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Abstract

Abstract

Condition monitoring involves taking measurements on an induction motor ivinsle
operating in order to detect faults. For this purpose normalipghessensor type, for
example current is used to detect broken rotor bar using fault fregaemponents only
under the full-load condition or a limited number of load cases. Thelatwres among
the different types of sensors and their ability to diagnosdesamgl multiple faults over

a wide range of loads have not been the focused in previous research.

Furthermore, to detect different faults in machines using &yt frequency
components, it is important to investigate the variability inntplgude to other effects
apart from fault severity and load. This area has also often beglected in the

literature on condition monitoring.

The stator current and axial flux have been widely used as sustiders for detecting
different faults i.e. broken rotor bar and eccentricity faults inomnsotApart from
detecting the broken rotor bar faults in generalized form, thefusstantaneous power

signal has often been neglected in the literature condition monitoring.

This thesis aims to improve machine condition monitoring and inclucasae and
reliable detection of single and multiple faults (faults in tresence of other faults) in
induction machines over a wide range of loads of rated output by asirent, flux and

instantaneous power as the best diagnostic medium.
The research presents the following specific tasks:

A comprehensive real database from non—invasive sensor measuraraentbration

measurements, axial flux, 3-phase voltage, 3-phase current and spesaements of
induction motor is obtained by using laboratory testing on a laigef sdentical motors
with different single and multiple faults. Means for introducihgse faults of varying

severity have been developed for this study.

The collected data from the studied machines has been anabliagoa custom-written
analysis programme to detect the severity of different faultse machines. This helps
to improve the accuracy and reliability in detecting of fnghd multiple faults in
motors using fault frequency components from current, axial flux as@ritaneous

power spectra.
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This research emphasises the importance of instantaneous powemadiwm of
detecting different single and multiple faults in induction motor undeying load
conditions. This enables the possibility of obtaining accurate arablesldiagnostic
medium to detect different faults existing in machines, whichitas in providing a new

direction for future studies into condition monitoring.

Another feature of this report is to check the variability inlthgamotors due to: test
repeatability, difference between nominally identical motors, diffdrences between
the phases of the same motor. This has been achieved by conduaimgvexseries of
laboratory tests to examine fault frequency amplitudes versilissiverity, load, and

other factors such as test repeatability and machine phases.

The information about the variations in the amplitudes of the fault frequency congonent
is used to check the accuracy and reliability of the experimesatalip, which is
necessary for the practical application of the results tablglidetect the different faults

in the machines reliably.

Finally, this study also considers the detection of eccentfaitiys using fault frequency
amplitudes as a function of average eccentricity, instead affasction of load under

different levels of loading. This has not been reported in previous studies.
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Introduction

Chapter 1

Introduction

1.1 Background

Induction motors are commonly used in industry throughout the world. ademunt for
95% of all prime movers in industrialized nations, and consume 40 to %088 o
generated electric energy [1]. They are used in applicasiacts as the mining industry,
chemical processing plants, nuclear power plants, petroleum indugpeyr, palls and
cooling water systems. Other general applications of induction shaioe: air-
conditioners, fans, pumps, compressors, crushers, machine tools, olittics and

tractions etc.

Induction motors are inherently reliable and need minimum maintenétowever, like
other motors, induction motors eventually deteriorate and fail [2]uféadf the motors
can cause unexpected downtime and loss of production, which is not acceptable

critical industrial applications.

Therefore, the detection of incipient failures and the scheduledceepémt of the
damaged components prior to failure would eliminate the consequenaesxgfected
equipment failures [3]. The capability to do this has long beemedeby industry to
prevent unscheduled downtimes for electrical drive systems anduoerenaintenance

costs.

It is generally known that 50% of operating costs in most processthghanufacturing

operations are related to maintenance. Therefore, this is ome ohdjor concerns of
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industries, and researchers are always in search of new methioidd reduce the
maintenance costs and/or decrease the chances of unexpected thdarcan result in

lost production.
The following three common methods of maintenance are used in industry

1) Planned ReplacementReplace machines regularly, simple but most expensive,

especially in the case of medium and high power machines.

2) Planned Maintenance: Regular overhaul and check machines. This system is
commonly used and it is cheaper when compared to the replacement method.

3) Condition Based Maintenance:Uses sensor measurements to determine the
machine’s condition. This can be used to either increase the istebetlveen
maintenance, or to allow continuous monitoring of machines and thus sogedul

maintenance only when needed.

Condition monitoring techniques can be classified into two major graipbne and

on-line tests.

Off-Line Tests: These tests are comprehensive but require shutting down the madtor a
disconnecting it from the AC main supply.

On-Line Tests: On-line condition monitoring and fault diagnostics of induction motors
uses sensors mounted on the machine to detect faults, while theneng operating.
This method produce less disruption, but the results can be more difficulterpret
than off-line tests. This study only considers on-line testinpehtotors while they are

operating, which is also referred to as on-line condition monitoring.

For the last two decade, a significant amount of research wdheifield of condition
monitoring and diagnostic techniques for induction motors has been done. A rafmber
methods and techniques have been introduced and successfully usedttdiffietent

faults related to machines [4,5,6]. However, the reliability anduracy of on-line
condition monitoring techniques heavily depends upon a good understanding of the
electrical and mechanical characteristics of the machind®ihealthy state and under
faulty state.

For the last few years the use of new analysis techniquésthet help of advanced

computerized data acquisition and processing systems has provided exiorabrin the
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field of condition monitoring of induction motors [2]. The applications ofdition
monitoring into induction motors and development of new condition monitoring (CM)
techniqgues have become one of the leading research topics foicaleand energy

industries.

