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Synthesis

Nowadays, one of the main objectives of the companies is based in the generation
of monitoring and control systems which ensure the proper function of the processes,
resulting in the reduction of costs occasioned by faults on the devices. In order to
provide the companies the tools to achieve these objectives, the following work presents
a methodology for fault detection and diagnosis in squirrel cage induction motors, with
the use of the techniques Motor Square Current Signature Analysis (MSCSA) and fuzzy
logic systems. The project covers the following topics: Development of the work bench
for fault simulation and load system. Development of the interface for analysis and
data processing. Development of the system for fault detection and diagnosis. The
system was developed for the detection of 3 faults; Mechanical faults generated by
eccentricities (static and dynamic) and electrical faults generated by broken bars in
the rotor and / or voltage unbalance. Finally, in order to show the efficiency of the
proposed methodology, the project was tested and validated on 2 squirrel cage induction
motors of 1 and 3 hp, respectively.
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Chapter 1
Introduction

In order to complete the objectives of developing and transferring techunology. the
project should cover the next topics: knowledge of soft computing techniques like:
[uzzy logic in order to develop a system of control and fault diagnosis. But also,
techniques for signal analysis (like Fourier transform and Fast Fourier Transfor) will
be needed too. In this research the techniques of Artificial Intelligence and Classical
Coutrol techmiques for wodelling, identification, wonitoring, and fault diagnosis of
complex systems are analyzed [1]. The development of a system able to work with the
presence of noise and fault tolerant control are proposed, like in manufacturing systems
or clectrical systems to name a few. The presence ol combinations and correlations
bhetween similar analogue or digital variables. presence of noise. Hnear or non-lincar
characteristies are commonly present which represent a challenge in order to make a
dingnosis or control. It is remarked the use of artificial intelligence techniques in order
to perform intelligent control and monitoring svstems. This is becanse the design of the
niachines that make the systems that currently exist are teving to eialate the behavior
of innan systems and / or animals. so that in order (o control and diagnostics of
these svstetns using only traditional control methods is impossible to achieve given the
large ot of mformation handled. the large mmber of correlated variables and the
presence of uncertainty [2]0 Given this. is proposed the rescarch based in the haudle of
historical data of the process combined with soft compnting and statistical techniues.

to develop an intelligent control and monitoring system based on the historical data of

the process,




Chapter 2
Research Problem

In recent times. o the industries is more often to see antomatized processes with a
bie machinery variety like robots. working center. transportation ete. All of tliese
Dasine their fnncetion on induction motors for their reliability and simplicity of their
construction. I the actnality induction motors are the most used electrical machine
i the industrey for the simplicity in their installation and maintenanee. The constant
nse ol these motors make them so susceptible to fail. I this regard, 1t s necessary to
check them within a certain period of time. The problem is that some techinigues need
to stop the motor to evaluate their condition. trigeering high costs during the stop in
the prodietion line. That s why it is wanted to implement a contimons diagiostic
svstem Chat can eive information about the conditions of the motor. and that conld be
nsed to predict a fanlc in the main components (hroken rotor bar and cceentricitios),
allowing to correct the failure belore the motor stops working.  Adl this without the

need (o stop the motor and i consegnence the production line.

2.1 Research questions

FoWhich ave thie mechanical and clectrical Tanles more fregnent v presentell on
clectrical indnction motors and which are the possible solutions i order to correct

them?

2 ks it possible the creation of constant monitoring svstem to deteet fanlies on
imduction motors able 1o work on e withont the need (o stop the motor to

make o proper dinenosis

3o 0s it possible the developiient of aomethodology. hased on NMotor Square Current
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Signature Analysis (MSCSA) and Soft Computing techniques, able to detect pat-
terns that represent the existence of electrical and mechanical faults on electrical

induction motors?

4. Is it possible the creation of an interface to detect faults on induction motors able

to work in presence of noise?

2.2 Hypothesis

With the use of MSCSA and soft computing techniques, it is possible the creation of
a continuous monitoring and control system to analyze the signals online, that reveal
the behavior of the motor in full operation, able to work with the presence of noise.
with the purpose of predict electrical(broken rotor bars) and mechanical(eccentricities)

faults before they ocenr.

2.3 Main objective

To develop a methodology for fault prediction in clectrical induction motors applying
MSCSA and soft computing technigues based on the treatment of historical data of

the process.

2.3.1 Specific objectives

e To develop a sturdy monitoring and control system able to work in presence of

HOISe.

e ‘To perform a constant mounitoring svstem and control in order to avold the stop

ol the motor.

2.3.2 Delimitations

I, The program is delimited to the detection and diagnosis ol Lanlts specifically
hroken rotor bars and cccentricities. without reaching on the antomation and the

correction of these.

2. The methodology will he developed just for squirrel cage induction motors.




CHAPTER 2. RESEARCH PROBLEM 1

2.4 Justification

In many industrial processes control function is performed by an operator (hnunan).
This is who decides when and how to manipulate variables in order to get a continnous
and efficient production line. Productive officiencey involves the constant inerease i
production levels of installed equipnient. mproving product guality, lower production
costs and safety for workers and equipment. To achieve this goals. it is necessary that
the production processes are performed at the highest possible speed and the control
variables are at the lowest value allowed. Becanse of these requirements the industry
Lias required the use of new and more complex processes that often cannot be control
by an operator. That s why intelligent control and monitoring svstels arise as a
answer o the industrial needs, i order o get produetion standards at the highest

level of quality, and the lowest maintenanee costs [3].




Chapter 3

State of the art

Nowadays companies have searched for ways to invest their business in improvements
for their industrial processes. One of the topics that lhas taken more importance is
the prevention of faults in the machinery of the system in order to extend the life of
the mechanisms and thereby to generate a higher rate of production reducing time for
repair and /oor maintenance. Based on this, the detection and diagnosis of faults has
orowll significantly aitning to have systems and processes in control impacting directly

on the economy of the company.

One of the devices presented in that processes is the induction motor by its ver-
satility and easy installaltion, for that rcason several techniques has cinerged in order
to address this problem. There are a lot of problems that o motor can presents. like
fanlts on the stator windings, voltage unbalances. hearing problems. eccentricity fanlts,
broken rotor bars and others. However. two of the most nsually presented probleins
on the motors ave eccentricity fanlts (static. dynamic or mixed) and broken rotor bars.
One ol the first to confront this topic was Acosta [L o He present a review of some
techmigues to fault detection like Park Vector, Negative sequence and Stator current
analvsis to detect variations or patterns that indicate the presence of a fault. Aftor
the experimentation hie presents thatthe technique used would depend divectly to the
svstem that is going to he analvzed. giving a little advantace to the analvsis of the

stator current.

Subsequently. Mehrjou [H] realized a complete veview ol the existing technigques for

the fault detection and diagnosis. presenting the advantages and disadvautages of sonie

different techniques. e presents analysis by vibrations, thermal analysis and analy-




CHAPTER 3. STATE OF THE ART 6

sis to the stator current. Every technique presented its advantage in the analysis of
some specific parts of the motor, for example vibration analysis presents better results
identifying eccentricities that the others, the problem is that vibrations do not detect
electrical faults [5]. Then thermal analysis presented an advantage to vibrations for its
nltiple fault detection, bearings, eccentricities, shortcircuits and others, the problem
of thermal analysis is that instrumentation has an elevated cost besides it presented
problems to diagnose under multiple fault present. The last technique presented was
the analysis to the stator current. This technique presents good results to detect eccen-
tricities, broken rotor hars, stator and hearing faults, the instrumentation required for
the analysis has an affordable price and the simplicity of the technique made the stator
current analysis one of the most used techniques for induction motor fault detection.
The analysis of the stator current is named Motor Current Signature Analysis (MCSA)

and consists basically in 3 steps:

o ['irst step cousists on the acquisition of the enrrent from one of the motor phasces.

which represents the behavior of the magnetic fields of the motor.

e Second step consists on the transformation of the current from time domain to the
frequency domain based on Fourier transform. The goal of this transformation

is to detect patterns that in time domain is not possible to detect.

o Third step consists on the analysis of those patterns to diagnose the tvpe of the
fault. The patterns used for the analysis ave the presence of harmonics located
at cortain frequency. Depending on the frequency of the harmonic, it is possi-
ble to determine the type of the fanlt [6]. Oue prove of the efficiency of NMCSA
technicue was developed by Neti [T who analyze a motor under aceelerated life
test. The motor was installed to be in extreme conditions of ventilation and it
was turned ou awd ofl constantly by 8 davs. The results were collected every
day to detect the state of the motor and based in the data collected. the systems

preview et motor was going to fail in the Sth day as happenced.

MUSA technique enables the svstem to detect different types of faults like cc-
centricitios and hrokew rotor bars. To detect these faults, 0 is necessary 1o
deterniine the frequency location ol the harmonics and the amplitude of thew.

Rico [8] presents the frequencey location of the harmonies depending on the (vpe

of the fanlt. Tor example, to determine the presence of an cceentricity faunlt i
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the frequency analysis. the harmonics should be presented at frequencies

L — s :

Where:

Jioo 15 the frequency of the fanlt

Jois the supply fregnency

s s the slip {difference between the nechanical speed and electrical speed)
p s the munber ol poles

fois aninteger

Moreover. other athors reports that Eccentricity fault presents harmonics at
frequencies f, = [, = f.. This information was tested and validated by Ra-
O with o model hased in multiple coupled civenit approach and 2D
Moditied Winding Function Theory, On the other hioad. for the analysis of broken
rotor bars. the frequency harnonies ave located to the sidebands of the supply
[requency located at:

,/‘/;/’/; = ( l :t /I\'.\')‘/i\ ())2)

o, 15 the freguency of the Gt
o 15 the supply fregueney
s s the slip

Kois an integer.

These harmonies provide the necessary inlormation to detect broken rotor birs
when the motor 1= workine ac full Toad 100 HH D However, Brizesse 12 reports
one pomt to take o comnt when analvzine hroken rotor barss MOSA presents
vood results 1o detect o low nmnber of broken rotor bars. nevertheless. when
1= analvzed a high mnber of broken hars. the technique presents an eflicieney
lost. For that reason Brozesse presents that the maxnmnn anplitude vadue of
the linmonies ect= when thie conscentive munber of hroken rotor hars reach et
relation Ny, — \\/ S Sihseguentys i ovder to solve that problens Koo 19
proposed an extra pattern for the elassifieation. He showed ol i addivion 1o

the presence of the harmonies present on the sides of the mann freguencey, the
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amplitude of the supply frequency is affected by the state of the rotor. As higher

is the defect of the rotor, lower is the amplitude of the supply frequency harmonic.

Once solved the problem of the number of hroken bars, only an issue misses to
correct. The technique MCSA presents good results for the detection of faults at
full or half load conditions, however when working under conditions of low load
or no load, the effectiveness of the technigue is greatly reduced [14]. For that rea-
son, the next goal was to improve the resolution of the frequency spectrum. One
of the techniques proposed was developed by Benbouzid [15]. Tt was proposed to
obtain the motor current and then to resample it with the use of eigenvalues and
eigenvectors to nullify the presence of noise in the frequency spectrum, the re-
sults obtained showed good results to improve the resolution of voltage unbalance
patterns, nevertheless the techuique was not proved for different types of fault
patterns. Another technique proposed to improve the resolution of the current
was the use of the Hilbert Trausform. The technique is used to emphasize the
local properties of the signal obtained. [t consists in to reduce the negative fre-
quency harmonics to zero and doubling the amplitude of the positive harmonics
with respect of the original signal spectrum component. Even though the sys-
temn presented improve on the resolution of the frequency spectrum, the technique

continued presenting problems to detect fanlts nnder low load conditions {16} [17].

