Appendices

Appendix-l: Fuzzy Logic

1.1 Introduction

Fuzzy logic is technique that is used to translate verbal ideas to some numbers and
then uses these numbers to associate particular concepts. Fuzzy Logic is very helpful

in the situation to makea@ecision where there is no clear difference between the true

or false. So Fuzzy Logic can be used in condition where answer is present between
this true and false. This usually happens in case of machines during the particular
fault diagnosis. Practicallyt i s not possible to classiftf
respect to particular fault, so Fuzzy Logic is used by classifying a particular fault

with its degree of severity. The most important feature of using Fuzzy Algorithm is

that the human knowledgefearience can be combined into the system. The general

case of Fuzzy Logic is shown in Figure I.1.
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Figure I.1: General case of fuzzy logic



In Fuzzy Logic precision is very much important. It is a suitable way which is used
to map an input variable to an output variable. This is the starting point for Fuzzy
Logic. Consider an example of tipping in a restaurant that is dependent on how much
the service is good at a restaurant; Fuzzy Logic will decide what will be the tip. The

graphical representation of this tipping example is shown in Figure 1.2.
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Figure 1.2: Example of tipping

1.2 Foundations of Fuzzy Logic

Fuzzy Logic is dependent on four things.

1. Fuzzy Sets
2. Membership Functions
3. Logical Operations

4. If-then Rules

5. Implication

1.2.1 Fuzzy Sets



The input and output functions of the Fuzzy Logic is fuzzy sets. In the example of
tipping in the restaurant the input fuzzy sets will be the quality of food and quality of
service and the outpiitizzy set will be the tipping membership functions. This is

shown in Figure 1.3.
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Figure 1.3: Input of fuzzy set

1.2.2 Membership Functions

Membership function is basically a curve that is used for mapping an input value to a
membership value that is varying from 0 to 1. There are different types of curves that
can be used as membership function; examples can be trapezoid, triangular, Sigmoid

and double sigmoid as shown in Figure 1.4.
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Figure 1.4 Membership functions

1.2.3 Logical Operations

Normal Boolean logic is used in fuzzy reasoning. In Boolean logic there is number
possibilities that can be used when implementing a fuzzy logic but commonly used
one are the simplest one that is shown in @dll. Figure 1.5 shows the logical

operation used in tipping example.

Table I.1:Boolean Logic

AND OR NOT

A B |MinAB) | A B | Max(A,B) 1-A
0 0 0 0 0 0 1
0 1 0 0 1 1 0
1 0 0 1 0 1

1 1 1 1 1 1
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1.2.4 I1f-Then Rules
If-then rules are used to interpret tHrégure I.5: Logic Operations
knowledge in some form. This is the most popular form to represent the knowledge
as the rules. These rules are basically the knowledge. These are used for the
précised decision making. It is basically used to map the membership value to an

output value. Irthe example of tipping some of the rules are given below.

IF service is poor OR food is rancid

THEN tip is cheap

IF service is excellent OR food is delicious

THEN tip is generous

1.2.5 Implications
There are two types of implications i.e. minimum implication and the product
implications. In case of minimum implications the membership value was got from
input membership function; output membership function is truncated to that value. In

case of producimplications the result is simply the multiplication of input



membership value and the output membership value. The difference is shown in

Figure I.6.
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1.3 Fault Detection Process

By using the FasEourier Transform (FFT)Figure I. 6: Implications rotor bar faults

can be analysed using the current spectrum of Induction Motors. This technique

depends on the analysis of particular harmonics in spectrum which are caused by the
rotor bar faults. Figure 1.7 shows the ideal speutriihe sideband frequencies near

the main frequency are due to broken bars. In idealized condition, rotating magnetic

field produced in induction motor is given by:

Where: § = Supply Frequency, p = Poles in the Induction Motor.

sl isp n

Where: n = Synchronous speed of induction motor= Actual speed of induction
motor.

Side band frequencies will occur at + 2o both side of fundamental frequency

fo=(1£2s)f. (1.3)



1.4 Measured Data
Induction motor (M1) was tested in healthy working condition and for broken rotor
bars. All the tests are done at same load that is of 49.6Nm. The frequency range is
from 0 to 100 Hz, as it contains the fundament frequency and almost all the visible
side land. In Figure 1.7 the magnitude at 45.32 H83s32 dB/Hz. The figure shows
that the side band frequencies are close to fundamental frequency with almost

negligible in amplitude.