Condition monitoring increases the lifetime of electrical machines anienmes the risk
of catastrophic failure. The rapid development in computer and tramsggb@ologies
together with signal processing techniques has made it possiblaptement the
condition monitoring systems more effectively [7,8]. This can make tondi
monitoring more reliable and can reduce the maintenance cost oftiamduaotors.
Furthermore, on-line condition monitoring can provide information abowgt#te of the
machine during the maintenance period. This can reduce the chafincatastrophic

failure of machines.

As explained later in this study, the information from a basslingy of healthy as well
as faulty motors will be used to investigate single and mulfglds using different

sensor signals: current, flux, vibration and voltage.

Therefore, it was envisaged to start the thesis by providiag lkaowledge about the
construction and principles of induction motors. Then the concept of fagliéncies
are explained, which is followed by the description of differensses types and signal
processing techniques. A brief overview of different stageletondition monitoring
process is also covered and a literature survey is provided.

1.2 Induction Motors

The development of electric motor has given the most efficient ffextiee benefits in
modern day life. The electric motor is a simple device in jpiec which converts
electric energy into mechanical energver the years, electric motors have changed
substantially in desigrHHowever, the basic principles of such machines have remained
the same, which works based on the interaction between magneatiartl current

carrying conductors [9].
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1.2.1 Basic Construction

An induction motor has two basic electrical parts: a "stator” and a "rotor" as shown in
Figure 1.1. The stator consists of a cylindrical laminated and slotted core with
windings, placed in a frame of rolled or cast steel or aluminium. The frame provides
mechanical protection and carries the terminal box and the end covers and bearings.
The three phase stator winding consist of coils of insulated copper wire to produce 2,
4, 6 etc. magnetic poles. The rotor is the rotating electrical component and consists of
a laminated and slotted core tightly pressed on the shaft and carrying a set of
windings. The rotor is located inside the stator and is separated from it by a small

airgap. There is no electrical connection between the stator and rotor windings.

NOTE: This figure is included on page 4 of the print copy of the
thesis held in the University of Adelaide Library.

Figure 1.1: View of an induction motor showing its constituent parts [10].

There are two types of rotors used in induction motors namely:

Squirrel-Cage Motor: This type of induction motor is most commonly used. In large
motors the rotor winding consists of copper bars, which are inserted into slots in the
rotor laminations [11]. The ends of the copper bars are welded to copper end rings, so
that all the bars are short circuited as shown in Figure 1.2 (left). In small motors,

however the bars and end-rings are diecast in aluminium to form an integral block.

Wound-Rotor Motor: The wound rotor has a three-phase rotor winding, which is
similar to the stator winding and is usually connected in a Wye configuration. The
rotor winding terminals are connected to three slip rings, which rotate with the rotor

as shown
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in Figure 1.2 (right). The slip rings and brushes allow external resistors to be
connected in series with the rotor winding. The external resistors are mainly used
during start-up to improve the starting performance. Under normal running conditions

the windings are short-circuited externally.

NOTE: This figure is included on page 5 in the print copy of the thesis
held in the University of Adelaide Library.

Figure 1.2: Sketch of the bars and end-rings used in a squirrel-cage rotor (left) and a
photograph of a wound rotor (right) [12].

1.2.2 Induction Motor Principles

In induction motor, the currents in the three-phase stator winding are equal in
magnitude and 120° phase shifted in time. Each phase winding, produces a sinusoidal
time varying magnetic field along the magnetic axis of the phase winding. The
magnetic axes of the three phase windings are spatially separated by 120° as shown in
Figure 1.3 [13].

NOTE: This figure is included on page 5 in the print copy of the thesis
held in the University of Adelaide Library.

Figure 1.3: Cross-sectional view of an induction motor including, three phase supply
currents and rotating magnetic field [13].

The combination of the spatial and temporal phase shifts between the magnetic fields

produced by each phase produces a net magnetic field, which rotates at constant speed
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and has constant amplitude. The speed of this rotating magneticidiadlled the

synchronous speed.

In an induction motor the rotor speed is lower than synchronous speed.egodtey
induced in the three-phase rotor winding whose magnitude and frequency are
proportional to the difference between the rotor and synchronous speednduded

rotor voltages produce rotor winding currents [9].

In induction motors, the interaction of the rotating magnetic rotdielg and the
induced rotor current generates torque. This torque is roughly proportmniilet
difference between the rotor speed and synchronous speed. The nusigised to
deliver rated output power (rated torque) at rated speed. At syruhs speed the output

torque is zero as the induced voltages and hence induced currents are zero.

To a first approximation, the torque versus speed charactergstibe& modeled as a
straight line between synchronous speed and rated speed. Hence thetargtputs

proportional to the slip speed or slip.

Figure 1.4 shows an example of the torque-speed curve of a 3-pdas&oin motor.
The starting torque is typically 1tBnes of the machine’s rated torgared the maximum
torque is typically 2.5 times the rated torque of the machine. IfPutirque is the
minimum torque developed by the motor while it is acceleratiogn frest to the

maximum torque.

3.0 - maximum torque
A
5 25 +
Q starting torqu
\; 2.0 f‘/ Pull—ini)rque
>
= .
) 15 1 rated torqu Slip speed
|_
1.0 \
.1\ isynchronou
0.5 + operating .\ speel
speer ! \! v
00 T T T T : v 1
0 20 40 60 80 100 120

Rated speed (%9

Figure 1.4: A typical torque-speed characteristic curve of a three-phastiagmdmotor.
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1.2.3 Key Terms and Formulas

It is important to review the some key terms and mathemdtaalulas related to the
induction machines. Because all the mathematical relationshipavaateristics fault
frequency components, which is used to detect the different faelesxaacted from the

basic formulas of machines.
1) Synchronous speed [§

Synchronous speed {Ns the absolute upper limit of motor speed and determined by the

supply frequency (j and the number of poles (p) in the stator [9]:

Ns=120f/p rpm (1.2.1)
2) Slip Speed

The difference between the speed of the rotating magnetic fi@hemonly known as

synchronous speedgdnd the actual rotor speed,iBlknown as slip speed [9].