Jung [18] observed that the correct way (o analyze the enrrent system was not
based in the improve the guality ol frequency spectrum. the correet way to do it
was with a correet sample selection for ecach tvpe ol fault. Subsequently Sahraoui
19] presented an algoritln called Relative Harmouie Indexes (RHI) Tt consisted
i1 an atto searching sv=tenm to detect harmonics on the frequency spectrmmn, and

with them generate patterns for hrther analysis,

One point to be remarked 1= that NMotor Ciirrent Signatnre Analyvsis is not an
autonomons technique for fault detection and diagnosis. MCSA is dedicated to
reveal {regueney patterns for the fanlt detection. however. the presence of an
operator Is necessary to make @ correct diagnosis. For that reason. several tech-
niques of pattern classifications have cwerged i order to generate a complete

svstenr of fault detection and diagnosis. The first methodology proposed was

wade it by Chandhury [20]0 TC was proposed to combine MCSA with the sta-
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tistical technique K-means. The methodology consisted in three steps: a) Data
collection for normal operation for a certain period of time b) Generation of the
cluster for normal operation ¢) Compare the data to detect abnormal harmonics.
If the system identify harmonics out of the clusters, it sends an alert that the
fault is present. The methodology presents good results for single faults. However
the complex of the process, statistical techniques presents problems to identify

multiple faults present.

Subsequently, in order to confront the complexity of the process, intelligent con-
trol systems emerged as a possible answer. T'wo different techniques were used
in combination with MCSA to develop a precise fault detection and diagno-
sis system. The first of them was presented by Guedidi {21] who developed a
methodology which combines MCSA and an Artificial Neural Network (ANN)
to classify broken rotor bars in the induction motors. Resulis obtained showed
the cfficicney of the technique to detect single Laults, but tests for multiple faults
was not been developed.  Consecutively, Nordin [22] presents an ANN-MCSA
methodology for multiple types of faults. The patterns selected for the system
were the frequency and amplitude ol the odd harmonics from 1st to the 19th and
the ANN was a Multi-Layer Perceptron. The results obtained shown the ability
of the technique to identify single and multiple faults with a high percentage of
precision. Neverthicless, the methodology carried the problems of the technique

MCSA to identily faults under low load conditions.

The second intelligent technique proposed was Fuzzy systems, Pereira [231 pre-
sented amethodology for shorteireuits on the windings and Zouzou [2-4] for hroken
rotor bars. They estipulate 2 input variables for the detection: the position and
the amplitude of the selected harmonies and one single output: the state of the
motor. Based on the results obtained. it is possible to determine the efficiency
ol the techmigue taking in connt two points. a) the svstem can handle the un-
certainty related with the motor couditions. and b) the svstem can consider the

experience of the operator to determine the amplitude of the harmonies.

However. one last point shiould be highlighted. the impact of the ¢uality of the

cirrent in the analysis. Samaga [25] veports the influence of the voltage unbal-

ance to the eccentricity detection. The problems in the quality of the current




CHAPTER 3. STATE OF THEE ART 10

provoke that cccentricity harmonics increase. generating false alarms. For that
reason a new pattern to recognize voltage unbalance was required. One alterna-
tive is presented by Shady [26]. [t proposed a MCSA-ANN system to detect the
presence of voltage unbalance on the systemn based on the information provided

by the third subscquent harmonic. On the other hand, Fonseca [27] proposed the

analysis of the Total Harmonic Distortion (THD) to detect bad guality in the
supply current. The technique quantify the amplitude of the multiples harmonics
, and identify the distortion of the supply current. This technique presents precise
; information about the quality of the current. making the THD o powerful 1ool
, to detect voltage nnbalances.

Finallv, after the review of the literature there are propose some inprovelnents 1o
the project that will be developed. Tn the exastent methodologies. the technigues
were developed with thie objective to predict oue type of fault. either mechanicad
fanlts (eccentricitios) or electrical fanlts (broken rotor bars). but not both on the
sate process, and i they are able to detect thenn, they present problems whew it is
needed to work under low load conditions. That is why it is wanted to implement
a technique able to detect not just electrie faults but also mechanical faults m
the same analysis. To accomplish that goal the methodology is going to use the

Technique Motor Square Chirrent Sienature Analvsis (MSCSAY. The technigue

was proposed by Pires 28] to identifyv hroken rotor hars an eccentricity fanlts and
bases its function i the saue principle of MOSAD the dillerence of MSCSA s
that the obtained crrrent gers o pre-process 1o sguare it. The ainn of this process
is Lo duplicate the amplitnde of the harmonies reducing the problems of NTOSA
to work nnder low oad conditions. For the paatern classiticanion. Fazzy Tovie
preseured some specifie chiracteristios ke nneortainty handle and the abilicy
to work with variables hased on oo experience. making the Foazzy Tovie the

stuitable techmigue for the project.

i
1
H
i
!
H
{




Chapter 4

Theoretical Framework

4.1 Electric Motors

An electrical machine is a device that converts electrical energy into mechanical
enerey or mechanical energy into electrical energy. When this device 1s nsed to
convert mechanical into electrical energy is naned generator. When the device
is used to convert clectrical energy into mechanical is named motor. In the in-
dustry as in conumon life 15 casy to find these types of clectrical machines like
i fridges. fans, vacuums, blenders. air conditioning and others. All these has a
siinple answer. hecause eleetvical enerey is an efficient source of energy, easy to

maniptlate aud transmit long distances [29].

4.1.1 Clasification

[lectric motors can be classitied according to the current nsed in: Divect Currein
motors (DC). Alternate Cirrent motors (ACY) and universal motors (used for

both tvpes ciurent ).

— Direct Current Motors
DC motor are used when the application where they are going to he used
is important to control the speed and the rotation direction. These motors
are mostly fonud i devices that works with bacteries. In these motors

s necessary to have the same wunber of poles o the stator and 1w the
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rotor to work. They can be classified according to the type of excitation
in: independent, serial, derivation, composed and permanent magnet (the

magnetic field is produced by magnets instead of electromagnets.

— Alternate Current Motors
These motors are the most used on the industry, for the simplicity in their
installation and maintenance, in the actuality these motor is the most used
motor because they have good responding aud they are able to work under
unusial conditions. AC motors are classificd in two more types, synchronous
and asynchronous motors. In turn, AC motors are classified depending on

the rotation speed, the rotor type and phase quantity [30].
* synchronous

* %lS'\'Il(‘,lH’()Il()l s

- single-phasce

auxiliary winding

short-circuited winding

- universal
- three-phase

winding rotor

- short-circuited rotor

4.1.2 Three-Phase AC motors

Motor construction

The basic construction of an clectric wotor is mainly conformed by two parts. a

fixed part called stator and awoving pare called rotor.

Stator
Is the hase operating element. aliows the motor to have a star point where
rotation can be started. There are two stator tvpes:

* salient pole stator

* grooving stator
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Figure 1.1 Motor parts
Adapted from [31]

Fignre 120 Stator tvpes
Adapred frone 31

Stator are mainly constritected by a set of steel shieets (called package). that
have the ability to allow the pass of mngnetic flux throneh them easily:
creating the waenetic ficlds by staror and its windings.
Rotor
[« the mechanical (ransfer element. this part depends on the electrical (o
niechanical enerov conversion. Rotors are o cronp ol steel sheets to form a
package. and can be essentiallv on three tvpes depending on thelr applica-
LIO1L:

+ slotting rotor

salient pole rotor

squirrel cave rotor

Fundamentals of operation

)

Flectvical motors bose thetr fanction e the tse of clectrical ficlds. there are 3

basic principles that describe their operation:

An clectric charvee s induced troveh o condnetor generating o maenetic field

around 1t.
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Figure 4.3: Rotor types
Adapted from [31]

Figure 4.4 Fundamentals of induction motor operation
Adapted from [29]

Aunother condnctor which is eleetrical inducted too. generates and opposite

magnetic field to the first one.

— The repulsion foree between hoth maguetic ficlds develop rotation movement

which is then used for mechanical applications.

The operation principle is based on the rotating maenetic fiekl that creates a
three-phase alternating arrent. The motor is conformed by a pair ol poles per
phiase with their corresponding windings, whose ends are joined in a conmion
poiut. A three-phase balanced voltage svstem is applied at the start point of the

windings. the cwrents flowing each time vepresents dilferent positions.

Lor exanple, in Figuve A4-Lis shown how the rotatinge field of the stator By induces
voltage e the rotor bars. then the rotor voltage produces o current flow in the

rotor that retard the voltage due to the mductance eenerated by itself. finally the

rotor current produces a magnetic field in the rotor By, at 907 hehind her and
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Bpr interacts with B,,., to produce a par in the opposite clockwise direction.

The resulting magnetic field rotates at a frequency of f revolutions per second.
If the machine has p pairs of poles, the speed, in revolutions per minute, would
be [29]
ny = 120- 1 (4.1)
P

4.1.3 Induction Motors

Once, having defined the basies of operation of an clectric wmotor, it continues
with the definition of the induction motor, which bases its operation on the same
priuciple of rotation generated by magnetic fields, however, the induction motor
does 1ot require an external excitation applied to the rotor, it works directly with
the flux generated by the stator.

The operation of the induction motor is based on the action of the rotating flow
cenerated in the stator circuit flow induced on the rotor circuit currents. The
rotating flux created by stator winding, short-circuit the rotor conductors. so
that induced electromotive forces are generated. Assuming that rotor winding is
closed. it is to understand that rotor is induced by electric currents. The nin-
tual action of the rotating flow and the existing currents in the votor conductors.
causes electrodvnamic forces on the conductors, generating the rotation on the

rotor.

The voltage induced i a rotor bar of an induction motor depens on the speed
the rotor with respect to the wagnetic ficlds, To generate an electromotive force
hetween the rotor bars. there must bhe aspeed difference between the votor speed
and magnetic fields. This dilference is called slip. and is defined as the difference

hetween the synchronons speed and the rotor speed. also known as relative speed.

Wi Wiy - s L
s = ———— (X100 (-1.2)
Waine
Equation 1.2 represents the caleulation of the slip in percentage and 1s delined
by the next valnes: s i the slip. w18 the speed of the magnetic fields and o,

iz the rotor mechanical speed i terms of angular speed w (radians per secoud)

[31].
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4.2 Control

A control svstewn is deflined as a set of components that can regulate their own
behavior or the hehavior of another system in order to achieve a predetermined
operation, with propose of reduce faults probabilities and obtain expected results.

There are two types of control, open loop and closed loop control.

Open loop control system: are those where the control inputs are chosen
without regard to the actual system outputs. The performance of such systems
can only be guaranteed il the task remains the same for all time and can be

duplicated repeatedly by aspecific set of inputs.

Closed loop control system: arc svstems where the behavior of the system
is observed by some sensory device, and the observations are feedback so that a
conmparison can be made about how well the system is behaving in relation (o

some desived perforuance [2].

4.2.1 Intclligent Control

Tutelligent control systems are deseribed as the development of control techniques
and methodologies, with the objective to emulate important characteristics of the

human intelligenice:
adaptation
- learning
big data quantity manipulation
[ntelligent control hase its function in a mnuber of teclmiques in order 1o solve
problems that cannot bhe solved with classical control techniques. Among these

problems arve those where it ix necessary to work with Jarge amounts of data. as

well as handling of uneertainty. [eis important to remark that intelligent control

svstens elficiency depends greatly in the quantity and quality data of the process,




CHAPTER 1. THEORETICAL FRAMEWORK

Soft Computing

_ Functional
Approximate Approximation/
Reasoning Randomized

Search

Figure 4.5 Soft computing Techuiques

Soft compnting technignes ave divided i two main areas. Approximate FCASOLILY,

and Funetional approxiation or Randomize searell as 1t is shown ou fgure LS.

This classificarion s ot Lsubsections. who ave the principal technignes of

<oft computing:
- Fuzzy Logic
- Probabilistic models
- Newnral Networks

Gienetice aleorithims
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4.3 Fuzzy Logic

Fuzsy systems are knowledge-based or rule-based systems. The principle of a
fuzzy system consists on the construction of series of IF-THEN rules or also
called Fuzzy rules, where based on the experience or knowledge of the system, it
is possible to establish a relation of the inputs in order to obtain a desired output
An [F-THEN rule, consists in a series of steps in which is establish the result or

response, depending on the action(s) that have occurred. For example:

“IF the speed of the car is high, THEN apply less force on the

accelerator”.

