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ABSTRACT

A Non Destructive Analysis (NDA) of Three Phase Induction
Machine fault Diagnosis has been discussed in this paper. The
Induction Machine Prototype was designed using Finite
Element Analysis (FEM) based CAD software. Stator Inter
turn Fault is designed by short circuiting the turns with current
limiting resistor. The Motor current Signature Analysis
(MCSA) has been done using LabVIEW based FFT with
current data which is generated by ‘FEM’ based Induction
Machine prototype. The Flux Signature Analysis also has
been done and compared with MCSA. Both the Analysis are
done for Different load conditions with different fault
severity. The fault frequency Magnitude at various fault
conditions are calculated and tabulated. This cost less NDA
methodology will be the best for Machine fault Diagnosis.
This paper uses a CAD package called “Infolytica Magnet
6.11.2" for the Static 2D and Transient 2D analysis.
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1. INTRODUCTION

The main feature of this paper is to identify the stator winding
fault in Machine. A fault in a component is usually defined as
a condition of reduced capability related to specified minimal
requirements and is the result of normal wear, poor
specification or design, poor mounting, wrong use, or a
combination of these. If a fault is not detected or if it is
allowed to develop further it may lead to a failure.

Several surveys have been carried out on the reliability of
Electrical Machines. From that surveys approximately 97% of
which were cage Induction motors. The Induction motors are
most widely used motors in industrial, the early detection of
these deteriorating conditions in incipient phase and its
removal is necessary for the prevention of external failure of
the induction motors, reducing repairs costs and motor outage
time [1], [2].

2. DIAGNOSIS OF STATOR WINDING

Various techniques are available for condition monitoring and
fault diagnosis of induction motor. The stator current contains
unique fault frequency components that can be used for stator
winding fault detection. Vibration measurements have
historically been the foundation of most on-line condition
monitoring programs, but new techniques such as those
involving spectral analysis of the electric line current
powering the motor are becoming of significant interest. The
main problem concerning the monitoring methods based on,
for instance, measurement of the rotor speed, vibration, and
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flux is that they are essentially invasive, requiring transducers
to be fitted in or around the machine, with an obvious
interruption to operation. Besides the increase in costs, the
mounting of additional sensors is also a practical problem in
terms of motor design and approval by the manufacturer,
operator, or safety legislation authorities.

The condition monitoring schemes that rely on the analysis of
the motor current is the most attractive, as the current sensors
are usually installed by default in the motor control centre for
other control or protection purposes. The MCSA technique is
applied to machines operating under steady state conditions
and has a basic requirement that for reliable diagnosis a
substantial current must flow; i.e. the motor must be operating
at or near full load conditions [8].

A motor failure due to stator winding faults may result
in the shutdown of a generating unit or production line.
One major cause of the failures is breakdown of the winding
insulation leading to puncture of ground wall. Early detection
of stator short winding during motor operation may eliminate
consequent damage to adjacent coils. It reduces repair cost
and motor outage time. In addition to the benefits gained from
early detection of winding insulation breakdown, significant
advantages may accrue by locating the faulted coil within the
stator winding. The most common faults related to stator
winding of induction motors are: phase-to-ground, phase-to-
phase and short-circuit of coils of the same or different
phase. These faults have several causes: hot spots in the
stator winding (or stator core) resulting in high
temperatures, loosening of structural parts, oil contamination,
electrical discharges (in case of high voltage windings), slack
core lamination, abnormal operation of the cooling
system moisture, and dirt. Short-circuit related faults have
specific components in the stator current frequency
spectrum (equation. (1)). Incipient fault can be detected by
sampling the stator current and analyzing its spectrum The
inter turn short circuit of the stator winding is the starting
point of winding faults and it creates turn loss of phase
winding. The short circuit current flows in the inter-turn short
circuit windings. This initiates a negative MMF, which
reduces net MMF of the motor phase. Therefore, the
waveform of air gap flux, which is changed by the distortion
of the net MMF, induces harmonic frequencies in a stator —
winding current. The frequencies which appear in the
spectrum showing the presence of a short-circuit fault are
given by the following equation,

fse= T np o)y @

Where

15



International Journal of Computer Applications (0975 — 8887)

International Conference on Innovations In Intelligent Instrumentation, Optimization And Signal Processing “ICIIIOSP-2013"

P - Pole pairs

S - Rotor slip

K - 1,35..

f - Fundamental frequency (Hz)

fc - Short circuit related frequency (Hz)
n - Integer 1,2,3...