Slip speed = (N- N) rpm (1.2.2)
3) Slip [s]

The difference between the synchronous speed (Ns) and the rotor{Npeedpressed
as a percentage of synchronous speed is called slip. As explaaaduply, slip is
necessary to produce torque, and is dependent on load. Slip can be det&omnibe

following formula [9].

S= (Ns_ Nr) / Ns (1.2.3)
4) Slip Frequency [£]
It is the frequency of the rotor e.m.f. and currents and is tHatedeto an electrical
phenomenon and can be determined with the following formula [13].

f=(Ns—N;)/p Hz (1.2.4)
5) Shaft Output Torque [Tm]

Torque is the force that produces rotation. It causes an objeatate. Torque consists

of force acting on distance. The torque developed by the motor at any speed is given by

Tm=PFy o Nm (1.2.5)
where, R, = actual mechanical power available to drive the load (watt);

N, = rotor speed (rpm) and
or =27 N, /60
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1.3 Survey of Induction Motor Faults

As stated before, AC induction motors are ideal for most industndl commercial
applications because of their simple construction and low numbertef péich reduce
maintenance cost. Induction motors are frequently used for both cosgémut-and

adjustable speed-drive (ASD) applications.

Induction machines are generally symmetrical. Faults in thehime normally affect its
symmetry and can produce the following symptoms: unbalanced aiogjagaes and line
currents, increased torque pulsation, decreased shaft torquesétclesses and reduced

efficiency and increased space harmonics [3].

Table 1.1: Summary of motor faults, causes and sensor signals used for éatibraiet

Motor Faults Causes Detection Methods

Bearing Faults (40-50%) Bearing currents Vibration

Contamination Stator current spectrum
Damaged races Improper installation and
Damaged balls lubrication

End of life
Stator Faults (30-40%) High resistivity connectiong Axial flux

Over-heating of stator core| Stator current
Insulation failure related or winding Negative sequence currents
Shorted turns faults Over-voltages

Loose laminations
Contamination of insulatior
Mechanical stresses

Rotor Bar/End-Ring Thermal stresses Stator current
(5-10%) Mechanical stresses Axial flux
Corrosion Instantaneous power
Breakage of rotor bar Dynamic torques Vibration
End-ring Frequent starts Torque and speed
Eccentricity (10-15%) Bent rotor Stator current
Bearing wear Vibration
Static eccentricity Misalignment Axial flux
Dynamic eccentricity Dynamic torques
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The most common faults in AC machines are shown in Table. 1.1, [14,15,16]. These
faults are briefly discussed on the basis of their importaregmrding condition
monitoring of induction motorsin addition, some hidden faults [13] i.e. voltage
imbalance, hot spot within the winding, hot spot within the core, soft-fasglignment

are also discussed briefly in this section.

1.3.1 Bearing Faults

Bearings are the most critical mechanical elementsectréd motors. Rolling element
bearings consist of two rings (Figure 1.5), an inner and outevebatwhich a set of
balls or rollers rotates in racewaydnder normal operating conditions of balanced load
and good alignment, fatigue failure normally starts with siiedlres or cracks, located
on the inner and outer surfaces of the raceway and rolling elemdntsy gradually

propagate to the surface generating detectable vibrations and increaismtgvels.

Figure 1.5: A photograph of a rolling element bearing.

It has been reported that up to 40-50 % of faults are beataigdeBearing faults can
also manifest them as rotor asymmetry and produce eccenmétitied symptoms.
Vibration testing is very popular because of the direct linkagle thiee problem, though

it requires experience to accurately interpret the results [3].

1.3.2 Stator Faults

Figure 1.6 shows the star-connected stator windings of a three-phase inductioandotor
potential states stator faults. As indicated in Table 1.1 up to 40#tdottion motor

faults are related to the stator winding. Stator winding fauksnarmally caused by
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insulation failure between two adjacent turns in a coil, which calasgs currents to
flow. The resulting large fault currents can produce overheatidgcause imbalance in

the magnetic field of the machine.

Cturntoturn fault >~ o

/ phase'to phase fault

AC Voltage

v\pha?gto grounfault

Figure 1.6: Stator winding faults: turn-to-turn, phase to phase and phase to ground.

Turn-to-Turn Faults : In these faults, part of the winding is shorted out. This generates
very high fault currents in the shorted part of winding which producestéingperatures

and imbalances in the three phase supply currents.

Phase-to-Phase / Phase-to-Ground Faultdhese faults produce unbalanced airgap
voltages, line currents and increased torque pulsations. The ladgyecdarents will

rapidly trip out the circuit breaker.

It was reported in reference [3] that stator faults gelyestdrt as undetected turn-to-
turn faults, which grow and culminate into a major winding fault. Toese timely
detection of stator faults at an early stage is very impoitaabndition monitoring to

avoid catastrophic failures in motors.

1.3.3 Broken Bars/End Ring Faults

Broken rotor bars or broken end-rings can be cause by frequectt alir-line starting (as
the motor cage winding may not be designed to withstand high mechamicealectrical
stresses), by pulsating mechanical loads and by imperfectiotisei manufacturing
process of the rotor cage [17,18,19]. Broken rotor bars may not cause aterfadure

of an induction machine. However, if pieces of the broken bars breakdonddst stator

10
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end winding this can cause serious damages. Figure 1.7 shows the photdgrdpht
rotor in which rotor bars have been deliberately broken by cutting a slot in the gad-rin

Figure 1.7: Photograph of a rotor with broken bars

1.3.4 Eccentricity Faults

Airgap eccentricity means the airgap is not a uniform raéiadth between the rotor
surface and the stator bore. Figure 1.8 left, shows the uniform aitgapealthy motor.