Where the words high” and “less”, are concepts that in first instance does not
represent a nominal value, hut in a Fuzzy system represents a value paramneter.

whicli is next explained.

As mentioned before, the rules of a fuzzy system. are not defined with the use
of nominal values, but these values are related in order o generate an input pa-

ranteter which is called “mewbership function™.

4.3.1 Membership Function

A membership fanction is a universe of valnes which belong to o defined set.
Consider X as a collection of values denoted by o then o fuzzy set i o s

defined as aset of ordered pairs given hy:

A=drgp (XN e VY (-.3)

e

Where goy(a) s called the membership function M7 for the fuzzy set oL The
M I maps each element ol o o a membership value between 0 and 1L It is obvious
that if the value of the miembership function oy () is restricted to either O or L.
then A s reduced 1o a classical set. and jry () 15 the characteristic lunction of A.

Ustally X s referred to as the aniverse ol discourse. or siimply the universe, and

it iy consist of discrete (ovdered or wordercd) objects or continuous space.
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The construction of a fuzzy set depends on twao things: the identification of a
suitable niverse of disconrse and the specification of au appropriate meibership

fimetion.

For example. 11 the case of the cars the values of Thigh” and 7less™ are next

described:

Flenre LG: NI for Hieh Fiewre L7 NMFE for Less

On the ficnre LG can be observed that when the speed of the car is lower or equal
to 10 mph. the mewbership prade is zevoo when thie speed of the car passes the
value of 0mph. the degree of membership begins growing nntil reach GOmpl.
where the deeree of mewbership reaches the value of 1. This vepresents that for
this fimetion. lower or equal velocities 1o hnph hias 1o high speed cliaractoris-
ties. values from Glhuph and higher ave cousidered totally high speed. and the

vadues hetween 10-601mph bave certain pereentage of higlt speed.

Ficwre 17 <hows that the value~less” starts in zero. pass throngh 1 hut ends
zoro agadi. which can be mterpreted that this fnnction has just one avea which
represents the valueless™ and the rest of the values higher can be defined as tou

nielr foree.

As 1 the examples shown. the membership netion of every vadue should ot
to have the same class, there are different classes of ME's depending on the

complexity required. Next. o few classes of parametrized M7 s are desertbed:

Singleton Membership Function

The sineleton M maps a real vadued point o< 07 ito a fizzy sineleton AV in £

which s membership value Tar o and O ar all othor polnts i 00 that i
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1 if r=a
’ T = 44
Ha@ {0 otherwise (44)
A
1 ®
0 a »

Figure 4.8: Singleton Membership Function

Triangular Membership function

The triangular MF maps z € U into a fuzzy set A" if the membership function

has the following form:

r—a if a<zr<a
a—a
Har(z) = g%z if a<z<p (4.5)
0 otherwise

Where a is the center (peak), o > 0 the left width and 8 > 0 the right width,

this means, support is (a — «,a + ).
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4
1

™

m o = = = = e e —

a

B

Figure 4.9: Triangular Membership Function

Trapezoidal Membership Function

The triangular MF maps z € U into a fuzzy set A’ if the membership function

has the following form:

o if a <
a—« -
1 if a<z<b
Panzy = § - 4 (4.6)
?3_—? if b<z <

0 otherwise

Where [a, b] is the tolerance interval, & > 0 the left width and 3 > 0 the right
width, this means, support is (a — a. b+ f3).

_— —
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Figure 4.10: Trapezoidal Membership Function

4.3.2 Fuzzy Rule Base

Structure

A fuzzy rule base consists of a set of fuzzy IF-THEN rules. It is the heart of
the fuzzy system in the sense that all other components are used to implement
these rules in a reasonable and efficient manner. Specifically, the fuzzy rule base

comprises the following fuzzy IF-THEN rules:

RuY : [F x)is AL and ... and x,, is A" THEN yis B (4.7)

Where A! are fuzzy sets in U; C Rand V C Rrespectively, and z = (21, 29, ..., z,)7 €
U and y € V are the input and output (linguistic) variables of the fuzzy system,
respectively. Where A is the number of the rules in the [uzzy rule base; that is
[=1,2,....M in 4.7

In fuzzy systems, human knowledge is represented in a fuzzy IF-THEN form, this

means

Properties

A set of fuzzy IF-THEN rules is complete if for any € U | there exists at least

one rule in the fuzzy rule base, say rule Ru!") (in the form of (4.7)), such that:
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MAg(iz') #0 (4.8)

Intuitively, the completeness of a set of rules means that at any point in the input
space there is at least one rule that "fires”; that is, the membership value of the
IF part of the rule at this point is non-zero.

A set of fuzzy IF-THEN rules is consistent if there are no rules with the same IF
parts but different THEN parts.

A set of fuzzy IF-THEN rules is continuous if there do not exist such neighbouring
rules whose THEN part fuzzy sets have empty intersection. Intuitively, continuity
means that the input-output behavior of the fuzzy system should be smooth.

There are a great gamma about fuzzy rules depending on the interpretation an
the use of the operators (t-norms, s-norms and complements), however, one of

the most used is the Mamdani implication, so next will be described:

Mamdani implication, uses the min or algebraic product in p = ¢ =pAgq.
This means, IF-THEN rule is interpreted as a fuzzy relation QM with the MF’s

HQua (1‘,'}/) = man (/LF'P1($)7 /Lsz(y)) (49)

or

IU’QMP(:E’ y) = HKFP (:E)/"FPz (y) (4'10)

4.3.3 Fuzzy Inference Engine

Although fuzzy rules represent the knowledge and control strategy of the system,
wheu a specific input value is establishied, it is necessary to use a tool in order to
calculate the result of the output variables. For this action it is necessary Lo use
an inference machine, which is the responsible of generating a single set based on
the stipulated rules, which have an individual output variable, aiming to obtain

a joint response as the system output.

There are several inference engines, based on the needs of the system, however,
two of the most used inference engines are next described: Mamdani(max-min)

and Takagi Sugeno.

-
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Mamdani Inference Engine

The fuzzy implication is modellde by Mamdani minimum operator and the sen-
bence connective also is interpreted as origin the prepositions and dcfined by max
perator.

"

The firing levels of the rules, denoted by «;, i = 1,2 are computed by

ay = Ai(zo) A Bi(yo), 1 = A(o) A Ba(yo) (4.11)
The individual rule outputs are obtained by

Ci(w) = (a1 A C1(w)), Cy(w) = (aa A Ca(w)) (4.12)

‘Then, the overall system output is computed by joining the individual rule out-
puts
C(w) = Ci(w) V Cq(w) = (a1 A Cr(w)) V (ag A Ca(w)) (4.13)

[

inally, to obtain a deterministic control action, it is employed any defuzzification

strategy.

/4\ 5 o)
/
/ \ A
\ [\
4 8. C,
i f\
Ko /A

IFigure 4.11: Inference with Mandani’s Implication operator
(adapted from [2])

‘Takagi Sugeno Inference Engine

Sugeno and Takagi use the following architecture

Ry: if ¢ is Ay and y i1s By then zy = ajz + by

also
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Rs: if z is As and y is B, then 2z, = asx + bay
fact : x s Tp and y is P
Consequence: 20

The firing levels of the rules are computed by

o) = Al(.To) A Bl(yo), ) = Al(io) A Bg(yo) (414)

The individual rule output are derived from the relationship
z¥1 = a1%o + b1Yo, 2*2 = a2z + bayo (4.15)

and the crisp control action is expressed as

ES g *
2o = ME*LFO22% (4.16)
a1+

If we have n rules in the rule-base then the crisp control action is computed as

2 = i=1E (4.17)

n .
O4=1 0

Where a; denotes the firing level of the i —th rule,i=1,...,n.

Figure 4.12: Inference with Takagi Sugeno Implication operator
(adapted from [2])

4.3.4 Defuzzification

Once, having obtained the output of the system, the response obtained is given

into a fuzzy set, but in most of the control processes, the output desired should
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be given in to a nonfuzzy number, also called crisp. Consequently, one must

defuzzify the output inferred from the fuzzy control algorithm, namely:
20) = de fuzzifier(C) (4.18)

Where 2, is the nonfuzzy control output and defuzzifier is the defuzzification
operator.

Defuzzification is a process to select a representative element form the fuzzy out-
put C inferred from the fuzzy control algorithm.

The most often used defuzzification operators are:

Center of Area / Gravity

The defuzzifier value of a fuzzy set C is defined as its fuzzy centroid:

[2C(2)dz
[ e(z)dz

The calculation of the Center of Area defuzzified values is simplified if we con-

(4.19)

20 =

sider finite universe of discourse W and thus discrete membership function C(w),

[32][2].
ox;C(z;dz)

oc(z;)

(4.20)

Zy =

center-of-gravity

/

Figure 4.13: Center of Area defuzzification method
(adapted from [32])
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First of Maxima
The defuzzified value of a fuzzy set C is its smallest maximizing element.

zp = min{z|C(z) = mazC(w)} (4.21)

mean of maxima
smallest of maxima

largest of maxima

<Y

Figure 4.14: First of Maxima defuzification method
(adapted from [32])

4.4 Motor Current Signature Analysis

Motor Current Signature Analysis (MCSA) is a technique which base its function
on the monitoring of the stator current to detect sidebands around the supply
frequency, identifying the type of the fault depending on the sidebands magnitude

and location, for example eccentricity or broken rotor bars.

4.4.1 Fault Detection by MCSA

In order to detect faults with the use of Motor Current Signature Analysis it is
necessary to obtain a frequency spectum which has important information about
the behavior of the motor. In the spectral are showed important paterns like the
supply frequency and sidebands which represents the type and the magnitude of

the fault depending on the location and the amplitude of the harmonic [4].
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4.4.2 Healthy State

If it is considered an ideal motor in power and voltage conditions it is possible to
observe an amplitude increase on the supply frequency trough the next formula
4.22.

1q(t) = Imazcos(wt) (4.22)

Where [,,,; is the maximum value of the fundamental supply phase current.

Amplitude {dB)

Frequency (Hz}

Figure 4.15: Stator Current Spectrum in Healthy State

4.4.3 Broken Rotor Bar

If an induction motor with broken rotor bars is considered, it is possible to detect
patterns on the frequency spectral. In first instance, broken rotor bars produce
variations in the magnetic field of the motor, which results in the appearance
of harmonics of rotating field, which induces magneto-motive forces which even-
tually lead to the appearance of harmonics in the supply current to the motor.
Consequences of these are mechanical vibration and loss of torque or driving
torque [18]. It is possible to observe a peak on the supply frequency and two
sidebands around it. To obtain this spectral it is necessary to process the phase

current with the next equation.

ia(t) = Imgzcos(wt) + Ligeos[(1 — 2s)wt] + Lpcos|(1 + 2s)wt] (4.23)
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Where:
I,.0, is the maximum value of the fundamental supply phase current.
I is the maximum value of the current lower sideband component.

I, is the maximum value of the current upper sideband component.
In the figure 4.16 is possible to observe an example of the frequency spectrum

which highlight a peak on the supply frequency and sidebands at the frequencies
(1 — 2s)fs and (1 + 2s) f, respectively.

fs

(2+s)fs

Amplitude (dB)

Frequency (Hz)

Figure 4.16: Stator Current Spectrum with broken rotor bar

4.4.4 Eccentricity

There is a gap between the rotor and the stator of the motor called “Air Gap”.
If the Air-Gap is not well distributed in the 360°, a fault known as eccentricity
could be produced. There are basically two types, static in which the rotor is
eccentric but fixed in a place; and dynamic eccentricity, in which the shaft has
an unbalance and the rotor is rotating around the air gap. These faults cause
unequal magnetic fields on the motor, that ultimately result in insulation faults
and bearings faults [14]. In order to obtain this spectral, it is necessary to process

the phase current with the next equation.

ia(t) = Ingzcos(wt) + Ligpcos[(w — we)t] + Tuspl(w — wr)t] (4.24)

In the figure 4.17 is possible to observe an example of the frequency spectrum
which highlight a peak on the supply frequency and sidebands at the frequencies
(fs — f-) and (fs + f») respectively.