Table I. Fault frequency calculation

Harmonic | Integer | Fsc Fsc

number value ( +ve case) (-ve case)
N

1 1 74.585 Hz 25.415 Hz

1 2 99.17 Hz 0 Hz

1 3 123.755 Hz 23.755 Hz

1 4 148.34 Hz 48.34 Hz

1 5 172.925 Hz 72.925 Hz

1 6 197.51Hz 97.51 Hz

1 7 222.095 Hz 72.095 Hz

The frequencies revealing the presence of short-circuit of
winding are in some cases very close to frequencies related to
other kinds of defect, as for example eccentricities. It is very
important to distinguish one frequency from the other as
shown in Table I. The fast Fourier transform (FFT) is a fast
algorithm for calculating the DFT. The following equation (2)
defines the DFT.

_ [ 27nk
X(k) = Nzlx(n) e_J[ Nn j e
n=0

Each frequency component is the result of a dot product of the
time-domain signal with the complex exponential at that
frequency and is given by the following equation (3).

_ .( 27nk
X(k):Nle(n) e_J( Nn j
n=0

N-1

= Z x(n) {cos(b’[\l—nkj—jsin(zﬁnk H (3)

n=0

The DC component is the dot product of x(n) with [cos(0) —
jsin(0)], or with 1.0. The first bin, or frequency component, is
the dot product of x (n) with cos (2zn/N) — jsin (2zn/N). Here,
cos (2mn/N) is a single cycle of the cosine wave and sin
(2nn/N) is a single cycle of a sine wave. In general, bin Kk is
the dot product of x (n) with k cycles of the cosine wave for
the real part of X(k) and the sine wave for the imaginary part
of X(k). The use of the FFT for frequency analysis implies two
important relationships. The first relationship links the highest
frequency that can be analyzed to the sampling frequency and
is given by the following equation (4).

Frax = /2 (4)

Where F, is the highest frequency that can be analyzed and
fs is the sampling frequency. The second relationship links the
frequency resolution to the total acquisition time, which is
related to the sampling frequency and the block size of the
FFT and is given by the following equation (5).

Af=1T =1/N 5)
Where
Af - The frequency resolution
T - The acquisition time
fs - The sampling frequency
N - The block size

3. PROPOSED METHOD FOR FAULT
DIAGNOSIS

A variety of conditions monitoring techniques and signature
analysis methods have been developed. An analytical
approach based on the rotating field theory and coupled
circuit is often used. Online fault diagnostic system increases
industrial efficiency and reliability, these are usually
simulated using FFT analysis. Other emerging commercial
electromagnetic CAD packages like Detection of Inter turn
Fault in Three Phase Squirrel Cage Induction Motor using
Finite Element Method MagNet, EMTDC, Femta fe, Slim fe,
Ansoft, etc., can be used for the fault detection of non-
invasive methods. Finite element analysis, which is a
computer based numerical technique, is used for calculation
of the machine parameters like flux density, flux linkage,
torque, induced electromagnet field, etc., accurately. This
analysis allows the effects of stator winding distribution,
magnetic saturation and non-uniform current distributions to
be considered simultaneously [9], [10].