If the level of airgap eccentricity is not kept within spefilimits then the resulting
large radial forces can greatly increase bearing weaiseTfailts then increase losses
and reduce efficiency and cause excessive heating in the machine.

There are two forms of airgap eccentricity in the machines as illusiratggure 1.8.

Static Eccentricity: With static eccentricity the angular position of the point of
minimum radial airgap length is fixed in space and does not chaitiyéime as shown

in Figure 1.8 (middle). It can be caused by oval stator coreByothe incorrect
positioning of the stator or rotor and it is only space dependent. ltingotlectrical
machines there is always an inherent level of static eccintdue to manufacturing

tolerance caused by the compound assembly of parts that each have their oncetlera

Dynamic Eccentricity: In dynamic eccentricity related faults the angular posiiotine
point of minimum radial airgap changes with time. Dynamic eciogiytis both space

11



Introduction

and time dependent as shown in Figure 1.8 (right). It can be causeddryconcentric

rotor outer diameter, thermal bowing of the rotor, or bearing wear and movement.

In real motor system, if the level of airgap eccentricstynot kept within the specified
limits, then this can greatly increase bearing wear. This also iesréd@s noise levels.

stator

airgap

Uniform Static Dynamic

Figure 1.8: Visual illustration of eccentricity faults, from left to righd:eccentricity,
static eccentricity and dynamic eccentricity.

1.3.5 Hidden Faults

The hidden faults do not cause an immediate loss of operation of orumbtors.
However, in long-term these faults reduce the life of motorsbloytad0% of expected
life. Misalignment (angular, offset or combination) fault producesessive vibration
and this can cause an extra stress on the bearing and adtae@sces the life of
bearing. Soft-foot fault means, the base on which the motor is mouwnteat flat or
mounting screws are bolted unevenly, which causes distraction iraith&p and
produces current imbalance. Imbalance of the voltage produces the egeosience of
magnetic field and this will increase the losses and redhgcefticiency of the induction
motors [13]. These hidden faults not only affect the performantteeahduction motors,
but also fail to obtain an accurate and reliable results detatéhe major faults (broken
rotor bars, eccentricity and shorted turns) using different diéigmasdium in condition

monitoring.

However, in this study broken rotor bar, shorted turn, eccentricity asdligmment
faults are taken into account under varying load conditions becaese ttequently

occur in machines.
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1.4 Sensor Types for Non-Invasive Measurements

Different non-invasive on-line sensor types can be used to deteabtive mentioned
motor faults. The locations of these sensor types are illustiaté-igure 1.9. Brief

explanations and features of these non-invasive sensor types [2,3,20] are given below.
1) Vibration Sensor

Vibration measurement is the oldest form of condition monitoring araunements are
normally taken at each end of the machine, near the bearings, horilzental and
vertical axis positions as shown in Figure 1.9. Faults such as meahanbalance,
bearing faults, eccentricity and misalignment can be deteci®dg vibration

measurements [13].
2) Stator Current Sensor

The current sensors usually used for condition monitoring consistafogle circuits
that measure the magnetic field produced by the machine cuffentmeasured current
signals contain specific frequency components which can be usedetd déterent
faults in the machine, i.e. broken rotor bars, unbalanced rotor, shortedhttinesstator

windings and mechanical and magnetic asymmetries.
3) Stator Voltage Sensor

Since the stator voltage contains frequencies due to mechanicalmagdetic
asymmetries and varying load, it can used with the currentltolage instantaneous
power, instantaneous torque and negative sequence components. The voltage sens
along with current sensors are used to calculate instantaneous apWenegative

sequence impedance in order to detect faults in induction machines.
4) Axial Leakage Flux Sensor

The leakage flux of an induction motor is a small part of the faial of machine
flowing along the rotor and closing itself through the effectiofTenis leakage flux can
be measured by using a circular coil that is placed on non-drividgoé the motor,
which is concentric with the shaft as shown in Figure 1.9. The outpugeghaduced
by such an axial search coil is proportional to the rate of chartpe akial leakage flux,

and it contains many of similar fault frequencies to the staiment signal. The axial
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leakage flux sensor is a good source to estimate the speed as it contains a strong

component at the slip frequency.

NOTE: This figure is included on page 14 of the print copy of the
thesis held in the University of Adelaide Library.

Figure 1.9: Typical sensors positions used in condition monitoring of machines [13].

1.5 Literature Review of Fault Detection
Techniques

Condition monitoring (CM) of induction motors is important as the cost of plant
downtime in many applications may far exceed the repair or maintenance cost of the
machines concerned. The main target in condition monitoring is the diagnosis of a
fault before it becomes catastrophic damage. The early detection of a fault allows for

downtime and maintenance of machines to be planned.

Over the years, the researchers working on condition monitoring of induction motors
have developed a number of different fault detection methods. The two classes of
methods for detecting whether a fault exists or not based on fault features can be
classified in two categories; model-based and knowledge-based methods. In addition,
various signal-processing techniques for analysing the sensor signals to determine

fault features of different faults of induction motors has also been considered.
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Model-Based Condition Monitoring: In the model-based approach, the effect of certain
faults on the amplitudes of characteristic fault frequenciesbeapredicted by using
different modelling approaches. For example many authors such2is 28] looked at
Finite-Element based methods to detect the broken rotor barsufany the stator
current. In the research done in [23,24] a Transient-Model techniqugg aisingle stator
current signal to detect rotor and stator faults in induction mstdescribed. Another
useful model-based technique is thermal monitoring, in which rotor taeses

identification is used to detect rotor faults [25].