R R R R e — ——————— — = s A i m — —
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Amplitude (dB)

Frequency (Hz)

Figure 4.17: Stator Current Spectrum with Eccentricity

4.5 Motor Square Current Signature Analysis

Such as in MCSA, in this technique (MSCSA) a frequency analysis is performed
on the stator current, however the technique presented uses the square of the
current, which facilitates the detection of patterns indicating the existence of
faults. The technique bases its methodology in 3 main steps. 1) Acquisition
of the stator phase current in operation 2) processing the square of the current
obtained by formula (4.25) ; and 3) Analysis of the square of the current through

the frequency spectrum with the use of Fourier transform [28].

4.5.1 Normal Operation

The frequency spectrum for a healthy motor can be obtained by the processing

of the stator current with the use of the next formula 4.25

I2 I2. cos(wt)
-2 ) = mar mazx 4.25
1’&( ) 2 2 ( O)

Where:
I ez 18 the maximum value of the fundamental current.

w is the angular frequency w = 2n f;

In the obtained frequency spectrum it is possible to detect the fundamental fre-

quency on 2f, and a DC component as is showed on the next figure
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Amplitude (dB)

Frequency (Hz)

Figure 4.18: Stator Square Current Spectrum in normal operation mode

4.5.2 Broken Rotor Bar

in the case of broken rotor bars detection, the frequency spectrum is given by the

next formula:

. Igmr I} I 112naar
Zi(t) = (T + % + UTS[)) + (T + Ilsb[usb> COS(QWt) (426>

+(Ima.r[l.sb + ]mam[u.sb)COS(QS(’Jt) —+ (Ilsb['usb)005(4SWt)

+{(LnazL1sp)cos(2(1 — $)wt) + (Lmaz Lusp)cos(2(1 — s)wt)

[[25b jzsb
+7c05(2(1 — 2s)wt) + —2——005(2(1 — 28)wt)

Once obtained the frequency spectrum 4.19, it is possible to detect a DC compo-
nent, a 2 f, frequency component and sidebands on the frequencies 2(1£2s) fs. In
addition, the spectrum presents components at frequencies 2sfs, 4sfs, 2(1 — s) fs
and 2(1 + 2s)f;. These new components allow an early detection of broken or

cracked rotor bars [28].
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nC 2fs

Irsfs (1-s)2fs |l (1-s)2f5

Amplitude (dB)

Frequency (Hz)

Figure 4.19: Stator Square Current Spectrum with Broken rotor bars

4.5.3 Eccentricity

For rotor eccentricity, the instantaneous square phase current is given by 4.27,

highlighting new frequency components indicating the fault existence.

- [73701 ]23 ]53 D [7?’7/(1.1
o(t) = (T + —lQ‘b + #) + ( 5 T -[lsb]usb> cos(2wt) (4.27)

+(Ima.r]lsb + Imax[usb>co's(wrt) + (Ilsbjusb)COS(QW'rt)

+(Lmaxd1sp) 08 (2w — wi)t) + (LnaxLush)cos((2w + w;)t)

I} I?
—l——?cas((?w — 2w, )t) + UTSbcos((Qw + 2w, )t)

The spectrum in figure 4.20 shows a DC component, a frequency component
2f,, and sidebands at 2f, = f,. But also additional components at f,, 2f. and
2f, —2f,. Thus, even for a motor with rotor eccentricity there are new frequency

components that can be used for highlighting the detection of this type of fault
[28].
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Amplitude (dB)

2fs

(2fs+fr)

(2fs- 2frj

Frequency (Hz)

Figure 4.20: Stator Square Current Spectrum with rotor eccentricity

33




Chapter 5

Methodology and

Experimentation

The methodology proposed for the project is described in 4 steps:

— System Construction and Learning

a. Acquisition of the signals in normal operation mode and faulty mode.
The signal required for the analysis is just the stator current in one
phase of the motor, in order to know the behavior of the motor. In
this part of the process, signals will be obtained through the support of
National Instruments’ data acquisition cards (DAQ) and the software
of the same company LabVIEW ®).

b. Pre-process the signal obtained with the use of mathematical techniques

in order to improve the resolution of the obtained signal and reduce the
presence of noise.
To achieve this, techniques like Relative Harmonic Indexes (RHI) will
also be required, in order to work in presence of noise, because this
technique needs, a certain number of patterns in specific positions to
make a proper detection.

c. Generate the databases for both states (faulty and healthy state) that
will be used later to compare the signals with the other obtained in the
continuous monitoring. The database that will be generated, will be

made mainly for three classifications:

34
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« Healthy State: represents the function of the motor in the normal
operation mode, this means that the motor is working under the
parameters specified by the manufacturer, (Typically 10% of under
and over load).

x Faulty State: For this case, the classifier will have two types of

faults. The system will identify between, electrical and mechanical
faults, and also different types of severity (low severity and high
severity)
Electrical faults are refer as faults on the rotor of the motor, more
specifically broken rotor bars. Mechanical faults are refer as ec-
centricity on the shaft of the motor (dynamic eccentricity, static
eccentricity and mixed eccentricity).

d. Introduce the data obtained into the classifier in order to train the tech-
nique. The classifiers proposed to develop in the project are: a)Fuzzy
logic systems and b)Neural Networks, and the input variables are, the
frequency and the amplitude of the signal obtained after the pre-process
of the current.

e. Confirm the performance of the train, if it was successful go to step 6,

if it was not successful pass to step 1 and repeat the process.

— Constant Motor Monitoring
a. Start the continuous monitoring to obtain the current signal of the mo-
tor. In the same way that in the first step, DAQ will be connected
in one phase of the motor connection, and the signal is going to be
obtained on-line. It is worth to be mentioned, that the speed of the re-
sponse of the program, (including the acquisition, the pre-process and
the classification), depeuds totally on the capacity of the systeun and

the specifications of the hardware.

— TFault Detection
a. Pre-process the signal obtained with the use of mathematical tech-
niques,(like Relative Harmonic Indexes, that have mentioned before on
step 2), in order to improve the resolution of the signal obtained and
reduce the presence of noise.
b, Introduce the data obtained into the classifier and identify if there 1s a

fault presented, if the system detect a fault go to step 9, if the system
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does not detect a fault pass to step 6 and repeat the process.
— Fault Diagnosis

a. Classify the type of the fault and severity, depending on the amplitude
of the harmonic.
Once detected the failure in the motor, the system will conduct two
activities:
* The first one, is to diagnose the type of failure that is presented,
this means, identify if the fault is electrical (broken rotor bars), or

if the fault is mechanical (eccentricities).

* The second part of the detection, is to determine the severity of the
fault.
If the fault has a low severity, the system will send an alert indicat-
ing that fault is presented, but also, a message that shows which are
some possibles reasons of the fault, and how, the machine manager
can correct it.
If the fault has a high severity, the machine is going to stop in-
stantaneously, (in order to prevent a disaster) and in the same way
that in low severity, the system will send a message indicating the
possible reason of the fault, and how to correct it.
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- System Construction
. Monitoring
- Detection
. Diagnosis

Figure 5.1: Methodology Diagram

In summary the process works as follows:

By the acquisition of the data, a current signal will be obtained, this signal will
be represented by a vector magnitude "nx1”, where "n” is equal to the number
of observations Then, a pre-process will be made to the vector obtained (by
using fast Fourier transform) with the objective of obtaining the variables that
would indicate the presence of the fault (amplitude and frequency), that will be
represented as an array of magnitude "nx2” where the first column represents
the value of the amplitude of the harmonic, and the second column represents
the frequency at where the harmonic is located.

Once these values are obtained, the matrix of "nx2” will be introduced into the
classifier system (fuzzy logic) in which the classification will be performed, based

on the stipulated rules.
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The fuzzy system to be used will be a multiple input - multiple output.
the inputs of the system will be:

— Amplitude
A = A,y — Aactual (5.1)

— Frequency

Some Fuzzy relations:

— IF the Frequency is "E.left” AND the Severity is "Low” THEN the output
will be: "Broken Rotor” Bar with ”Low severity”

— IF the Frequency is "M.Right” AND the Severity is ”High” THEN the out-
put will be:” Mixed eccentricity” with ”High severity”

— IF the Frequency is "M.Left” AND the Severity is " Health” THEN the out-
put will be:” Normal Operation Mode”

And the outputs will be:

— Type of fault

¥ Electric Fault

(F-(1-1.18)2f.) _ : .
A (1_0(%.1))21} . if (1-11s)2fs <F < (L —s)2fs (5.3)
e e if (1= s)2fs < F <(1-09s)2f
(F-(+09920) ¢ (14 09s)2f, < F < (L+5)2fs
HFgrign = (1+1(({:))2f} -F (5.4)
eron =\ GHIELSE (1 s)af, < F < (14 115)2fs
x Mechanical Fault
F0902f - f:) ;¢ » - ; g
jir _ O.I(Qf,'-—T)l Zf 09(2f> - fT) S F S (2fs fr) (55)
it T\ B BSE if(2fy - ) < F S LIRS F)
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F_09£2f5+fr)
iy = | o0 OO A ) S TS @RS g )
" 0(1{28;-{}1- Zf (2fs + fT) F S (2fs + f'r)

— Severity of the Fault

* Normal Operation Mode

A 4f 0<A<10
/’l’Aheallh = { 1 10 (57)

B4 gf 10<A<15

+ Low Severity

A 4f 15<A<20
KA, = b (58)

B4 if 20<A<25

* High Severity
A-25 .

PO S if 25<A<30 (5.9)

Amiah T ) B5-A if 30 < A < 35

5 « —

Finally, based on the values obtained at the outputs of the Fuzzy systems will be
possible to determine which activity should be performed:
— Allow the motor to continue running if it is under normal operation mode.

— Report that there is a fault present and send the message with the corre-

sponding correction if the severity of fault is low.

— Stop the motor and send the message with the corresponding correction if

the severity of fault is high.
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For this project, the work was carried about the detection of faults in electric
motors by analyzing the current of one of the motor phases for its further analy-
sis. Experimentation consisted basically in two steps, the first was the simulation
of faults with the use of Multisim™ software. The second consisted in the per-
formance of proofs directly to 2 motors installed on the workbench for test of
analysis and fault detection. The tests developed are next described:

1. Eccentricity.
2. Broken rotor bars.

3. Voltage Unbalance.

The first step of the experimentation consisted on the simulation of the motor
current, on two different behaviours; Normal operation mode, and Faulty mode
with different levels of severity. The simulation were realized on a digital software
(Multisim™) which emulates the performance of an electric circuit, in order to
obtain a similar performance of an AC motor.

First, motor current was obtained in normal operation mode, for two different
charge levels (full load and half load), then the motor current was obtained for
faulty mode in two different scenarios, low severity and high severity.

To emulate the faults it was developed a system based on a motor’s star con-
nection as shown in figure 5.2. In the connection were established shortcircuits
between the resistors in one phase of the motor, these shortcircuits generate an
wibalance or fAuctuations on the stator current whiclh represeuts or emulate the
behavior of an induction motor with broken rotor bars. The levels of fault were

delimited by the connection of the resistors as are explained on table 5.
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- Ty

Figure 5.2: Stator Supply connection

Table 5.1: Connection table

Motor State | Level of Severity | Resistors Connections
healthy 0 1-2, 3-4, 5-6

Low severity 5% 1-2-3-4, 5-6

High severity 10% 1-2-5-6, 3-4

Once the signal is obtained, is proceed to perform some processing for the pur-
pose of obtain patterns that would indicate the existence of faults, (in this case,

specifically broken rotor bar).
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5.1 Experimental setup

5.1.1 Work bench

Once, having tested the technique by simulation, it was proceeded to validate the
technique directly to the squirrel cage induction motors located at the laboratory
of analysis and fault detection provided by COMIMSA (Corporacién Mexicana

de Investigacion en Materiales S.A. de C.V.).

