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ABSTRACT
In this paper, 2 comparative study among various fault detection techniques nsed for induction
motors with stator winding turn fault is presented. In these techniques the three-phase voltage and
current waveforms at the terminal of the motor are used to extract the fauit signature, This study is

" based on simulating the faulty motor on phase (abc) frame. The effect of load, fault resistance, and

fault location “faulty turns percentage” on the accuracy of fault detector determination are
investigated. Also, the imperfections existed in motor and voltage source unbalance are studied
and corrected to cancel their effects on fault signature. Applicability of each of the technigues to
on-line use is examined. The results revealed the most appropriate technique among the compared
fault detection techniques.
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1. INTRODUCTION

Three-phase squirrel cage induction motors form the
backbone of a substantial portion of the adjustable
speed drives applications, Being structurally robust
and cheap, they are the primary source of motive
power and speed control where dc and synchronous
motors cannot be used (for high speed and high
voltage applications). An unscheduled shutdown
occurs if only one of these motors fails, If it was
possible to detect a developing fault at its incipient
instant, it is possible to schedule an orderly shutdown
of the complete process. In these cases, it can be cost
effective to continuwously monitor the above
mentioned electric motors. Nevertheless, the
defective motor will need to be exchanged and
repaired. Researchers have studied a variety of motor
faults as winding faults, stator and rotor unbalances,
broken rotor bars, eccentricity, and bearing fault [1-
3]. Several studies have shown that 30% : 40% of
induction motor failure are due to stator winding
breakdown [1], [4].

Fauli detection techniques used for induction motors
with stator winding turn fault can be classified info
off-line techniques [5-7], and on-line techniques [8-
10]. On-line techniques depending on only voltage
and current waveforms are desirable and appropriate
techniques. In this paper, a comparative study among
the most fault detection techniques in literatures is
presented. The compatison is carried out from the
view point of accuracy, speed in determining the

fault occurring and the ability of removing the effects
of external distmbances. The effects of load,
percentage of fault turns and the imperfections in
motor on the performance of detector are
investigated. The study is carried out on the samples
of voltage and current resulted from induction motor
simulated in phase (abc) frame.

This paper first presents a simulation for induction
motor with stator winding turn fault in abc frame
[11]. Later sections explain and compare among the
choosing techniques. This paper finally presents a
conclusion aid the field engineers to evaluate and
select the most appropriate and accurate method for

their own application.

2. INDUCTION MOTOR WITH STATOR
WINDING TURN FAULT SIMULATION

The equations which describe the induction motor

with stator winding turn fault can be written in
vector/matrix form as follows:

_ dly,]
{Vs]—[R;][I,]+——-arr (1
1= 18,10, 1+ 2] @
by 1=[L, + M L ]1+(M 1] 3)
[Wr]=[Mrs][Is]+[L:’r +Mrr]['[r} (4)

where, for a squirrel-cage induction motor, /%] = [0]
and [My] = [M,,]" and
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vas I'ﬂ'.! iap
[Vs]: Vs [Is;l: ibs [Ir] =],
Ves les Lo

are the stator voltage vector, stator current vector,
and fotor current vector, respectively.

For the rotor circuits, the mutual inductance matrix
[M,,], the resistance matrix [R.], and the leakage
inductance matrix [I;] are not influenced by the
stator faults. These parameters can be written as
follows:

M ~0.5M ~0.5M

[M, ]=]-0.5M M ~-0.5M
-05M —-0.5M M
., 0 0 L 0 0
[R]={0 7 O{[L]={0 L, 0
0 0 7 ¢ 0 I,
Clearly, the stator faults have a direct influence on
the stator parameters (resistances, leakage

inductances, and mutnal inductances between phases)
and on the mutual inductances between the stator and

the roter (fM] and [M,.f).