In addition, time stepping coupled Finite-Element State-Space nbaded method is
reported to be useful for adjustable/variable drives [26,27]. The Ptamstimation
method presented by reference [28] in which an algorithm is ussaddolate the model
parameters based on measurements of current and voltage. The chmartbese
parameters measurements indicate the severity of faults.nétisod provides useful

results in case when more than few broken rotor bars are under full-load condition.

The use of the above mentioned model-based methods provide comprehensive faul
detection information of dynamic systems. However, in modelledebasethods the
reliability and accuracy of the results rely on the use tHildel electromagnetic machine
design information, which is normally not available. In addition, &$® difficult to use

the results from one motor obtained by using model-based methods tive siault
threshold level for other ratings of motor.

Knowledge-Based Condition monitoring: In the Knowledge-based methods, several
knowledge-based techniques such as neural networks, fuzzy logic, eyptins,
artificial intelligence systems etc. have been used to déiféetent faults in induction

machines.

In references [29,30] the researchers have shown that the netwvallktechnique can
be used to identify faults in electrical motors even under ovedoadunder-voltage
conditions. Neural networks are modelled on the neural connections in tha buara
[3]. However,an extensive set of training data needs to be available for scamd

reliable results when using neural network approaches.

Fuzzy logic was also found to be another useful technique used to idet¢ne state of

induction motors to detect faults. In this technique, decisions ael loasclassification
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of signals into a series of bands instead of simply as eailtfaulty based on a single
threshold [31,32].

Another technique known as expert systems described in [33,34] dependshapon t
knowledge of a human expert by defining a series of a rules froohwbinclusions can
be drawn. As can be seen, it may not be possible to generalizerthes for other

motors of different ratings.

Identification of different faults related to induction motors & attempted by using
Support Vector Classification (SVC) techniques on the statoremurspectrum to
separate healthy and faulty motor spectra based on theicdhtieeory presented in
[35]. This method is not found to be useful to detect eccentriciégyecktifaults because

the features in the stator current are not very sensitive to eccentidity. f

It can be concluded from the research that the knowledge-bastbdds require deep
knowledge of process structure, functions and tqtieé models under various faulty and

healthy conditions of machines.

Signal-Processing Techniqueslin recent years huge amount of work has been done
using signal-processing techniques to detect different faults oftindumotors. There
are many techniques that have worked successfully to analyssatmgled data to
generate specific features or parameters, which are senwitihe presence or absence

of specific faults of induction motor.

Many authors [2,18,36] have studied the common magiaremeters that are used for the
detection of different failure modes in conditiomitoring which include stator current, stator
voltage, vibration, axial flux, speed and negaseguence impedance that are used for the
detection of different faults, i.e. broken rotorryaeccentricity, bearing and shorted turns,

misalignment and soft-foot faults of induction meto

A large amount of work has been done to detect the broken rotor bars {@RRB)sing
single sensor (stator current) under full-load condition [1,37]. Thibased on the
theory, that the BRB causes a pulsation at twice the slip fnegua the stator current
and is used as a mean of detecting BRB in an induction motors.

As explained by many authors [1,2,3] frequency analysis, using theeFtnansform
(FT) is the most common signal-based techniques used for condition nmgnitOther

signal-processing techniques such as Higher-Order Statistidss R/ector Approach,
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Wavelet Analysis, Negative Sequence Current [36,38] and many o#tlwrsdues has
been reported in the literature to detect bearing, rotor and dcitgntaults using
current, flux and vibration sensors. However, all these techniques hatgn ce
advantages and drawbacks as reported in [2,3].

For example, the Wavelet technique can be applied to non-stationary signalshirirvehi
disturbances are varying in only a short time is an appropeateique for transient
analysis. However, in this study the analysis is based on det¢lb® machine faults in
the steady-state condition and hence the Wavelet technique isuitatbdescandidate for

this analysis.

Research has proven that the negative sequence current is dbtedt shorted turns in
the stator winding. Although, such method indicates imbalance, but thexgeesethis

imbalance does not always imply system failure [36]. Many asthsuch as
[39,40,41,42] proposed that the Park’s Vector technique as a useful technaptedio

the shorted turns and air-gap eccentricity faults.

Some other methods such as Partial discharge detection have bedor udetecting
stator insulation faults in high voltage motors [43]. However, partisthdirge also
occurs in healthy motors. Furthermore, temperature monitoring psoadeiseful
indication of machine overheating, which can be used to monitor thexgpeand stator
windings. This however, provides less helpful information to detecsfautarly stages.
The airgap, torque and magnetic field monitoring has also beente@épay various

researchers regarding the condition monitoring of induction motors [44].

Only few authors, as reported in [45,46,47] have proposed the instantaneousgawer
medium to detect only broken rotor bars fault under full-load conditrothe basis of
theoretical analysis, computer simulation and experimental reshise studies showed
good results of using the instantaneous power as a diagnostic medamreférred to

the traditional method of using stator current to detect the broken rotor bars fault.

It has been concluded from the literature survey that the uSeusfer Transform (FT)
for frequency spectrum analysis is well established to detajcrity of the faults related
to induction motors. However, the accuracy and reliabilidetect the faults depend upon the
signal processing techniques applied to the maotdemutest to generate features, which are

sensitive to the presence or absence of spedaifis.fén addition, it depends upon the selection
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of fault detection methods such as model-basednowlkdge-based to examine the fault

parameters acquired from signal processing tecbsimudecide whether the fault exists or not.