The workbench for analysis and fault detection tests consists of 4 main parts:

— Two squirrel cage induction motors, 1 and 3hp, respectively (specifications

on table 6.2 ) where the faults can be induced.

— Data acquisition system, composed by current sensors (ACS712) and a data

acquisition card (DAQ) (specifications on table 6.3).

— Load simulation system (developed specifically for this project by the work-

ing group)

— Interface for data manipulation and processing.

tnduction
Motor

Figure 5.3: a)Connection Diagram b)Data acquisition system
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Table 5.2: Motor specifications

Power 1 hp/0.75 kW | 3 hp/2.24 kW
No. Poles 6 6
Voltage 230V 230 V
Supply Frequency 60 Hz 60 Hz
Torque 4.56 1b-ft 13.41 Ib-ft
RPM 1200 1200

43

Table 5.3: Data acquisition system specifications

Data acqusition card | NI-9201
single-ended channels 8
sample rate 500 kS/s
measurement range +10V
resolution 12-bit

Tests were developed for 3 specific faults: eccentricity, broken rotor bars and
voltage unbalance; and for each fault, two different levels of severity: low severity

and high severity.

In order to perform a successful implementation, some elements were required
to simulate the faults and their different load levels. Those elements are next

described.

For eccentricity fault simulation:

— 2 motor bushing of 0.75 and 1.375 inches of dianieter respectively, to couple
the slotted discs.

— 2 slotted discs (specifications on Table 6.4) used to attach the counter-

weights.

— Different counterweights to simulate the level of eccentricity.
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For the proper implementation, the bushings required a machining, more specifi-
cally, a drilled on the external face for an oppressor’s installation with the objective of
adjust the bushing to the shaft.

The discs has 2 slots at the ends in which different weights are installed with the purpose
of generate an unbalance on the rotor, similar behavior presented by an eccentricity

fault. In the same way as the bushings, slotted discs were designed and manufactured.

Table 5.4: Slotted Discs specifications

Diameter 6 in 8 in
Drill Diameter 0.6m | 0.6iIn

Distance from the center to the external slots | 2.20 in | 3.7 in

Distance between slots 44in | 7.5 1in

Figure 5.4: a)Bushing oppressor b) Slotted Disc

For load simulation:
e A calliper, used to brake the disc and simulate different level of load
e A brake pump; it was required to control the aperture level of the calliper.

These elements were installed at the end of the disc, in order to break the disc and

thus to simulate different loads applied to the motor. 5.5
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Figure 5.5: Load simulation system

For voltage unbalance, three power resistors were necessary, two of 1kW and 10

ohms each one and other of 1kW and 5 ohms. Resistors were installed in one phase of

the motor (as seen on figure 5.6) with the purpose of generate different levels of voltage

unbalance in order to known the behavior of the motor on these conditions.

Figure 5.6: Power resistors installation

For broken rotor bars, no way to simulate faults without damaging the motor was

found. Based it was decided to make one and two drills on the rotor in order to broke
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1 and 2 rotor bars, depending on the severity level of the fault, respectively (Figure
5.7).

Figure 5.7: Broken rotor bar

5.1.2 Data processing interface

The interface for processing and manipulation of data, was developed as follows in 4

principal phases:

e Acquisition phase: The current of one of the motor phases is acquired with the
use of a current sensor (ACS 712) and a Data Acquisition Card of National

Instruments™

(NI-9102) for further processing. It is worth to be mentioned
that a sampling rate of 100 ks was used for data acquisition, as well as a low-pass

filter in order to reduce bad-functions in the signal

e Processing phase: This phase has two main steps; a)The processing of the signal
in order to raise the current to square, with the objective of have better resolution.
b)In order to obtain the patterns of the harmonics, it was transformed the current
from time domain to frequency domain with the use of a spectrogram, used
to detect the fault. (Both processes, data processing and transformation were
realized with the use of LabVIEW™ software.)
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Figure 5.8: Connection diagram for data acquisition

The figure 5.8 presents the program developed for the data acquisition, the first
block is used to determine the type of the variable to read, the second block
is used to determine the acquisition speed (200 ks/s) and then the start block.
Subsequently a loop was established to generate a constant reading; Inside the
loop a block to read the signal obtained and other to visualize it in the front
panel. Finally out of the loop, a block to reset the data collected to make a

continuous acquisition system.

e Analysis phase: Once, having the signal in frequency domain, specific frequency
harmonics were selected, identifying their location and amplitude to be used later

in the detection phase.

1 “MSCSA" Defa '!'
[ EEE

Figure 5.9: Connection diagram for data processing




CHAPTER 5. METHODOLOGY AND EXPERIMENTATION 48

Figure 5.9 presents the part of the program dedicated to transform the signal
from time domain to frequency domain and consequently to select the harmonics
for patterns recognition. The first block, located at the top left-hand corner is
used to square the current. The blocks located at the center on the top are in
charge to convert the signal to the frequency domain and then to display the
graph to the front panel. Next blocks located in the center from the top to the
bottom have the same purpose, the first block is used to select an specific part
of the periodogram (depending in the range of the selected harmonics) and the
next block is used to get the information about those harmonics (frequency and
amplitude). Finally at right at center, all the variables selected are joined in to

a single array as the input for the fuzzy system.

o Detection phase: In this part, the selected patterns (frequency and amplitude)

were introduced in a Fuzzy system to detect the type and severity of the fault.

Figure 5.10: Connection diagram for fuzzy controller

The last part of the program (shown on figure 5.10) is dedicated to the detection and
-diagnosis of the fault with the use of a fuzzy system. The first two blocks are used to
determine the fuzzy system saved on the computer. The next block shown on orange, is
the array obtained on the processing part of the program and is introduced to the fuzzy
system. In this case, the system used is a Multiple Input Multiple Output (MIMO).
Finally on the right side of the loop, the outputs obtained from the fuzzy system (fault
type and severity) are unbundle and displayed in a graphical way, represented as the

leds and the progress bar shown on the front panel of the interface.

—
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5.2 Eccentricity

The bushing and the slotted disc were installed to the shaft and 40 runs were executed
with the aim to know the behavior of the motor on normal operation mode. Next,
different counterweights were added in one of the slots of the disc in order to generate
an unbalanced on the shaft, simulating an eccentricity fault (as it is show on Figure

5.11).

Figure 5.11: Eccentricity Fault simulation

To determine the counterweights required to generate different levels of fault sever-
ity, 120 proofs to each motor were carried out. After to determine the counterweights,
80 runs were developed to determine the weights and 40 to test them. Table (6.5)

shows the counterweights.

Table 5.5: Counterweights definition

Operation mode Counterweight
. 1 hp 3 hp
Normal 0 grs. 0 grs.

Low severity Fault | 50 grs. | 200 grs.

High severity Fault | 100 grs. | 400 grs.

To signal analysis, 2 methodologies were used, MCSA and MSCSA, in order to

show the advantages of working with the square current.
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Once obtained the current signal and having preprocessed it with the use of a
spectrogram, it was started with the analysis, which basically consists of two steps. The
first is a visual analysis directly to the graph aiming to identify highlighting harmonics.
The second one is to make a numerical analysis of those harmonics, gathering precise

information about the frequency and amplitude of the selected harmonics.

5.3 Voltage Unbalance

One of the objectives of the project, was to developed a system to detect different types
of fault (eccentricity and broken rotor bars), but also to create a system able to work
with noise presence, more specifically, electrical noise.

Therefore, the aim of this part of the project, was to determine a new pattern that
could give information about the quality of the supply current, in order to differentiate
between a fault occasioned by a problem on the electrical current, or a fault directly

in one of the principal motor parts.

Figure 5.12: 10 ohms 1kW power resistors

One of the existing techniques used to identify the quality of the supply current, is
THD (Total Harmonic Distortion) which is defined as the relative signal energy present
at non-fundamental frequencies. [33].

Harmonic distortion occurs when the output signal of a system is not equal to the input

signal, frequently affected by the presence of different devices on the same network,
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generating distortion on the signal (multiples of the supply current) that can cause
problems on the performance of the electrical equipment.

To validate the efficiency of the technique, several tests were developed. They con-
sisted on the installation of different power resistors in one of the phases of the motor
to generate a different voltage according to the other two phases in order to cause a
voltage unbalance on the motor, that represent a bad quality on the current.
Subsequently, the generated signal was analyzed with the spectrogram to determine
the Total Harmonic Distortion of the current to collect information about the motor

behavior under these conditions.

This part of the project consists basically into two steps. The first, was to analyze
the current on normal operation mode without voltage unbalance. However, with the
purpose of provide a tolerance range to the system, getting the possibility of work in

presence of noise, tests with certain unbalance were developed.
The second step of the project was to analize the current under faulty conditions. In
this case, faulty conditions were constituted by 2 levels of fault: low and high unbalance

voltage. The specifications of these unbalances are next described.

Table 5.6: Voltage Unbalance Specifications

Fault level Power resistor | Voltage Unbalance | THD

Normal Operation 0-5 Q 0-7 Vac 0-3 %

Low severity 10 Q 20 Vac 7-9 %
High severity 20 Q 32 Vac 19-21 %
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5.4 Broken Rotor Bars

The simulation of broken rotor bars consisted basically on three steps: monitoring and
diagnosis of the motor current in normal operation mode, monitoring and diagnosis
of the current with one broken bar and with with two broken bars. It is worth to be
mentioned, that for each operation state, 2 different load conditions were required, low
load condition and high load condition.

In Figure 5.13 is shown the rotor without used to tests, without damage, representing

the normal operation mode.

Figure 5.13: Rotor without damage

Subsequently, it was proceeded to perform tests under faulty mode, in low severity

(one broken bar) and high severity (two broken bars).

To induce this fault, it was necessary to drill holes in the external face of the rotor.
In case of low severity, one hole was necessary and in case of high severity, two holes
were required. It should be noted that for each level of fault, different load conditions
were required. In case of low load level, the slip was established in the range 0.0083 -
0.0125 and in case of high load condition, the slip varies from 0.0208 to 0.029.

Figure 5.14: Damage rotor a)One broken bar b)Two broken bars
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Results and Discussion

6.1 Results

The first part of the experimentation was the Fault simulation via software, results
obtained are next explained:

Magnitude (d8)

ﬁmlﬂn

Figure 6.1: MCSA healthy state

H‘qu-nl:vlﬂﬂ
Figure 6.2: MSCSA healthy state

Figures 6.1 and 6.2 shown results for the signal obtained on normal operation mode,

where it can be observed just the patterns f, for MCSA and for MSCSA a DC pattern
and the fundamental frequency on 2f;.

On the next figures are presented result for both techniques in faulty state, with a
low level of severity. In the figure 6.3 can be observed that MCSA present patterns in

the frequencies (1 — 2s)f; and (1 + 2s)/, that indicates the presence of broken rotor
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bars in the motor.

