+0 1'059E+0 9.62E+08
8 3.49E+08 1'978E+0 1'059E+0 9.66E+08

TABLEIIII

ENERGY CALCULATED FROM THE CURRENT MEASURED IN Y PHASE

Wavelet Energy in Joules (Y phase measur ement)
decomposition
levels Healthy Spre)rr: ngl B ph open
1 3.50E+08 | 9.64E+08 | 1.94E+08 | 1.05E+09
2 3.50E+08 | 9.64E+08 | 1.94E+08 | 1.05E+09
3 3.50E+08 | 9.64E+08 | 1.94E+08 1.05E+09
4 3.50E+08 | 9.65E+08 | 1.95E+08 | 1.05E+09
5 3.51E+08 | 9.65E+08 | 1.95E+08 1.05E+09
6 3.51E+08 | 9.66E+08 | 1.95E+08 | 1.05E+09
7 3.52E+08 | 9.69E+08 | 1.97E+08 1.05E+09
8 3.53E+08 | 9.73E+08 | 1.99E+08 1.06E+09
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TABLE I

ENERGY CALCULATED FROM THE CURRENT MEASURED IN Y PHASE

Wavelet Energy in Joules (B phase measurement)
docompestion [ eatny | FE YO0 T pnopen
1 3.54E+08 | 1.05E+09 | 9.61E+08 1.94E+08
2 3.54E+08 | 1.05E+09 | 9.61E+08 1.94E+08
3 3.54E+08 | 1.05E+09 | 9.61E+08 | 1.94E+08
4 3.54E+08 | 1.05E+09 | 9.61E+08 1.94E+08
5 3.54E+08 | 1.05E+09 | 9.61E+08 1.94E+08
6 3.54E+08 | 1.05E+09 | 9.61E+08 1.94E+08
7 3.54E+08 | 1.05E+09 | 9.61E+08 1.94E+08
8 3.55E+08 | 1.05E+09 | 9.61E+08 1.94E+08

When the energy is calculated using the stator current measured in Y phase, the energy of the signal with Y
phase single phasing fault is lesser compared to the healthy condition. The energy of the signal with the other
phase opened will be higher when it is calculated with Y phase currents. The energy calculated with B phase
stator current has the energy lesser than the healthy condition, during B phase single phasing fault and higher
than the healthy condition, during the other phase single phasing faults. From the above discussion it is clear
that the energy is lesser than the healthy condition, if the single phasing fault is occurred in the same phase;
whereas the energy in other phases increases.
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(©)
Fig6. Energy calculated from the wavelet coefficients of the original signal at different decomposition levels with the stator current
measured in (8) R phase (b) Y phase (c) B phase
A. Generating 3phase ac voltage
The standard deviation from the wavelet analysis of the of the stator current during heathy and faulty
conditions are given in table V.

TABLEV
STANDARD DEVIATION OF THE HEALTHY AND FAULTY CONDITIONS

Standard deviation
Faulttype R phase Y phase B phase measurement
measur ement measur ement
healthy 53.79 54.01 54.31
R ph open 40.06 89.63 93.6
Y ph open 93.32 40.24 89.49
B ph open 89.27 93.39 40.22

From table V, the standard deviation of the healthy conditions is approximately same with al the phase
currents. Under single phasing faulty condition, the standard deviation of the faulty phase stator current is very
much lesser compared to the other two phases; and it is lesser than the standard deviation of the phase currents
of the healthy condition also. Standard deviation in other 2 phases is more than the healthy condition. From the
above discussion, the standard deviation value calculated from the wavelet coefficients of the stator current is
ableto revea the single phasing fault and the phase in which fault occurs.

B. Result & Discussion

The energy and standard deviation calculated from the wavelet coefficients of the stator current is able to
reveal the single phasing fault and locate the faulty phase aso. During healthy condition, the energy and
standard deviation is same with the currents measured in all the phases. If single phasing fault occurs, the
calculated energy & the standard deviation values in that phase are reduced than the healthy condition; whereas
in all the other phases it increases.

V. CONCLUSION

The energy and standard deviation of the stator current is measured in all the phases after decomposing the
signal using Daubechies db-10 & lev12. The sampling frequency of the signal is 100kHz. In our work, the single
phasing fault is identified. The energy is caculated using DWT aong with PSD; the standard deviation is
calculated from wavelet coefficients. This method is able to revea the single phasing fault occurrence and
location of the faulty phase. DWT aong with PSD achieves better resultsin fault diagnosis.

Thiswork can be extended to identify the severity of the fault.
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