3.1 Design of Healthy Induction Motor
Generally the fault diagnosis has been analysed directly with
machine’s parts. In short circuit fault analysis the winding will
be faulted manually because of this in some cases the machine
will be failed or it may affect the nearby system. The machine
cost will be increased. To Analysis purpose to avoid
permanent faults in machine, the cost less NDA method has
been proposed. The machine prototype has been designed
using Infolytica Magnet 6.11.2 for analysis purpose. The
current and flux data will be generated from this induction
machine Prototype. In this method the windings are faulted
virtually. FFT analysis has been done with the current and
Flux data which are generated from machine prototype [10],
[11]. The following design details are required.

o The main dimensions of the stator

o Details of stator windings

o Design details of rotor

o Performance characteristics
In order to get the above design, Rated output power, rated
voltage, number of phases, speed, frequency, connection of
stator winding etc are calculated. In addition to the above the
designer must have the details regarding design equations
based on which the design procedure is initiated, information
regarding the various choice of various parameters,
information regarding the availability of different materials
and the limiting values of various performance parameters
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such as iron and copper losses, no load current, power factor,
temperature rise and efficiency.

3.2 Output Equation

Output equation AC electrical Machine is the mathematical
expression which gives the relation between the various
physical and electrical parameters of the electrical machine. In
an induction motor the output equation can be obtained as
follows equation (6).

Consider an ‘m’ phase machine, with usual notations

Output Q in KW = Input x efficiency

Input to motor = mVph Iph cos @ x 107 kW (6)
For a 3® machine m=3

Input to motor = 3Vph Iph cos @ x 10 kW @)
Assuming

Vph = Eph = 4.44 f ®TphKw = 2.22 f® ZphK (8)
Output Q = Co D? L ns kW 9)
Where Co = (11 Bav q Kwn cos ® x107%) (10)
Vph - Phase voltage

Iph - Phase current

Zph - No of conductors/phase

Tph - No of turns/phase

Ns - Synchronous speed in rpm

ns - Synchronous speed in rps

p - No of poles

q - Specific electric loading

(0] - Air gap flux/pole

Bav - Average flux density

Kw - Winding factor

n - Efficiency

Cos ® - Power factor

D - Diameter of the stator
L - Gross core length
Co - Output coefficient

As power factor plays a very important role the performance
of induction motors it is advisable to design an induction
motor for best power factor unless specified. Hence to obtain
the best power factor the following equations (11) and
(12) will be usually assumed for separation of D and L.

Pole pitch/ Core length = 0.18/pole pitch (11)
or (nD/p) / L= 0.18/ (nD/p) (12)
ie. D =0.135PVL

Where D and L are in meter. (13)
3.3 Turns per phase

EMF equation of an induction motor is given by

Eph = 4.44f®Tphkw (14)
Hence turns per phase can be obtained from emf equ.(15)
Tph = Eph/ 4.44f0kw (15)

Generally the induced emf can be assumed to be equal to the
applied voltage per phase
Flux/pole, ® = Bav x nDL/P (16)

Winding factor ‘kw’ may be assumed as 0.955 for full pitch
distributed winding unless otherwise specified. Number of
conductors /phase, Zph = 2 x Tph, and hence Total number of
stator conductors Z = 6 Tph and conductors /slot Zs = Z/Ss or
6 Tph/Ss, where Zs is an integer for single layer winding and
even number for double layer winding.

3.4 Assumption Made
Here 3@, 415V, 50Hz, P=4,2HP induction motor has been
Designed using Infolytica MagNet 6.11.2 software.

Specific Magnetic loading, Bav -0.48 Tesla
Specific Electric loading, q - 26000 ac/m
Full load efficiency, -0.88

Full load power factor cos® - 0.86
Winding factor Kw - 0.955

3.5 Calculated Dimension

Output coefficient Co - 99.218 Kw
ns - 25rps

DL - 6.015*10™
D=0.115m -115mm
L=0.0504m - 50mm

No. of slots/pole/phase -1

Stator slots =1*4*3 -12

Turns per phase - 575

3.6 Stator winding

The windings used in rotating electrical machines can be
classified as Concentrated Windings, Distributed Windings,
Closed Windings, and Open Windings.