Figure 6.3: MCSA high severity fault

In the case of MSCSA the frequency spectrum shows patterns on the frequencies
{1+25)2f, but also on the frequencies (1 +4s)2f, and (1 & 6s)2f,, which represents a
little advantage over MCSA because it has greater detection features. Figure (6.4)

Magnitude (dB)

Frequency (Hz)

Figure 6.4: MSCSA high severity fault

But, the greatest advantage that presents MSCSA over MCSA is presented when
the motor is under low load conditions, because MCSA is not able to detect patterns. In
case of MSCSA it is possible to observe some patterns (2f, 4fs, 6fs, 8 fs) that indicates

the fault under these conditions. Figure (6.5)
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Figure 6.5: MSCSA low severity fault
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6.1.1 Eccentricity

For eccentricity tests, results are next explained. On the first graphs, showed on Figure
6.6, can be observed the frequency spectrum of the normal operation mode for both
motors(a)lhp b)3hp), which shows just one remarkable harmonic on the main frequency
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Figure 6.6: MCSA Frequency spectrum of Normal Operation Mode a)lhp h}3hp

The graph shown on figure 6.7 presents the frequency spectrum corresponding to the

current analysis of the eccentricity fault at low severity. It is possible to see significant

harmonics at frequencies f; + f, warning about a bad function on the motor.
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Figure 6.7: MCSA Frequency spectrum of eccentricity fault with low severity a)lhp
b)3hp

Observing the figurce 6.8, corresponding to the high severity fault. It is possible
to see the amplitude increase on the selected harmonics when the unbalance is higher

denoting the amplitude as the pattern used to detect the severity of the fault.
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Figure 6.8: MCSA Frequency spectrum of eccentricity fault with high severity a)lhp
b)3hp

Based on the results obtained, 3 principal frequencies were established as patterns

to make a correct diagnosis. The rotor frequency f. located at 20 Hz, rotor frequency

less supply frequency f.— /. located at 40 Hz, and rotor frequency plus supply frequency
fs + fr located at 80 Hz. The determined values are showed in Table 6.6.
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Table 6.1: MCSA detection patterns for eccentricity

Normal Operation | Low severity | High severity
Frequency Amplitude
20 Hz 0dB 0-5 dB 5-10 dB
40 Hz 0-5 dB 5-15dB 15-25 dB
80 Hz 0-5dB 5-10 dB 10-20 dB

After the analysis with the current in normal operation, it was continued to perform
the analysis with the square current, aiming to detect more patterns and also maximize
the spectrogram resolution.

For this technique, it was necessary to preprocess the current signal, to raise it to
square, and consecutively transform it from time domain, to frequency domain (both
processes were developed on LabVIEW ®) software).

In Figure 6.9 can be observed a simple harmonic on the supply frequency, at 2f;,

indicating that the motor is working in normal operation mode.
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Figure 6.9: MSCSA Frequency spectrum of Normal Operation Mode a)lhp b)3hp

On the other hand, Figure 6.10 shows the spectrogram for a faulty state, more
specifically, eccentricity on low severity level. [t is possible to observe highlighting
harmonics at the frequencies 2f;, — fr and 2f, — fr, and also the rotor frequency

harmonic f,, which refers to eccentricity fault.
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Figure 6.10: MSCSA Frequency spectrum of eccentricity fault with low severity ajlhp
b)3hp

The advantage of this technique is presented when the severity level increases,
because, besides of presenting a higher resolution speaking about the amplitude, ad-
ditional harmonics are presented, which can be selected as new patterns in order to
make a proper diagnosis of the fault.

In the figure 6.10 is shown the spectrogram of an eccentricity fault with high severity
level, in which an additional harmonic can be observed at 2f, frequency, and also the
same harmonics at frequencies 2f; & f, and f, respectively, but on different amplitude

level.
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Figure 6.11: MSCSA Frequency spectrum of eccentricity fault with high severity a)l
hp b)3 hp

Based on this information, it was determined 4 main frequencies as patterns to de-
tect and diagnose the fault. Rotor frequency (f,)located at 20 Hz, twice rotor frequency
(2f:) located at 40 Hz, and twice supply frequency + rotor frequency (2f, & f,)located
at 100 Hz and 140 Hz respectively; Table 6.7 shows the amplitudes of the selected

harmonics for different levels of severity.
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Table 6.2: MSCSA detection patterns for eccentricity

Normal Operation | Low severity | High severity
Frequency Amplitude
20 Hz 0-10 dB 10-20 dB 20-30 dB
40 Hz 0-5 dB 5-15 dB 15-25 dB
100 Hy 0-5 dB 10-20 dB 20-40 dB
140 Hz 0-5 dB 10-20 dB 20-35 dB

63

[t is possible to detect the difference between the amplitude ranges in Tables 6.6
and 6.7 for each selected harmonic at different levels of fault, besides of the detection
of a new harmonic. These new patterns show highly relevant results when detecting
the type of fault and provide a more sensitive technique to determine the severity of

the fault.
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6.1.2 Voltage Unbalance

For this test was required the use of a 5 ohms power resistor which generate an nn-
balance of TV for its further analysis. In the spectrogram showed on Figure 6.12
highlighting harmonics can be observed at frequencies 240, 360 and 480 Hy (multiples
of the supply frequency). Nevertheless after the analvsis of the THD (2.38 % it 1

possible to determine that their amplitude has not big relevance.

THD = 2.38% <DAQIMod1/2i0 (PSD) ]

2

0
& .20
t w0 Ny | |
g-so I | |

-20 L

STV SIS SN NS S S SN U N S N——" [ — —

0O 25 50 75 100 125 150 175 200 225 250 275 300 325 350 375 400 425 450 475 500
Frequency (Hz)

Fignre 6120 Frequeney Spectnn and THD for Novmal operation mode

After Baving determine the levels of unbalavee in the voltage, it was procecded
to start with the tests Tn the Fignre 6,13 can be observed the spectrooram ol the
cirrent with an nubalance of 20 Vaceo This unbalance can be determined hasicallv in
two steps. st i the graph is possible to see how the mnliiples armonios ol the

supplv freguency hiad inereased considerably (1015 B approximatelv . that can De

e s st Tedess chan qualiny of vhe crent 1t i inadequate. The second step
consists o obtam the Total Havmonie Distortion of the cureent. aud determine e
vane of valness I this case Fignve =07 shows that THD s 8650 correspouding to

alow severiny imbalanee. Similavlve Fione ©D7 shows the frequeney spectrmm of 1he
cirrent with an nnbalancee of 32 Vaceowhich Teads o a hich severity nobalancee cansing,

a THD of 21,76 %0 and aninerease of 15 1o 25 dI3 on the selected harmonies.
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Figure 6.13: Spectrogram ol Voltage unbalance a)Low severity b)High severity

Finallv. several tests were developed to deteet the THD inthe presence of eceentric-
v hroken rotor hars. The resnlis obtained were THD = 2.5 - L% for cccentricity and
FHD — 4 - 6% for broken rotor bars. Based o these mformation, the next relation
wis establishied. I the THD is less than 10% the system continne with 1= nonmal

fimction detecting broken rotor or cecentricity. On the other hand. if THD is equal or

Licher that 10 % . the problem would be cansed by a voltage nubalance.
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6.1.3 Broken Rotor Bars

The first part of this simulation consisted on the acquisition of the motor current in
a state of normal operation for its further analysis through a frequency spectrum to
analyze the motor current without damage on the rotor. The frequency spectrums
obtained shows the supply frequency harmonic at f, = 60Hz in case of MCSA and

2fe = 120H z in case of MSCSA, indicating the correct function of the motor.
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Figure 6.14: Fregnencey Spectrum Healthy State

In Figure 6.15 1t is shown the lrequency spectrun of the ciarrent obtained with one
broken bar and low load. The graph o™ preseuts the spectrum nsing the technique

MOSA i which is possible 1o see two sidebands at frequencies (1 £ &) [0 = 10 and
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S0 Hz, around the supply Irequency f, = 60 Hz. The graph on the right side, shows
the spectrum in use of the technique MSCSA presenting highlighting harmonics at
frequencies (1 4+ s)f,. In this case, it can be observed other patterns at frequencies

(14 3s) /[, that indicates the presence of a broken rotor bar.
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Fionre G.15: Spectrum ol the motor current with one broken rotor har and low load

condition a)NMCSA b)NSCSA

Next, Figure 6.16 shows the [requency spectriun of the enrrent obtained with one
hroken bar under high load conditions. 1t can be observed sidebands patterns on bhoth
sides of the main frequency. Adso 1t 1s possible to notice that as increase the load. the
distance is greater between the sidebands and the supply frequency harmonie. This s

becanse., when the load eets higher. the <lip gets higher. The analvsis gets o hetter

resolution when the load is incremented, However. il the eraphs shown are observed




CHAPTER 6. RESULTS AND DISCUSSION 63

more closely | it is possible to notice the benefits to work with the square of the current.
The resolution in terms of the number of harmonics is improved providing a greater

nuniber of patterns to use increasing the precision of the technique.

a) 4
s : {88 I {iqef i
;3, /‘Y‘:.\ A / LT 5 ‘:"'&
2 > e & T K ’ .
.J/ il
& a2 M a8 52 % 5% 3 B & O3 KK & oY % TR 7B
— Frequency Mz}
32 // —_/
3 1 ‘ﬂf{f i% Aﬁ,/ : W
§ 60 g d 'jﬁ i h'b 2 ) .Myi 5 S LATIIEN W {
i Al 1 A
-80 I i
B e e e T T S o S A S M iy S
g 20 40 80 80 W0 120 140 180 180 200 220 40 260 280 300 320 ¢
Frequency (Hz)
2y
b) .
2 , ! :
/ Pl = ) ]
¢ FEARE A N U M A A NN e
Frequeny iz}
'ZV i

i : AN N 1Y
E.\rj " [ 25 ] ‘“"}i Ll / gl

B3 f i s A e
St h\m‘ L d .
[1 4 ]’ ‘,\'w» ji ___1’3.——-;'

Lraphtude (dB)
dw
<

] o ;
131 TSI | N »s
2 ik | wor dhn)
g 20 40 60 80 100 120 140 160 18D 200 220 240 260 280 300 320 349
Frequency (Hr

Fienre 6.16: Spectrnn of the motor carrent with one broken rotor har and high load

condition a)MCSA D)NSCSA

Ounce, having performred the tests with one broken bar. it was continued to test the
~vstem with 2 broken hars and also with two different load levels. The fivst graph 6,17
presents the analvsis with the use of the technique MCSA in low load condition. in
which is possible to see the harmonies (14 s}/ and on the right side ol the supply
freguency an extra harmonic in the frequencey (- 2s) foo that represents an merease in

the number of patterns to make a better diagnosis. Nevertheless, if the NMSCSA graph is

aualyvzed closely can be observed an increase of the resolution in the mnnber of detected
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patterns and the amplitude of this patterns represent a significantly difference between

a Lault with low severity (one broken bar) and a fanlt with high severity (two broken

hars).
a) :
g et T :
:;5 3
5 <
10~ > —— .
0 s e e S S N EL R R SR Ra tn paas oo A
B U 4 8 W S M O MO0 & 2 o5 8 W R MO OB oM
,\—10 Frequency IH
g -0 .
- i
o - }\f&
2.0 S 11/ N L) =
e L L ] L o e e o
- ;  Mom A ~ : ! !
« 60 II{I 1‘& 1 i ) N gy e )
T i ’ ' i
-70-H
_ep-
G20 40 80 80 100 120 140 180 130 200 220 240 280 280 300 320 340
Frequency (Hz)
b)

20- / ;

s 0 [N AR AR I ARG IR A T NS AEE RO AE T N R AN
Freguency tHii

P i b ! ﬁ i
- 1 i i f
3 i &L | ¢ his L ] i d
‘_é e i‘, o r,“r"x ﬁf L , ; "1%:\1" AN % A - e !
a o TE T Y TR
£ f 1&_ Lo hqf il b _w_—-w-
- ¢ i : i l

-850 3

SO 40 80 80 100 120 1 10 18D

Frequency (H2)

Fionre 6,17 Spectrim of the motor careent with two broken rotor hars and Tow foad

condition s MOSA INISCSA

The load impact of the spectrocran was determined . For thato rest= with two hroken
Dars were perforimed. but now nnder high load conditions. The Figure G600 shiows in
part a7 the frequeney =pectrun of the techmioue MOSAD i which e is possible 1o sce
an ereasc on the distance between the supply fregueney and the sidebands. Tnohis
cise difference of the amplitude was not significant. On the other liand 00 s observed

the sraph “b™ by the nse of the teehnigne MSCSAL s casy to deteet some differences.