By taking the expression of each parameter in
fimction of the number of windings in each turn,
considering the percentage of turn faulted pu, My and
e, for phases a, b, and ¢ respectively, while o » Ris
and (i, are the percentage of turns unfaulted (i.e.
healthy portion) for phases a, b, and ¢ respectively,
the stator parameter matrices can be written as [11}:

hr 0 0 4L 0 0
RiEH 0 dr O EH O 4f O
0 0 ir 0 0 i,
i L3 L] M L L] M"
2 M _ - i
#ﬂ! M #ﬂs%&' 2 ﬂﬂ! CSJ%{
[M,]= —ﬂ;ﬁ;g teM —u;ﬂ;—z-
L] ® M » L] M "2
- il 2 M
ﬂcsauas 2 #CS/ubS 2 ﬂcs

Using 6:, the angle between stator phase and rotor
pbase , the mutual inductance matrices fM,] and
fM, ] are

Iu;sMcl tu;sM cz lu:sM C3
[Msr] = #;MCZ :u;sMca ﬂ;sMcl = [Mrs ]T
| meMe, pMe,  pMe,

where

2
¢, =c0s (gr); c, =GOS(€, "'%Jf)and c, =CO0S (B.r +§-ﬁ)

The equations describing the mechanical part of the
motor are:

- Ta[Msr]
T,={I] 29 {1 ()
dw P

r=_ (T —~ 6
e (0, T) ©
8, = [o,dt @

where, T, is the electromagpetic torque, 7; is load
torque, @, is the angular mechanical speed, J is the
combined rotor-load inertia,  is the muuber of motor
poles, and 6, is the mechanical angle. Parameters of
the example motor in its ideal version are attached in
Appendix.

A signal processing algorithm is used to estimate the
voltage and current phasors from the samples of
waveforms. The signal processing algorithm is based
on recursive discrete Fourier transform DFT [12].
Using the estimated phasor quantities, the fault
signature can be extracted and fault detection can be
estimated.

Figure. 1. illustrates the current waveform of phase 4
for 5% of turns in phase 4 short-circuited. Figure. 2
depicts the estimated amplitude of the fundamental
frequency component of the phase 4 current for the
previous described fault.
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Fig. 1. The current waveform of phase 4 for 5% of
turns in phase A short-circuited
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Fig. 2. The estimated amplitude of the fandamental
frequency component of the phase 4 current for 3%
of turps in phase A short-circuited
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3. STATOR WINDING TURN FAULT
DETECTION TECHNIQUES

Several fault detection techniques have been

reported. Five of the most applicable among these

techniques are described and examined here. Also, a

neural network based method is proposed at the end

of this paper.

3. Standard Deviation of Line Current
Technique

Let I, I,, and I, be the RMS values of three-phase
currents drawn by the motor. When the motor is
known to be in a healthy state, the three RMS values,
", I"b , and Ihc are acquired, stored, and referenced
for the relative balance of the motor. Then, £, , f; ,
and I, may be scaled according to I, , I;, and I*; to
normalize each phase current, at that time, and under
that particular load, to one per-unit. That is

I .1, I
~=—=-2=1.0 8
T ®

Then, assuming the balance of the source is
consistent, the balance in the “normalized” currents
will persist. A change in motor load will change the
value of the phase currents and then the above ratio
will not equal to 1.0. However, that difficulty is
eliminated by also scaling the monitored currents at
the reference condition, to the average of the currents
at the present, monitored condition. The combination
of these scaling factors for the three-phase currents
vields three ratios, each having the form of [8]:

I}J
@, =T ©)
where
Bghggh
po=fathtle §+ : (10)
and
I +1, +1
. fmez__ﬂ.._..._é’_...__ﬁ, (11}

Thus, the scaling factor for each RMS phase current
becomes of the form:

i A h

o, = (ﬁI" +1, +1)) 12)
Ia (In +Ib +Ic)