Figure .7 shows the power spectrum of a motor with one bar broken. Theefig
clearly shows that the magnitude of side band frequency are increasing that is at

45.93 Hz the magnitude is increased-t89.82) dB/Hz.

Figure 1.7: One bar Broken Spectrum
Now the side magnitude of side band frequency is increased due to increase in the
number of bars broken. At 45.78 Hz the magnitude of power spectH3d.86

dB/Hz.
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Figure 1.8:Flow chart of fault detection algorithm

1.5 Amplitude at Particular Faulted Frequency
First calculate the slip speed of motor by putting the value of actual and synchronous
speed of motor in equation I.2. This slip speed is used to calculate the particular
faulted frequency in the spectrum by usihg equation 7.7. The value of current (i1)

is used to plot the spectrum of PSD.

1.6 Actual Faulted Frequency
The calculated faulted frequency is not the actual faulted frequency. The actual
faulted frequency is slightly different from the calculated one. The program will
check for actual faulted frequency by finding the highest amplitude in the range of
Hz from the calculated frequency this is done by finding all the bits of arrays that is

greater than the calculated faulted frequency. Then applying for loop on this



particular bit array which starts from 22 bits lesser to 3 bits higher and respectively

check fa highest amplitude corresponding to each bit.

1.7 Diagnosis Using Fuzzy Logic
Fuzzy Logic is used to determine how much fault is present in Induction Motor.
Amplitude calculated is used along with Fuzzy Logic to determine how much fault or
how many rotoibars are broken in a particular motor. The extracted amplitude from
the PSD plot is the fuzzy sets. This fuzzy set of amplitude is divided into different
ranges that are small, medium, large and very large. These ranges are basically for
the input membergh function. The input membership functions used are the
triangular and trapezoid. The membership functions used for the output are also the
triangular and trapezoid. This output membership function is also divided into small
ranges that is healthy, crackeone bar broken, two bars broken which are used to
determine the extent of fault present in induction motor. The Boolean Logic used for
the reasoning of Fuzzy Logic is AND. The implication used for the defuzzification is
product implication as it is monarécised as compare to minimum implication. The
decision made by fuzzy system is based on some rules. There are four different rules

which are made for this fuzzy system as given below:

- If (amplitude is small) then (output is healthy)
- If (amplitude is mdium) then (output is cracked)
- If (amplitude is large) then (output is one bar broken)

- If (amplitude is very large) then (output is two bar broken)

1.8 Results and Discussion - Healthy Motor

The PSD plot of a healthy motor is plotted using the curighta{ 35 Nm and 49.6

Nm loads as shown in Figures 1.9 and 1.10 respectively. From the figure it is seen



that for the healthy motor side band frequencies are very close to fundamental
frequency. At 35Nm load the amplitude of side band frequencies is amdhe
current in rotor is small as shown in Figure 1.9. At 49.6 Nm load the magnitude of
side and frequencies is increased as the load is increased from 35 Nm to 49.6 Nm as
shown in Figure 1.4. From Figure 1.3 and Figure 1.4 it is observed as the load of
motor was increased the amplitude of side band frequency also increased and the
rotor bar faults are easy to determine at full load or at maximum load. Then fuzzy
logic is used to determine how much fault is present in induction motor. The input
and outputmembership functions of fuzzy system are shown in Figure .11 and

Figure 1.12.




Figure 1.9: PSDof Healthy Motor at 35 Nm Load
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Figure 1.11: Input MF of fuzzy logic of healthy moto
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Figure 1.12:0utput MF of Fuzzy Logic of Healthy Motor.

All the observations and results of PSD plot and fuzzy system is shown in Table 1.2.

Table 1.2 Results and Observations of Healthy Motor

Load 35 Nm Load’ 49.6 Nm Load
Synchronous speed (rpm) 1500 1500
Actual speed (rpm) 1459 1441
Slip 0.0273 0.0393
Faulted frequency (KHz) 0.0485 0.0480
Amplitude (dB/Hz) -74.16 -66.52
Actual faulted frequency (KHz) 0.0453 0.0453
Amplitude (dB/Hz) -59.67 -63.39
Input MF value -59.67 -63.39
Output MF value 0.1889 0.1889

From the Figure 1.1 and Table 1.2 it is seen that the condition of a particular motor
can be determined easily by using the fuzzy system. From the Figure 1.2 it clearly

shows that a motor is healthy with no rotor faults.