1.6 Shortcomings of Condition Monitoring

Research

The reliability of signal-processing techniques depends upon a goodtanderg of the
electric and mechanical characteristics of the machimeatthy and faulted state under
different loading conditions. The following shortcomings were idiextibn the basis of

information discussed in the literature review.

e Most of the signal-processing techniques used to detect diffeenglité such as
broken rotor bars, eccentricity, shorted turns and bearing faults lhorasa
information from one sensor type (current, axial flux leakage or tidiora
sensors) as mentioned in [1,4,5]. However, it is often not possible w det
differentiate between a wide range of faults types with alesisgnsor type,
because many faults have similar symptoms e.g. a numbeeasfamical faults
can produce fault amplitudes at a frequency corresponding to tiaéceotor
speed. It is thus proposed to combine information from different segyses to

improve fault detection.

e There has been only limited research on the effect of loadtisgagaon the
amplitudes of fault frequency components under healthy and faultyticorsdi
The majority of the studies only consider the full-load casth limited research
considering partial load cases. References include [2,3,18] looked at broken rotor

bar faults under varying load conditions.

e To detect faults and estimate fault severity in the machis#gy characteristic
fault frequencies, it is important to examine the variabihityhieir amplitudes to
other effects apart from load and fault severity. This aread@émited research

in the literature on condition monitoring.

e A lesser amount of work has been focused on the detection opladitults, i.e.
the combination of broken rotor bars and eccentricity faults undeilingary

loading condition.
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e The majority of studies only considered the stator current agaatiic medium
to detect the different faults in induction motors. However, onlyriesearchers
[46,47] proposed the instantaneous power signal as a diagnostic mediuetto de
the broken rotor bars fault under full-load condition. The usenstintaneous
power to detect the other major faults in the machines (ecagntslorted turn
and misalignment) and multiple faults (combination of different $aulinder

varying loading condition was not reported in previous research.

1.7 Aim of Thesis

The aim of this study is to investigate different factors, taanee the shortcomings
related to the detection of different faults i.e. broken rotor bagn#gcity, shorted turn
and misalignment in the machines using the fault frequency comgofrem the

current, flux and instantaneous power signals under different levels of loading.

This study develops data acquisition software, which is used t@rcdfiection, and then
develops a custom-written programmed to analyse the raw sensowlata,produces
the frequency spectrum of current, flux and instantaneous power aspantt
automatically locate the appropriate peaks in the spectra d&éraeif signals
simultaneously. These are based on the experimental set-up devigppleis research
using hardware and software tools to provide the necessary techimiapcurate and

reliable effective fault detection and prediction of incipient failures in incluchotors.

Other aims include the development of a comprehensive experimetaibasia of non-
invasive sensor measurements using current, voltage, axial lefikageibration and
speed sensors of induction motors with known single or multiplesfafltvarying

severity under a range of load conditions.

Another aim of this research is the practical demonstrationodiifried fault frequency
components (f4f,) and (f+2f;) of instantaneous power signal. These could be used to
detect single faults i.e. broken rotor bars and eccentricity andiptaulfaults
(combination of broken rotor bars and eccentricity faults) astamative of traditional
fault frequency components (1+2g)ind (f+f,) components of stator current.

Furthermore, a detailed analysis of the effect of singlenautiple faults on each sensor

output is made. Ranges of load conditions are also examined, bduwalsmdt variations
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can cause a significant change in the amplitude of the faultlsigras research also
investigates the detection of eccentricity fault using fagdency amplitudes, as a
function of average eccentricity instead of % of rated load, und&sreht loading

conditions.

1.8 Significance of Thesis

For electrical machine users, minimizing unexpected failanesunnecessary servicing
is the primary goals. This involves minimizing maintenance cbgtsncreasing the

allowable intervals between inspections or only servicing machines whenargcess

Previously, using correlations amongst the different types of settsdetect both single
and multiple faults (combination of broken rotor bars and eccenirstigrted turns and
broken rotor bars, eccentricity and shorted turns, misalignment akerbrotor bars and

eccentricity with misalignment) have not been studied.

This study proposes using multiple sensors i.e. current, voltaigeé flax, vibration and
speed simultaneously to detect both single and multiple faults onbadbkes of
experimental test results on laboratory test machines. A custdtrprogram developed
for this study provides the results of current, flux and instantangower spectrums
simultaneously. This will help in the detection of faults moreusately by comparing

the spectra results of different measured signals.

It is foreseen that this research project results in improvi@@dtccuracy and reliability of
fault detection and diagnosis techniques, especially in detectingg sang multiple
faults while they are in an early stage at different loadmgditions by using current,
axial flux, voltage and vibration sensors simultaneously. As mentioekxe, normally
a single sensor type is used to detect a single faultwidrls can form the basis of more

sophisticated fault classification techniques for multiple fault detection.

The use of instantaneous power as a diagnostic medium to detsicigleeand multiple
faults will give the significantly improvement in the field obndition monitoring of

induction machines.
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1.9 Thesis Layout

This thesis consists of nine chapters:

In Chapter 1, a brief introduction about the background of condition monitorirgeis g
and problems related to monitoring were identified. In Section 1.2 the t@nstruction
and operating principles of induction motors are discussed. Section deBigreetail of
common motor faults and their causes. Sensor types for non-invasagein@@ents to

detect the different faults in motors are discussed in Section 1.4.

A literature survey is presented in Section 1.5. In Section 1.6 hbdcemings of
existing condition monitoring research are reviewed. The aimhefthesis and its
contribution to the field of study is briefly explained in Section hd the significance

of the thesis is presented in Section 1.8.

Chapter 2 starts with a summary of different signal proegsschniques for feature
extractions used to detect induction motor faults in Section 2.2. Feaitisampled
signals and frequency measurements and motor loading are ddsor®ections 2.3 and
2.4. Explanation of frequency spectrum from current, flux and instantapewes are

presented in Section 2.5.