For example. the mumber of patterns increase frone 1o Goadding two extras harnones
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at frequencies (1 £ 3s) [, Another advantage detected is the amplitude presented on
the sidebands. which are almost the double of the presented on the previous analvsis.
[hese dilferences represent a great advantage to make a correct diagnosis. Having a
sreater nunber ol patterns. make it casier to determine more precisely if the fault
15 occasioned by an cceentricity or a broken rotor bar. Moreover, talking about the
severity of the fault. the necessary tools can be provided to the user to differentiate

betweenr a proper maintenance on time or total motor fanlt.
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Finatlv, hased on the data obtained . the table G133 presents the patterns selocted

for the detection of broken rotor bars.
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Table 6.3: Detection patterns for Broken rotor bars

| MCSA MSCSA ]
(Lt s)fu (U290 o [ (0 38) [ (L )2 | (L4 25)2 0 (1 +35)2 ],
Low load 1 Brh | 5-10dB 0-5d1B 0dB H-10dB 3-7dB 0-HdB B
[Higglmd IBrb | 505dB | 0-5dB | oA | o10-204B [ 5-lodB | 0-5dB |
3 Low load 2 Brbh | 10-20d41B 0-5Hd 13 0-1B 15-20dB 10-15d413 3-7dB
ek ond 2 Beb | 102543 | 51043 | 053 | 203041 | 102043 | 5-104B |
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6.1.4 Fuzzy Control

Once, after having performed the tests of eccentricity, broken rotor bars and voltage
unbalance, it was possible to observe the variability presented in the amplitude and
the frequency of the selected harmonics, depending on the motor specifications (rotor
speed, power, torque, etc.) and the load level.

Based on this information, it was decided to perform a control with the use of the
Fuzzy logic. This because, fuzzy controllers permit to work with variables that do not
have a precise value, this means, that it is possible to couple the uncertainty into these
variables. They are able to work in presence of noise, without ignoring the ability to
manipulate variables based on the experience of the machine operator.

B WISCSA_fursy_systermts - Fuzry System Dessgrme - >
File Opemte Help
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Input variebleis) Input valusis} Output varisble{s) Crutput valueis)
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Flefibee w0 e
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¥ Right Ece 140 &
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Figure 6.19: Fuzzy system (membership functions, rules and outputs)

Figure 6.19 presents the system to test the fuzzy controller developed. In the left
side of the image the variables selected are presented and with them a value to test the
input, respectively. In the bottom, depending on the values of the inputs, the activated
rules are shown. In the center of the interface, the outputs obtained are displayed in a
numerical way and in the right side in a graphical way.

Subsequently, after having highlighted the reasons why a fuzzy logic system was

determined it was proceeded to establish the variables to manipulate, as well as, the
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membership functions for each of them.

It was established 6 input variables: frequency and amplitude of the selected har-
monics (rotor frequency , sidebands on the left of the supply frequency and sidebands
on the right of the supply frequency) and 2 output variables: Fault type and Severity
of the fault. 6.19.

Membership functions are next described:
Inputs

Rotor frequency:

Input variable membership functions Present I_/_\
1 .

Membership (u)
o
il

] 1 i ] 1
56 8 10 12 14 16 18 20 22 24 26 28 30 32 3435
Range

Figure 6.20: Membership functions of the rotor frequency

0 if x <15
x—15 if 15<z<16
pp=< 1 if 16<z<24 (6.1)
2% -z if 24<z2<25

0 if x> 25
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Amplitude of the rotor frequency:

Input variable membership functions

L [~
1 oW
High A~
0.8
3
£ 0.6
B
EDA-
0.2+
0- —F 11—

L | i 1 £ 4 | B LI | ro I
0123456789101112131415161?181920
Range

Figure 6.21: Membership functions for the amplitude of the rotor frequency

0 if <0

z 1f 0<z<1

Papaoy = 1 if 1<2<6 (6.2)
Bz yf 6<zr<15 |
0 if zx>15 |

0 f r<h
=3 -
" )5 if 5<x<14
Jrigh) 1 if 14<z<20
0 if z>20

In the Figure 6.21 is shown the fuzzy set for the amplitude of the rotor frequency.

In the figure it is possible to observe the membership functions for both states (Low
amplitude in blue and High amplitude in green). The range of the values were deter-

mined in base of the results obtained and the membership degree based on the behavior

of the variables.
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Left sidebands frequency:

Input variable membership functions
1

Eccentricity

£ 8 8
I!l

Membership (u)

f=]
i

=]
1

1 [} 1
0 95 100 105 10 115 120
Range

D

Figure 6.22: Membership functions for the frequencies on the left of the supply fre-

quency

Hfrspp.. =

Kfrspg,, =

r—115

120 — z

if
if
o
if
if

if
o
if
if
if

z <90
90 <2 <100
100 <2 <110
110 <2 < 115

x> 115

<115
115 <z <116
116 <z < 119
119 <z < 120
T >120
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Amplitude of the left sidebands harmonics:
Input \;amble membership functions v [K
5 %57 High I~
£ 06-
'
g 0.4~
0.2
0-{ 1 1 1
0 25 5 75 10 125 15 175 20 225 25
Range
Figure 6.23: Membership functions for the amplitude of left side frequencies
0 if <0
) s if 0<2<25 6.4
Phesslon) Y 102 1r 95 <4 <10 (64)

0 if z>10

0 af <5
r—5 . =
bAysnimedsam = 4 75 SSTS125
Lsplmedium) — QO—I . ]
7= f 125 <z2<20

0 if  2>20

0 if x <15
2 if 15<a <225
53 if 225 <z <25
0 if x> 25

HALsB(high) =
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Right sidebands frequency:

Input variable membership functions

Eccentricity

T

o_

Range

120 125 130 135 140 145 150 155 160 165 170 175 180

2D

7

Figure 6.24: Membership functions for the frequencies on the right of the supply fre-

quency

Firspg,, —

Hirspg,, —

z— 120

125—x

if x <120
if 120 <z < 121
if 121 < <122
if 122<2<125
if x> 125

if x < 125
of 125 <x <135
if 135<z < 145
if 140 <z < 150
if x > 150
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Amplitude of the Right sidebands harmonics:

input variable membership functions

1 Low P(
Medium |; "-_..
5 0.8+ High LA
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Figure 6.25: Membership functions for the amplitude of right side frequencies

0 if z <0
) & if 0<x<25
HArsp(low) = 10—z if 25<zx<10 (66)

0 if z>10

[

~J

vf z<Db

T2 if 5<a<125
A (medium) = _ .
g Lot Gf 125 <2 <20

if > 20

1f z <15
8 gf 15< 1 <225
B2 4f 225< <25
if z > 25

HArsp(high) =
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Outputs

Fault type:

Ou‘l;m: variable membership functions e I/-_\\
\\ Normal Operation P ~
= 084 \ Excentricity [~
-%‘ 06
E 04-
0.2 -
0~ 1 1

i 1 : 1 1 | 1 |
-1 08 -06 -04 -02 0 02 04 06 08 1
Range

Figure 6.26: Membership functions for the output (Fault type)

0 if r < -1
1 af T = -
HFETg., —05-2x g .
0 if r> =05
0 of 0b<x<—-05
0.5 .
HFT = IZ’L—5 i 05ses0
NOM 0.5—-r 5
= 1f 0<z<05
0 if z>0.5
0 if T < 0.5
1 if =1
:LLFTEC(‘ =

205 i 05<z<1
0 af r>1

o
3

79
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Fault severity:

Cutput variable membership functions
1

& B
1 [}
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Membership (u)

R
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0
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Figure 6.27: Membership functions for the output (Fault severity)

0
1
BFSiow = § 4—z
a4
0
0
z—=2
/'LFSmedrum = BEI
3
0
0
1
HFSpgn = § z—¢
4
0

80
Low IK
Medium [~
High ~
if x <0
if x =0 (6.8)
if 0<z<4 '
if >4
if 8<x <2
if 2<z<5h
if 5<x <8
if x>8
if <6
if =10
if 6<2<10
if x> 10
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Once defined the membership functions for the inputs and the outputs, it was
proceeded to establish the rules to obtain the expected output. The total number of
the generated rules were 24, a Mamdani max-min as inference engine and Center Of

the Area (COA) as the defuzzification method. Below, the rules are exemplify:

o IF f, is “present” and Ay, is “low” and frsp is “Ecc” and A;sg is “low” and
Jrsp is “Ecc” and Agsp is “low” and frgp is not “Brbd” THEN Fault type is
“Normal Operation Mode”

o IF f, is “present” and Ay, is “low” and frgp is “Ecc” and Arsp is “low” and
Srsp is “Ecc” and Aggp is “Medium” and f;sg is not “Brb” THEN Fault type
is “Normal Operation Mode”

B System tesisfs - Fuzzy System Designer — x
File Operste Help

Variables Rules  Test System
Input vanable(s) Input valueis) Output variable(s) Output valuels) Input/Output relstionship
Frequency fr 20 o~ Fault Type -0.000272109 =
[ Amplitude fr 5 i Severity 0 . Z
F Left Ece w 5 2
ALeft Ecc 5 B , ot
'F Right Ecc w3 "
A Right Ece 4 o o8
Plot Vanables : |

Input variable 1 ' Output varisble o
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Figure 6.28: Example of the system in normal operation mode

Figure 6.28 presents the system under normal operation mode. It left side of the

interface it is possible to observe that the harmonics for eccentricity fault are




CHAPTER 6. RESULTS AND DISCUSSION 82

present. However, the amplitude of this harmonics are not significant to detect
the fault.

o I [, is “present” and Ay, is “low” and frgp is “Ecc” and Apsp is “Medium”
and frsp is “Ecc” and Agsp is “medium” and frsp i1s not “Brd” THEN Fault

type is “Eccentricity” and Severity is “Medium”

o IF f, is “present” and Ay, is “low” and frsp is “Ecc” and A;sp is “High” and
frsp is “Ecc” and Agsp is “High” and f,sp is not “Brb” THEN Fault type is

“Eccentricity” and Severity is “Medium”

o I f. is “present” and A, is “low” and frsp is “Ecc” and Apsp is “Medium”
and frsp is “Ecc” and Aggp is “High” and frsp is not “Brb” THEN Fault type

1s “Bccentricity” and Severity is “Medium”

o [I' f, is “present” and Ay, is “low” and frsp is “Ecc” and Apsp is “Medium”
and frep is “Ecc” and Agsg is “Low” and frsp is not “Brb” THEN Fault type

is “Eccentricity” and Severity is “Low”

e IF f, is “present” and A, is “High” and frsp is “Ecc” and A;sp is “Low” and
frsp is “Ecc” and Agsp is “Medium” and fsp is not “Brbd” THEN Fault type

is “BEccentricity” and Severity is “Low”

o IF f, is “present” and Ay, is “High” and frsp is “Ecc” and Apsp is “Medium”
and frsp is “Bcc” and Agsp is “medium” and frsg is not “Brbd” THEN Fault

type is “Eccentricity” and Severity is “Medium”

o [F f, is “present” and Ay, is “High” and frsp is “Ecc” and A, g5 is “High” and
frsp is “Ecc” and Aggp is “Medium” and frsg is not “Brb” THEN Fault type

is “Eccentricity” and Severity is “High”

o [I' f. is “present” and Ay, is “High” and frsg is “Ecc” and Apsp is “Medium”
and frsp is “Ecc” and Agrgp is “High” and frsp is not “Brb” THEN Fault type

is “Eccentricity” and Severity is “Medium”

o IF [, is “present” and Ay is “High” and f;sp5 is “Ecc” and Apgp is “High” and
frsp is “Ecc” and Agsp is “High” and frsp is not “Brb” THEN Fault type is
“Eccentricity” and Severity is “High”
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e IF f;spis “Ecc” and Apsgpis “Medium” and frspis “Bcc” and Agsg is “medium”

and frsp is not “Brb” THEN Fault type is “Eccentricity” and Severity is “Low”
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Figure 6.29: Example of the system with eccentricity fault