3.6.1 Distributed Windings

All the winding turns are arranged in several full-pitch or
fractional-pitch coils. These coils are then housed in the slots
spread around the air-gap periphery to form phase winding.
Examples of distributed winding are Stator and rotor of
induction machines. The armatures windings of both
synchronous and D.C. machines, in general, are classified
under two main heads, namely, closed and open winding.
RMF Equation will be given by the equation (17). The
winding diagram has been shown in fig. 1.
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3
Rotal = 7 Finax C08(0ge — ) +

F : . an
% C0S(Bse + gt) +COS(Gye + gt +120°) +C0S(6ag + et 120 )

The second term vector sums to zero, so equation (17)
becomes,

3
Fotal = 5 Fmax €0S(Fae — @gt)
(18)

3.7 Stator winding Design

Stator inner diameter - 360mm
Total slots -12

Slot width=teeth width - 15mm
P -4

Pole pitch=12/4 -3

Coil span -3
Slot/pole/phase -1

Full pitched (Pole pitch=coil span)

Fig 1: Stator winding

3.8 Induction Machine Prototype

Three phase induction machine has been designed using
Infolytica MagNet. The designed Machine having speed of
400rpm and 3.5 Nm Torque. The stator winding were made
with some short circuited turns for fault condition. The current
data has been exported into excel file for Signature analysis.
The Designed Induction Motor mesh diagram has been shown
in fig. 2. This Machine has 4 Pole, 12 Slots.

4. MOTOR CURRENT SIGNATURE
ANALYSIS

The Motor Current Signature Analysis is the Power full tool
for Machine Fault diagnosis. For analysis purpose the
designed three phase induction machine has been faulted by
short circuiting stator inter turn winding. The current data and

corresponding speed taken for each fault seperately. The FFT
based power spectrum also done using LabVIEW program

with current data [3], [6].

Fig 2: Mesh diagram for Three Phase Induction Machine
First the current data and speed of the healthy machine with
noload condition has been taken.The fault frequency also
calculated but the fault frequency does not increase in
magnitude as shown in fig. 3. Next the current data taken for
healthy machine with full load and FFT based Spectrum has
been done as shown in fig. 4. Both the cases the fault
frequency magnitude do not rised.

Fundamendal frequency
(FFT - (Peak)) |ERYE

Waveform Graph
40—

Amplitude

Fjg 3: Healthy machine with no load

(7T - (peak) NG

Amplitude

Fig 4: Healthy machine with Full load

The winding inter turn fault made as stated earlier. The fault
increased linearly as 1%, 2%, 20%, 50% of Turns short
circuited. The following figures will show that whenever fault
occurred, the speed will be changed and slip will be changed
correspondingly so the fault frequency also will be changed,
the corresponding FFT spectrum will show the fault frequency
rise in magnitude with respect to the fault severity.

The figs. 5, 6, 7 and 8 show power spectrum for 1%, 2%,
20%, and 50% of winding fault respectively which shows the
rise in magnitude of fault frequency with respect to fault
severity.
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Fig 8: Winding Fault machine (50% winding faulted)

The FFT graphs clearly showing that if fault occurred then the
fault frequency magnitude starts to rise and according to the
fault severity the magnitude also increased.

5. MAGNETIC FLUX MONITORING

As previously shown, electrical motors experience a wide
range of mechanical and electrical problems common to most
machinery, such as unbalance, misalignment, bearing faults,
and stator winding fault but electrical motors also experience
their own specific set of problems, which are a result of
electro-magnetically generated fields in the stator and rotor. In
this respect, monitoring devices relying on the information
provided by the electromagnetic fluxes produced by any small
unbalance in the magnetic or electric circuit of motors may be
efficiently used in addition to or as alternatives to the widely-
used current monitoring. The external leakage flux was
selected as the most practical signals containing the needed
information for the detection of stator winding fault [12].