Then, the balance between the phasors may be

determined through the standard deviation of the

three, calibrated line RMS currents ¢ on a continual
basis, and compared to a user selected threshold

value, 6:

a=\[2(cxmfm -D? (13)

m=a,b,c

The choice to scale the RMS currents as explained
will permit the user to select a convenient choice of &
that already accounts for known dependencies and
inherent imbalances. The value of the threshold &
would be set dependent upon many factors, including
experience, measurement error and fault tolerance.
Figure. 3. illustrates the change of ¢ due to fault
occurring on 1%, 5%, and 10% of winding turns in
phase A. Figure. 4, revealed the relation of ¢ and
percentage of turn faulted and motor load. Figure. 5.
shows the change of ¢ due fo 1% unbalance in
voltage supply occurring at 0.92 sec.
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Fig. 3. The change of ¢ due to fault occurring on 1%,
5%, and 10% of winding turns in phase A
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Fig. 5. Voltage supply unbalance effect on ¢

Figure. 5. revealed that, the change in the balance of
the phase currents depend upon balance in the source,
this technique is not intended for mains-connected
motors “direct-on-line motors ”, because nearby
voltage unbalance might cause fault alarms.
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3.2, Extended Pai‘k’s Vector Approach (EPVA)

This method consists of decomposing the three time
varying phase current values into their associated
“direct” and “quadrature” components. Which are
given by:

id '\/% _Jy: _\/y_ﬁ ias
i, =] 0 B~V (14)

while concurrently plotting the two waveformos, iy
and i, in an X-Y display over time. Turn faults, or
ather gross motor anomalies will cause such a plot to
deviate in size, shape or clarity from their normal
figures. In the ideal case where the phase current are
perfectly balanced, i; and 1‘% reduce to sinusoids of the
same magnitude and 90° phase difference, thus
producing a sharp circle in X-Y display.

Proponents of this methods are few, because of its
handicaps. Pirst, this method fails to incorporale
supply deviations, which can affect the results as
much as motor problems can. Second, cyclic or
random loads on the motor (as in a compressor) can
make comparisons difficult and fault detection near
impossible.

To avoid this problem, let i; and #; are components of
a vector called Park’s vector, then determine the
spectral analysis for this vector. The amplitude of this
vector at twice the fundamental frequency is
calculated. The ratio between the amplitude of the
Park’s vector at a frequency of 2f; and a dc level of
the vector is known as a severity factor. This factor is
used as a good indicator for the presence of tum
fault.

The motor was tested with several numbers of short-
circuited furns. Figure. 6 shows the Park’s vector
waveform for the case of 1%, 5% and 10% short-
circuited turns. Figure. 7 illustrates the severity factor
for the mentioned fanlt cases.

It should be noted that the amplitude increases with
the extension of the fault. Figure. 8 illustrates the
evaluation of the severity factor with the number of
shorted turns.
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Fig. 6 Park’s vector waveforms for the case of: (a)
1%, {b) 5% and (c) 10% short-circuited turns.
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Fig, 7 Severity Factor of EPVA for the cases of: 1%,
5% and 10% short-circuited turns,
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Fig- 8. The effect of turn faulted percentage and motor load
on the severity factor of EPVA

3.3, Instantaneous Input Power Technique:
Maier in [9] describes an elegant fault-detection
techmique based on instantaneous input power.
Multiplying the current and voltage for each phase
yields the instantaneous phase power as given in the
following equations: ’

P, =v, i, K K, (15)

as”as
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Dy =0 K Ky (16)

Do = Vsl K K (7

where,
K, K, and K, are unbalanced stator correction
coefficients for phases 4, Band C

K., K, and K, are unbalanced stator voltage
correction coefficients for phases 4, B and C

Vs Vi, and Vg, are stator voltages of phases 4, B and C
Lo, ins, and i, are stator currents of phases 4, B and C
The compensated total power p,, is given by:

'pclzpa-f-pb-l-pc (18)
which can be rewritfen as:
= P, (dc)+ P, (ac)cos(2urt) 19

where, P.{dc} and Pfac} denote amplitudes of the
de apd ac components respectively. Let a fault
indicator “C” is defined as:

; (ac) P, (de)
ST R

Figure. 10 shows the instantaneous input power for a
10% shorted turns. Figure. 11 illustrates the fault
indicator factor for the fault cases of 1%, 5% and
10% short-circuited turns. Figure. [2 illustrate the
change of € with the percentage of shorted turns.
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Fig. 10 Instantaneous input power for a 10% shorted
turns.
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Fig. 11 Fault Indicator Factor of input power for the
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3.4. Sequence Component Impedance Matrix
Technigue

The sequence component voltage equation of a
general three-phase induction motor can be expressed

as:

Vy Zop Zpn Zpo | Ly
Kz = znp znn ZnO In (20)
Ve Zo, Zow Zoo |l 4o

where subscripts p, » and 0 represent positive,
negative and zero sequence components of the
voltage and current phasors, and zy represents the
impedance of the i sequence due to the j sequence.
For an ideal motor, the off-diagonal terms of the
impedance matrix in equation (20), Zuw Zpo, Zupr Zuo: Zap
and z,, are zero and the sequence components are
independent of cach other. Due to the inherent
asymmetry in the motor, the off-diagonal terms are
non-zero; therefore, the sequence components are not
decoupled.

From equation (20), the negative sequence voltage
equation for a Y-connected (f, = 0) induction motor
with inherent asymmetries can be described as:
V,=z,I,+z,1, n

e p

For a motor with inherent asymmetry, z,, is a non-
zero ferm, that represents the degree of motor
asymmetry. When a turn fault occurs in the motor,
the value of z,, varies since the motor becomes
asymmetric in a different way. Therefore, stator
winding faults can be detected by continuously
monitoring z,, and comparing it wﬂh the value of z,,
obtained for a healthy motor, z,,p , under the same
slip condition. The deviation in z,, , which is used as

a turn fault indicator, is defined as:
_ __k
Aznp = Zup Z np (22)

In order to calculate the value of z,, at a particular
slip condition, two data points are required, since
equation (21) contains two unknown z,, and z.
Assuming that two linearly independent sets of data
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points can be obtained as a function of slip, z,, can be
calculated as:

- InZan _IannZ
* IpIInZ _I Il

22%n

z (23)

where subscripts 1 and 2 represent the first and the
second sets of measurcments.

The use of z,, as a tun fault indicator is iromune to
variation of supply voltage unbalance, since z,, is
independent of the degree of unbalance in the supply
for a fixed slip condition. This technique also does
not require the motor parameters. Finally, this
technique consider the imperfections in motor and
measurement Sensors.

Figure. 13 illustrates the E;hange of z,, when a fault
occurred with 1% and 10% shorted turns. The change
of z,, with the percentage of shorted turns can be
predicted as the previous methods.
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Fig. 13 Change of z,, for the cases of: 1% and 10%
short-circuited turns.

3.5. Positive- and Negative-Sequence Voltage
Mismatch technigue:

From equation (20), ¥, can be written as:
Vo =2pl, + 21, 24)

V.=z, I +z,I (25)

up p ™

Equations(24), and (25) may be used to calculate the
expected values of ¥, and ¥, at the measured motor
operating speed and based on a database of zp, Zpy Zyp
and z, constructed previously. If no internal
determination has occurred, the calculated values
should match the measured values Vp, and V. If
internal deterioration such as a tum fault has
developed, the mismatch between the measured
values and the corresponding calculated values.
These mismatch may then be used as a fault
“indicator. They are calculated as:

AV, =V,, ~(z,,1, +2,.1,) (26)
AV, =V, = (2l + Z0dy) @7

An important advantage of this approach is that the
voltage mismatch predictors should be independent

of initial construction imperfections and unbalances
within the motor itself. In addition, the performance
of the indicator would not be affected by mismatched
sensors. Therefore, no careful sensor calibration is
necessary.