In the figure 6.29 the interface is tested for eccentricity faults. Observing the the
bottom of the interface can be observed that in this case, the amplitude of the
rotor frequency is located in the intersection of both membership functions (low
and high severity). Given these conditions, 4 rules are fired obtaining as result
an Eccentricity fault with a considerable severity.

e IF frep is “Brb” and Arsg i1s “Low” and frss 1s “Brb” and Agrsp is “Low”
THEN Fault type is “Broken rotor bars” and Severity is “Low”

o IF fispis “Brb” and Arsp is “Medium” and Jrspis “Brb” and Agrsp is “Medium”
THEN Fault type is “Broken rotor bars” and Severity is “Medium”




CHAPTER 6. RESULTS AND DISCUSSION 84

o IF frsp is “Brb” and A;sp is “High” and frsp is “Brb” and Arsp is “High”
THEN Fault type is “Broken rotor bars” and Severity is “High”

e IF frspis “Brb” and Aysp is “Medium” and frsp is “Brb” and Agpgp is “Low”
THEN Fault type is “Broken rotor bars” and Severity is “Low”

o IF fispis “Brb” and A5 is “Low” and Jrsp is “Brb” and Aggp is “Medium”
THEN Fault type is “Broken rotor bars” and Severity is “Medium”

o IF frspis “Brb” and A gp is “High” and frsp is “Brb” and Agsp is “Medium”

THEN Fault type is “Broken rotor bars” and Severity is “High”

e IF frspis “Brb” and A, gz is “Medium” and Sfrsp is “Brb” and Agrgp is “High”
THEN Fault type is “Broken rotor bars” and Severity is “High”

o IF fisp is “Brb” and Arsp is “Low” and frsp is “Brb” and Arsp is “High”
THEN Fault type is “Broken rotor bars” and Severity is “Medium”

o IF fis5 is “Brb” and Arsp is “High” and frgg is “Brb” and Agsp is “Low”

THEN Fault type is “Broken rotor bars” and Severity is “Medium”

o IF frepis “Brb” and A g5 is “Low” Or frsp is “Brb” and Agsg is “Low” THEN

Fault type is “Broken rotor bars” and Severity is “Low”

o IF frspis “Brb” and A;s5 is “Medium” Or frsp is “Brb” and Agrsp is “Medium”

THEN Fault type is “Broken rotor bars” and Severity is “Medium”

e IF frsp is “Brb” and A,qp is “High” Or frep is “Brb” and Agsp is “High”
THEN Fault type is “Broken rotor bars” and Severity is “Medium”
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Figure 6.30: Example of the system with broken rotor bars

In the figure 6.30 is presented the interface tested for broken rotor bars. In this
case, one point should be remarked; The harmonic of the rotor frequency is pre-
sented. However, the fault detected was broken rotor bars. This due the system
was developed to detect broken rotor bars even when eccentricity harmonics are
present. If both patterns are present, the eccentricity is taken as a consequence
generated by the broken rotor bars.

Then, with the complete fuzzy controller defined, it was proceeded to perform
several tests in order to evaluate the efficiency of the proposed methodology.

Figures 6.31 present the interface developed working. The interface is constituted
by 4 principal parts. In the top left-hand corner it is shown the current obtained of
one of the motor phases in time domain. In the bottom left-hand corner it is show
the obtained current in frequency domain. The input variables for the fuzzy system
are shown in the in the center at the bottom of the interface. Finally, in the right

side of the interface it is shown the output of the system. This part of the interface
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presents on the left side 4 leds to indicate the operation of the system. if the motor
Is running normally, the green LED will be on until some kind of fault occurs. Blue
led represents voltage unbalances, red led represents eccentricity faults and yellow led
represents broken rotor bars. In the right side it is showed the severity of the fault in a
scale of 0 to 10, being 0 the lowest severity and 10 the highest severity of the fault. In
image “a” is possible to see the interface on normal operation mode, it can be observed
certain harmonics on the multiples of the supply frequency. However, they are not
significantly to detect a voltage unbalance. On the other hand, figure “b” presents
the interface under voltage unbalance. Here, it is possible to see that the multiples
harmonics, increase significantly indicating the presence of noise or a bad function on

the supply current.

a)

Fie L Fe Segt pewie Tu Wi e
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Figure 6.31: Interface developed a)Normal operation mode b) Voltage unbalance

Figure 6.32 shows the interface working with an eccentricity fault , under low sever-
ity (Figure “a”) and high severity (Figure “b”). Observing both figures, it can be ob-
served that both faults presert harmonics at frequencies 20, 100 and 140 Hz, however
the difference in amplitude between harmonics, sets the norm for the determination of

the severity of the fault.

|... b Ve P Dot bk S
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Figure 6.32: Interface working with Eccentricity Fault a)Low severity b) High severity

Finally, the last validation was made with broken rotor bars. Figures 6.33 present
the graphics and the outputs obtained by the analysis with one and two broken bars.
There are two points to note about the determination of the level and severity of faults.
First, as in eccentricity, it is possible to see, how the severity of the fault is directly
affected by the amplitude of the selected harmonics (1 & s)2f,. The second point to
observe, is about the highlighting harmonics. If the graphic is watched more closely,
it can be noted the presence of the eccentricity harmonics at 2f, & f,.. However, after
the performed proofs, it was determined that in this case, even when an eccentricity
could be present, the causative of it, are broken bars.

In this fault, one point should be remarked. If the figure “a” is observed closer, it is pos-
sible to note that the amplitude of the harmonics on both sides of the supply frequency
presents a short value comparatively with the presented on figure “b”, however on both
cases the alarm was activated. In the case of broken rotor bars, it was determined that
when an harmonic appears, no matter his amplitude, the system would activate the
alarm for broken rotor bars (unlike to eccentricity failures which were allowed a small
clearance). This is because a broken rotor bar is a critical fault and an increase on
the severity of this fault could cause higher fault in other parts of the motor. In the
case of eccentricity, these conditions are not presented, this is due different external

elements like couplings could cause a small unbalance, representing a little variation

on the signal obtained.
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6.2 Discussion

In the present work different techniques and scenarios were carried out in order to
determine the fault prediction and diagnosis in squirrel cage induction motors with the
use of intelligent control systems. It was developed several tests for the detection of
both faults, electrical (broken rotor bars), and mechanical (eccentricities). It was been
observed that techniques such as MCSA or ESA, which work with the pure current of
one of the motor phases, allow good detection when the motor is on full load conditions.
However, when the motor is under low load conditions, these techniques have a large
number of false alarms, or simply are not able to detect the fault. In this regard, it is
necessary to make the combination with other analysis techniques (such as the Hilbert

transform) in order to amplify these patterns to increase the sensibility of the system

making it able to work under low load conditions.

The results with MCSA technique was observed that the patterns presented under
full load conditions, were presented in greater numbers, making it more efficient than

techniques like MCSA or ESA. Moreover, the biggest advantage of this technique was

that MSCSA had no problem working under low load conditions. This is due to in
those conditions, the resolution obtained to detect faults in the motor was improved,

even without the combination with other techniques.

Regarding to techniques used for pattern classification is concerned, several tests
to different techniques such as PCA, and fuzzy logic systems were performed.
The use of the technique such as PCA presented favourable results in terms of simple
fault detection. However the technique presented problems for detection when mul-
tiple failures occurred. This problem was solved, with the use of intelligent control

techniques such as Fuzzy Logic Control systems.

The advantages of the MSCSA technique for signal analysis and Fuzzy Logic tech-
nique for pattern classification were used to propose a methodology to detect and

diagnose faults in squirrel cage induction motors that consists basically into 5 steps:
* Adgquisition of the current on one of the motor phases.

® Preprocess of the signal in order to transform from time domain to frequency

domain

* Acquire information about the selected harmonics.
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e Based on the information obtained (frequency and amplitude), diagnose the mo-

tor state with the use of a Fuzzy controller.
e Provide an appropiate solution based on the fault type and the severity.

This methodology was proved on simulation and validated into 2 squirrel cage in-

duction motors .

One of the drawbacks noted in the literature as much as in practice, was that tests
were performed on controlled conditions, this means, that there was no possibility to
present false alarms caused by a fault on the supply network, or an unbalance generated
by external vibrations on the process, conditions that are very frequently presented in

the industry, also known as industrial noise.

For the fault simulation on the supply network, several proofs were performed to
identify voltage unbalance and with that, known the quality of the current of the mo-
tor. With this analysis, a new pattern was selected, the total harmonic distortion.
Based on this, different levels of operation were established, if the THD is higher than
10 %, the fault may be caused by a fault on the power supply. Thus, the system will
be able to work with noise presence, fulfilling the second objective proposed.

Finally, based on the results obtained it is possible to conclude the next:

The technique MCSA is a powerful technique for the detection of eccentricity faults
and broken rotor bars under normal load conditions. However at the moment when
the motor is working under low load conditions, the technique presents problems to
make a correct diagnosis of the fault, and it is necessary to use other techniques to
improve the resolution of the system. On the other hand, the MSCSA technique uses
the square of the current in order to improve the resolution of the system, obtaining
as a result, a tool with a better performance for the detection and diagnosis of faults

without the use of an additional technique.

Tests for eccentricity faults showed the robustness of the technique for the detection
of this fault. The technique presented a high sensibility for the detection, even on dif-
ficult scenarios (like low load and presence of external vibrations). However, one point
to consider is that the coupling of external elements such as bushings, can provoke

unbalance on the shaft. This problem generates low amplitude harmonics in the signal
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analysis, causing problems with false alarms. To avoid these problems, a clearance
was introduced into the control system in order to avoid false alarms. Once added the

clearance, the number of false alarms were practically nullified.

For broken rotor bars, results showed that, even when the MSCSA Improve the res-
olution of the technique to make the system able to work under low load conditions, the
detection of broken rotor bars gets complicated when the motor is under no load con-
dition. However, to avoid such faults, an easy installation system for simulating load

to the motor was created in order to generate a robust system for the detection of faults.

Other point observed after the tests, was the presence of eccentricity patterns on
the frequency analysis. Two possible answers were defined for this event. The first and
most probable of them, is that at the moment of holes were drilled to break the rotor
bars, a weight unbalance was generated causing faults by eccentricity. The second one

is that the shortcircuit caused by the broke of the rotor bars, generates fluctuations in

the magnetic field causing problems by eccentricity in the motor. Regardless, as both
reasons are caused by the broken bars, in the system was established that in presence
of both patterns (eccentricity and broken rotor bars), the system generates an alarm

corresponding for broken rotor bars.

After having analyzed the classifying patterns and the behavior of the system, it
looked for a technique able to work with ambiguous variables and to establish of control
parameters. Based on these characteristics, it was decided to use a fuzzy logic system.
Fuzzy system allows to perform a control system taking in count the variables based on
the experience of the process. Also it is possible to work in the presence of uncertainty,
which in the case of the analysis of the motors, presents a great advantage. The results
obtained for this technique showed a correct diagnosis when detecting eccentricities
and broken bars. In addition, one of the main advantages of this technique was the

correct diagnosis of faults, even when both faults were present. .

Finally based on the results obtained, it is possible to confirm the creation of an
analysis, monitoring and control system, which by analyzing the current with the
technique MSCSA and working together to a fuzzy logic system, is able to detect both
faults, mechanical, caused by eccentricities and electrical, caused by broken bars in

the rotor. Is worth to highlight that the system has the ability to work online, thus
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avoiding shutdowns on the line for analysis and diagnosis and also, it is qualified to
work with the presence of noise (both electrical and mechanical). thus giving answer

to the hypothesis proposed.
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