5.1 Flux Signature Analysis

The same induction machine prototype has been used for The
Flux Signature Analysis (FSA). The FSA has been done with
flux data which is generated from Induction machine
Prototype. The flux signature analysis is also a good for
machine fault diagnosis. Finally the MCSA (Motor Current
Signature Analysis) and FSA (Flux Signature Analysis) both
are compared.
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Fig 10: Healthy machine with Full load

The figs. 11, 12, 13 and 14 will show Power spectrum for 1%,
2%, 20%, and 50% of winding fault respectively which shows
the rise in magnitude of fault frequency with respect to fault
severity.
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Fig 12: Winding Fault machine (2% winding faulted)

In this Power spectrum density analysis 20% of winding fault
has been made in stator winding. The fault frequency has been
calculated as 43 Hz and 56 Hz and the FFT showing the rise
in Magnitude of corresponding fault frequency with respect to
the fault severity.

Fault frequency

Wavafarm Graph CFFT - (Peak))

Fig 13: Winding Fault machine (20% winding faulted)

In this PSD analysis 50% of winding fault has been made in
stator winding. The fault frequency has been calculated as 46
Hz and 53 Hz and the FFT showing the rise in Magnitude of
corresponding fault frequency with respect to the fault
severity.
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Fig 14: Winding Fault machine (50% winding faulted)

Fault frequency

6. COMPARISON TABLE

The CSA and FSA method has been compared in the
following Table 1I. The fault frequency magnitude will be
raised with respect to the fault severity in both the cases. The
fault frequencies have been calculated for each fault
separately based on slip.

Table 1. Comparison Table between CSA and FSA

. Flux
Machine | cyrrent Signature Analysis Signature
Status Analysis

) Fault Magnitu | Magnitud
?')IIO frequencies | de e
S
(fscl,fsc2)Hz
Healthy 0.6 40,60 -25 -75
Machi
achin® 1061 [ 40255075 | -25 75
1% 0.7 425,575 -20 -65
winding
Fault
2% 0.71 | 42.75,57.25 -20 -65
winding
Fault
20% 0.73 | 43.25,56.75 -5 -58
winding
Fault
50% 0.87 | 46.75,53.25 -1 -55
winding
Fault

7. FLUX MAGNITUDE MONITORING
One more monitoring method also discussed in this topic. The
flux magnitude has been monitored and readings have been
taken for different fault conditions. The flux magnitude will
be decreased when short circuit fault occurred. Fig. 15 shows
an inter-turn short circuit between two points, a and b, of a
complete stator winding. The path to the circulating current
between these points is closed and the path A-4’ can be
expanded into two independent circuits. Fig. 15 shows that the
two currents, the phase current and the current which flows in
the short circuited part, produce opposite MMFs. Therefore,
inter-turn short circuits have a cumulative effect in decreasing
the MMF.

2

2 o

= [+
£ <

=2 1.

=

<

&

Fig 15: Short circuit Model

7.1 HEALTHY MACHINE

Flux magnitude have been measured for the Healthy machine
and Different Fault conditions Using Infolytica MagNet
software based Induction machine Prototype as shown in Fig.
16. The flux pattern also projected as shown in Fig. 17.

Chadad PIDt
Shaded Plot Shaded Plot Shaded Plot

B IB| 1Bl Bl

fA00mS 1: 50ms 1: 50ms 1: 50ms
AR 1.8435 184373 1.84386
asn2s 1.53842 1.528859 1.5287
erirr 122933 1.22845 1.22353
0.822188 0.822243 0.522315 0.922384
0.615114 0.815157 0815178 0.515198
0.208081 0.208071 0.30804 0.308032
0.00100888 0.000284842 0.000903271 B OUSEouI

No load 10% load 75% load 100% load

Fig 16: Flux Magnitude for Different load conditions

No load 75% load
10% load 100% load

Fig 17: Flux Pattern for Healthy Machine at different
load conditions
The following figures will show the flux magnitude at
different load conditions and fault conditions.
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7.2 5 Turns Shorted