Chapter 3 explains the details of the experimental condition monit@ysgem

developed in this research. This chapter describes the charasterishe sampled data
and provides detail of the data acquisition system that is used lextctile data.

LabVIEW based software used for data logging, and MATLAB bas®tivare for

spectrum analyses are also presented in this chapter.

Chapter 4 examines the experimental test results of a $etatihy and faulty motors
with partial, two and four broken rotor bars over a wide range aliigaconditions to
investigate the variations of the amplitudes of the fault freqpecomponents as a
function of motor load. In addition, investigation of the variations in thplitudes of
sideband components of healthy motors due to others effects apart frorty sewsktoad

are also described.

Chapter 5 investigates the detection of Eccentricity faults.lo@ltling conditions are

presented in detail. A comparison with healthy motors is alssepted. The use of
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average eccentricity to detect the eccentricity faultsie described in detail. Methods to

detect the fault frequency peaks are also presented with examples.

Chapter 6 investigates the detection of shorted turn faults usintauhliefrequency
components from current, flux and instantaneous power signals. To thetesiiorted
turn faults using single signal (combination of flux and instarasi@ower signals) are

also presented in Section 6.2.

In Chapter 7, the use of the misalignment faults to detectesargl multiple faults is
examined. In addition, comparison of results obtained from current, flux and

instantaneous power spectrums are also shown in the different sections of tles chapt

In Chapter 8, detection of multiple faults using non-invasive multyge sensors are
used to investigate different faults in the presence of othes fauladdition, comparison
of results obtained from current, flux and instantaneous power spscanenalso shown

in this chapter.

In Chapter 9, a summary of the overall research study is prdsentgetail. Some
suggestions for future work are also provided. Finally, the Appendicesnpriesther
details of some results including MATLAB analysis files tethto the experiments.
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Chapter 2

Analytical Methods used for

Condition Monitoring

2.1 Introduction

It is important to obtain a comprehensive database of non-invasive segssurements
of induction motors through laboratory testing on a large set ofiecdémhotors in the

healthy state, as well as with single and multiple faults. Gondmonitoring tests are
normally carried out on the sites of the machines. This tesiglated for experimental
purposes, such as to improve the accuracy of detection of fattis machines at early
stages. Due to limitations of access in certain applicagmsthe physical location of
the induction machines, it may not be possible to obtain sufficient nggahidata,

which is required to make preventive decisions. Therefore, it imethto overcome the
problems using well-structured laboratory tests. However, theapyifimitation of

laboratory testing is the size of the induction motors selectelhlboratory tests, which

depends upon the available facilities.

This chapter describes the sensors i.e. vibration, axial flux, pfvese voltage and
three-phase current, and the signal processing technique, whiasedeto collect
detailed information about the variations of the magnitudes oflstgngponents at fault
frequencies with the degree of severity of a fault. The abm iimprove the accuracy and
reliability of fault detection techniques, especially in detecting fatiksudy stages.
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As is well known, the induction machine is highly symmetrical. Therefore, the
presence of any kind of fault in it modifies its symmetry and produces well-
understood characteristic fault frequencies in the measured sensor signals [2]. The
magnitudes of the characteristic fault frequencies can be used for fault detection.
However, it is observed that even healthy machines have observable fault frequencies.
In the following subsections a variety of signal processing techniques including
Wavelet Transform (WT), Short Time Fourier Transform (STFT), Negative Sequence
Impedance and Park’s Vector Approach will be briefly described along with
frequency spectrum analysis using the Fourier Transform (FT), which is used in this

study.

2.2 Signal Processing Techniques for Feature
Extraction

In a condition monitoring system, the signals are in time-amplitude form and need to
be processed (transformed) into the frequency domain. Such a transformation is
needed to generate information that may provide more accurate and reliable data
about the motors’ condition. The principal of signal processing steps related to

condition monitoring are shown in Figure 2.1.

NOTE: This figure is included on page 24 of the print copy of the
thesis held in the University of Adelaide Library.

Figure 2.1: The steps for transforming a time domain signal into the frequency
domain, which is used in condition monitoring system [13].

As indicated earlier, the presence of any prevalent fault changes the symmetry of
induction machines. Moreover, a given fault affects each sensor type differently. In
the
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case of asymmetry (which is due to fault) the interactiotuaftietween rotor and stator
is changed, which can affect the stator currents, voltageqiati@dglux as well as the
machine vibration. Therefore, measurements of these variationgnalssitaken from

different sensors types can be used for condition monitoring.

For accurate and reliable frequency-domain measurements, a IsVilfgss required
as shown in the figure (block C). The next step is to samplestismssignals using A/D
converters. As shown in Figure 2.1, a digital signal processicignique, such as the
FFT can be employed. The ratings and specifications of the setisiew-pass filter

and the A/D converter that is used in this study, will be given in Chapter 3.

Different signal processing techniques can be used to analyzarnimed sensor data.
These techniques can generate features that are sensitivept@sbace or absence of
specific faults. The signal processing technique is chosen basdt dautt-related
signal characteristics, and also the conditions under which the reesur was

performed, for example steady state or transient.

This study concentrates in detecting single and multiple faultsduction motors under
steady-state conditions. The different signal processing teclsnilgaiehave been used in

condition monitoring of induction motors are discussed below.

2.2.1 Frequency Spectral Analysis

In on-line condition monitoring, frequency analysis based on the Fowaresform (FT)
is a common signal processing method used to detect bearimay, stad rotor and
eccentricity faults in induction motors. This is because differeletctrical and
mechanical faults produce fault frequency signal components whezgeefrcies can be

easily determined from motor parameters such as the number of poles and the slip.