1.9 One Bar Broken Motor



A 6mm hole is made in one bar of the rotor which is equal to the one bar broken in
the rotor.. The PSD is plotted for the induction motor whose one bar is broken at a
load of 35 Nm and 49.6 Nm. The PSD spectrum at 35 Nm load is given in Figure
.13 and the speatm of 49.6 Nm is given in Figure 1.14. From these figures it is
concluded that amplitude of side band frequencies are increasing as the fault in the
IM is increasing. The calculated and actual frequency along with their amplitude is
shown in these figured'he amplitude of side band frequency is fed to fuzzy logic
system in order to determine intensity of fault present in motor. The input and output
MF of fuzzy logic is shown in the Figure 1.15 and Figure 1.16 along with the results

of motor.

Figure 1.13 PSD of One Rotor Bar Broken Motor at 35 Nm Load
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Figure 1.16 Output MF of Fuzzy Logic of One Rotor Bar Broken

The result bone rotor bar broken is given in Table 1.3.




Table 1.3 Results and observations of one rotor bar brokenmoto

Load 35 Nm Load" 49.6 Nm Load

Synchronous speed (rpm) 1500 1500
Actual speed (rpm) 1457 1439

Slip 0.0287 0.0407
Faulted frequency (KHz) 0.0486 0.0480
Amplitude (dB/Hz) -58.3667 -67.4569
Actual faulted frequency (KHz) 0.04715 0.04593
Amplitude (dB/Hz) -42.5239 -39.8168
Input MF value -42.5239 -39.8168
Output MF value 0.5599 0.5599

1.10 Conclusion
From the observation it is seen thia¢ rotor bar faults only affect the two sideband
frequency. At no load it is very difficult to detect the rotor bar faults as the current in
motor is very small so the particular faulted frequency is very close to the
fundamental 50Hz frequency. So thetorowvas test at two different loads that is 35

Nm and 49.6 Nm.

At 35 Nm load detection of rotor bar faults was slightly difficult because the motor
works at low slip as compare to 49.6 Nm load. It is very much reliable to detect the

rotor bars faults at86 Nm load.

At 49.6 Nm load amplitude of faulted frequencies is very much high as compare to
no load motor or with 35 Nm load. So the faulted frequency can easily be recognized
at 49.6 Nm load. Results show that as the rotor bar faults is increasitigd fau

frequency increases.

The advantage of detecting rotor bar faults using the FFT Technique is that it is very

much suitable for high load condition and can be implemented easily. The



disadvantage of this technique is that it has lost time informatidmat very much

effective for the lightly loaded condition.



Appendix-Il: Motor Data Sheet

== BROOK

Centificate No.
CROMPTON

Centificate No.
Centifi No.

Tel. Fax.

EQUIVALENT CIRCUIT PARAMETERS

Sl;)ll;l‘i Tt;i Fr;a}r_i'e_lie_f_ Ser}al Nu[‘ﬁber
W-DA132MB
Output "~ Volts
- ~— — ~ - 15kwW 400 Delta
Purchase Order / Enquiry Ref. . S— ¢
Hertz IC Amps
— — —_— 50 411 15.2A @ 400/50
Account No. e - U .
Rev/Min Poles
. o 1445 4
Note: All equivalent circuit parameters are in Ohms per phase :
referred to the stator Duty/Rating Sec. Volts  Sec. Amps
! S1
Slip is expressed as a per unit value Phases Vlnrsulation Cb-s_.p ' IP
3 \F 0.82 5
Reference temperature for locked rotor :- 20°C S S R . 3
Reference temperatures for full load :- 75°C,
R1 X1 x2'
vi Rm Xm - Rar
=
Machine pacemeter ) ocked rotor | Full load
R1 ook 2,08
X1 — 260 5.36
R2 = 165 | 166
X2 250 | 456
RM 2766 | 2766 .
XM 859 1 85.9

Form Ref. BILIMD.CSDI 1 (03/98).(GUI calc). Copyright 2007 Brook Crompton. All rights reserved.

The induction Motor data supplied by manufacturer:
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Nameplate Data of The Motor.

Parameter Symbol Value Unit
Number of stator phases m 3 -
Number of pole pairs 2 -
Stator winding connection - -
Rated power Prated 7.5 kw
Rated supply voltage (LL , rms) V rated 415 \
Line frequency f 50 Hz
Rated current Do 0o 15.2 !
Rated speed Nrated 1445 Obi
Rated electromagnetic torque Te, rated 49 0 &
Data Used for dqg Modeling (Rated Values in 20° C)

Parameter Symbol Value Unit
Stator phases’ e s m
Stator phases’ e s m
Rotor electrical resistance ; m
Rotor electricateactance Iy m
Magnetizing resistance m m
Magnetizing reactance m m
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