7.5 100 Turns Shorted
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0542246 0.542413 0.542514 0.542543
0.271208 0.271241 0.27121 0.271205
£ 0232852005 8.85673e-005 8.72484e-005 8.67467e-005
No load 10%load 75% load  100% load
7.6 275 Turns Shorted
Shaded Plot Shaded Plot Shaded Plot Shaded Plot
Bl =] Bl B
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0.540866 0.540735 0540835 0.540868
0.270271 0.270405 0.270455 0.27047
7.5529e-005 7477582005 7.354012-005 7.30777e-005
No load 10% load 75% load  100% load
7.7 575 Turns Shorted
Shaded Plot Shaded Plot Shaded Plot Shaded Plot
Bl Bl 1Bl =]
1: 50ms 1: 50ms 1. 30ms 1: 50ms
L5 1.81711 1.61742 1.61756
lLadzas 1.2478 1.24788 124738
07220 1.0781 1.07831 1.0784
LGITRGE 0.808594 0.80875 0.808817
gLs30013 0.52809 0.538193 0.539228
plonans 0.269585 0.269836 0.269658
SHERISODE £.02802e-005 7.82527-005 7.87667e-005
No load 10% load 75% load 100% load

Shaded Plot || [ Shaded Plot 5"3“95“ Plot | MShaded Plot
IBI Bl I IBI
1: 50ms 1: 50ms {230ms 1: 50ms
182777 18279 ey 1828286
152229 15224 1.52357 1.6237
1.21881 1.2189 121903 1.21912
0.914324 0.214401 08145 0.914563
0.808556 0605202 0803987 0.609997
0.305378 0.305403 0.305434 0.205431
0.000900228 0.000904414 0.000201 0.000884482
No load 10% load 75% load  100% load
7.3 10 Turns Shorted
Shaded Plot Shaded Plot Shaded Plot Shaded Plot
=] =] Bl 1Bl
1. 50ms 1. 50ms 1: 30ms 1: 50ms
1.69 1.88007 1.65021 1.69024
1.40824 1.4084 1.40882 1.40854
112672 1.126882
0.845083 0.845133
0.563393 0.583421 0.563453
0.28171 0.281724 0.281749 0.281758
5224822005 5.28535e-005 5.747242-005 5.87121e-005
No load 10%load  75% load 100% load
7.4 25 Turns Shorted
Shaded Plot Shaded Plot Shaded Plot Shaded Plot
[BI 1Bl 1Bl 1Bl
1. 50ms 1. 30ms 1. 30ms 1- 50ms
1.64158 1.64172 1.64195 1.842032
1.26799 1.28811 1.3883 1.36836
1.0944 1.0845 1.08465 1.0947
0.520812 0.820887 0.820997 0.821037
0.547224 0.547274 0.547347 0.5473732
0.273837 0.273681 0.273897 0.273709
4898222005 480851005 4853722005 458719005
Noload 10% load 75% load  100% load

Fig 18: Flux Magnitude for less number of turns short

Fig 19: Flux Magnitude for more number of turns short
circuited

circuited

Table I11. Flux Magnitude for different loads and fault conditions

Machine condition

Flux magnitude (Wb)

No load 10% load 75 % load 100% load
Healthy machine 1.8433 1.8435 1.84373 1.84386
5 Turns shorted 1.82777 1.8279 1.8281 1.82826
10 Turns shorted 1.69 1.69007 1.69021 1.69024
25 Turns Shorted 1.64158 1.64173 1.64195 1.64203
100 Turns Shorted 1.6269 1.6271 1.62741 1.62749
275 Turns shorted 1.62185 1.62206 1.62236 1.62245
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Fig 19: Flux Magnitude for different loads and fault
conditions

The different readings are tabulated in Table IIl. The chart
shows the decreases in flux magnitude when fault condition
occurred and increased in different load conditions. The load
conditions are shown as series 1, series 2, series 3 and series
4. The machine status are shown as 1, 2, 3 etc.

8. CONCLUSIONS

The Motor Current signature Analysis and Flux Signature
Analysis were analysed and finally both the results were
compared. The FSA method will be suitable for all types of
load but in Practical case which should have high costly flux
sensor. So The MCSA method is the best and economic one.
The finite Element Analysis based Non Destructive Analysis
(NDA) and cost less method will be the best for Analysis of
Machine Fault Diagnosis.
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