Figures. 14, 15 show the mismatch in positive- and
negative-sequence voltage AV, and 4V, for 1%, 5%
and 10% shorted turns. The change of AV, and 4¥,
versus turn faulted percentage is illustrated in Figure.
16.
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Fig. 14 The mismatch in positive-sequence voltage 4V, for
1%, 5% and 10% shorted turns.
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Fig. 15 The mistnatch in negative-sequence voltage 4V,
for 1%, 5% and 10% shorted turns.
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3.6. Proposed Neural Network Fault Detection
System

The NN structures used in the diagnostics are of the

nmitilayer perceptron type, trained using the

backpropagation algorithm. The proposed net

structure of a single hidden layer is shown in Figure.
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backpropagation involves three  stages:
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17. The input vectors are the stator voltage and
currenit magnitude. Training a network by
the
feedforward of the input ftraining pattern, the
backpropagation of the associated error, and the
adjustment of the weights. During the learning
process, the NN weights are adapted in order to
create¢ the desired output vectors. For leamning
process, the symptom-fault map is required. There is
also the possibility of a hybrid learning process,
simulated data for healthy and faulfy machines. In
this way, the NN can leamn the health condition
The fanlty machine signal is generated by the model
as described in section II. The time domain signals
both healthy and faulty machines are passed through
the low pass filter. Then the time domain signal is
changed to frequency domain by Fourier transform.
The magnitude from DFT is used to compute the
input vector for training the NN which defines the
target as heaithy or faulty. After training NN, we
have the weight and bias for using to detect the faulty
machine.

) Ve
Vi
v,
I

I

v
Fig. 17. The proposed net structure of a single hidden
layer

Figure. 18 illustrate the response of the network for a
case involving fault occurs at 0.9 sec. The percentage

of faulty turns is 0.01.
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Fig. 18. The autput of the propased NN

4. COMPARISON OF THE RESULTS

The following Figures show the response of various
fault detection method under certain abnormal
conditions such as unbalance in the input voliage,
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inherent asymmetries between the phases of the
motor, apnd a stator winding twn short-circuit.
Figure,19 illustrates the response of conventional five
approaches for 5% unbalance in the phase a. The
response of these approaches against 1% shorted
turns in phase a is illustrated in Figure. 20.
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Fig. 19. The output response of five approaches for
5% unbalance in the phase a
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Fig. 20, The output response of five approaches for

1% shorted turns in phase a
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Fig. 21. The output response of five approaches for
10% shorted turns in phase a

From these figures, it can be seen that in the first,
second and third methods fault detector response is
increased with any disturbance and reaches to its
steady value after about 0.04 sec from the
disturbance occutrence. However, the response for
the fourth and fifth methods needs about 0.06 sec to
reach its steady value. The response of all technigues
are affected by the voltage unbalance. In the first four
methods a steady value of the response does not
increase 0.1. The fifth method response reaches a
0.45 and 0.8 for unbalance voltage and shorted turns

respectively,
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5. CONCLUSION

A comparative study among five fault detection
methods, used for induction motor stator winding
turn fanlt, has been presented. The results have
shown that with the first three methods considered,
the imperfections in motor and the supply unbalance
have a huge effect on the indicator. The location of
fault “percentage of shorted turns” has a substantial
effect on increasing the visibility of fault signature,
The last two methods depending on the sequence
components have a good indication for fault
occurring. These methods need not motor parameters
and are not affected by motor imperfections. In all
five methods a steady output from the fault detector
is obtained in about 40 msec from the instant of fault
occurrence. All of these advantages and more may be
collected using the proposed NN-based method.

6. APPENDIX
Rated stator voltage per phase Vy: 220V

Stator connection: Y

Stator resistance Rs: 0.435 Q2
Rotor resistance Rr: 0816 Q2
Stator leakage inductance Lls: 24 mH
Rotor leakage inductance Llr: 24mH
Magnetizing inductance Lm: 83.17 mH
Moment of inertia constant J: 0.089 kg.m’
Rated output power: 3hp
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