Sensor signals such as vibration, current, voltage and flux contamnféhatssignals and
hence provide information regarding different faults in the maclhe Frequency
analysis can also be applied to the instantaneous power that caculatea from the

measured voltage and current signals (as will be discussed in Chapter 6 ofth)s the

In frequency analysis, the amplitude at each discrete frequeartybe obtained as
compared to the overall amplitude monitoring approach of time domaiysena fault
that causes a small change in amplitude of a certain frequengyonent can therefore
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be detected more easily in comparison with time-domain analdisgarithmic scale
for the amplitude axis is normally chosen to improve the dynange of the
representation. Using this process, faults that generate spebifiracteristic fault
frequencies, can be detected early, diagnosed accurately, andiltheeterity can be

monitored over the time as the condition deteriorates.

As is known the FT is applied to a time domain signal to convantdta frequency
domain representation. As shown in Figure 2.1, the time domain sgyeaimpled and
digitized into discrete values. Therefore, the discrete time &drthe Fourier Transform
(DFT) is used which produces, the frequency domain components ineligahees. The
Fast Fourier Transform (FFT) is an optimized version of the Bfal performs the

similar calculations in shorter time, which is calculated as [11]:

1 N1 _j2an
X(k)=WZx(n)-e N (2.2.1)
n=0

where,
X(K) is the FT of the signadn), k is the frequency indexyis the time index, and
N is the total length of the signal.

The use of the FT for frequency analysis implies two important relationships.
The first one refers to the highest frequency that can be analyzed to the sampling
frequency and the second relationship links the frequency resolution to the total
acquisition time, which is related to the sampling frequency and the block size of
the FT. The Fourier transform performs well when estimating periaditass in steady
state. In some cases, the results of the estimation can Imlyslignproved with

windowing.

2.2.2 Selection of Window Size in FFT Technique

Limiting the time duration of the interval over which the signalbserved is known as
“windowing” and this process is used for the measurement of non-statioggaissi
which may be divided into short segments of a quasi-stationary nailinelowing
consists of multiplying the time domain signal by another time ajlomvaveform,
known as a window, whose amplitude tapers gradually and smoothly towardtzer
edges [13]. The result is a windowed signal with no (or very smiigitpntinuities, and
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thus reduces spectral leakage, which occurs when a frequency comporesignél
does not fit exactly into one of the computed frequencies in the gpeciihe window

should be applied to the signal after the A/D converter has digitized it.

In general, window functions are used to reduce the side lobes in tteuspef the
FFT analysis. Hence, the peaks are easier to identifypectrsims. There are many
different types of windows. The typical trade-off between windovieiszeen amplitude
accuracy and frequency accuracy. These common types of windowdaamning,
Hanning and Rectangular windows [13]. The Hanning window provides good fegquen
accuracy and can produce amplitude errors up to 1.4 dB, as comparedhmoinga

windows with 1.8 dB and the Rectangular window with 3.9 dB amplitude errors.

Figure 2.2 shows the frequency spectrum of a measured signal olftammethe data
acquisition system with sampling frequengy 400 Hz and time T =100 seconds. Note
that, the calculation of the FFT corresponds to the FFT of thel¢oigth of the signal

(100 seconds) of which only a zoomed fraction is shown in Figure 2.2.
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Figure 2.2: Left column (top and bottom) illustrates the full (1@0&) zoomed (0.1s)
version of the measured stator current waveform as a functiomef Right
column (top and bottom) represents the full (200 Hz) and zoomed (45 to 55
Hz) versions of the FFT results of the measured signals.
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2.2.3 Short-Time Fourier Transform (STFT)

The Short-Time Fourier Transform (STFT) is a modified formhefEourier Transform.
In this transform, the subject signal is divided into smajheents, which are assumed to
be stationary. Using a window function of a chosen width, which iseshifind
multiplied with the signal to produce the short stationary signals does this.

Finally the Fourier transform is then applied to each of thegmesets to obtain the
Short-Time Fourier transform of the signal, which shows the changie ifrequency

spectrum of the signal with time. This process is defined by [38].
STFT(0,1) = fooi(t)-w(t—r)-e_jm ot 2.2.2)
o0

where,

STFT (o, 1) is the Short-time Fourier transform of the current sigygl
o = 2rxf, wheref is the frequency of the signal,

w(t — 7) is a window function,

t, is time, and

7, is the delay parameter.

The STFT is used to transform the original measured signal irttmexfrequency
spectrum to capture the time variation of the frequency components. iffhére
condition monitoring application the resulting spectrum is analyselistmguish fault

conditions from the normal operating conditions of the motor.

As an example, for condition monitoring analysis, the STFT can liefoséetection of

broken bars and bearing faults in motors using the stator current waveform.

Figure 2.3 shows the application of the STFT to transform a noatoent signal into a
time-frequency spectrum. Although this technique incorporates tleeitifformation, it
suffers from the trade-off between the time and frequency reswdudue to the window

size that must be selectagbriori.
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Figure 2.3: Application of Short-Time Fourier Transform on the measured csigeat
shown in Fig 2.2.

2.2.4 Wavelet Analysis

The Wavelet technique can be applied to non-stationary signals ich whe

disturbances are varying in only a short time [49]. The anglysisess in the Wavelet
Technique consists of convolving the studied signal with small windowidmsctalled

wavelets. The length of these wavelets is varied dependitigeoitequency content in
the signals. Therefore, this technique allows the study of différeqiency signals at
different time resolutions. A long window size is used for low fregyecontents and a
shorter window is used for high frequency content. The Wavelet Techcagqualso be

used for localized analysis in the time-frequency or time-scale domain.

The general Wavelet Transform of a signal is defined by:
1 o, *(t—7
Wr(a,T):EfOONt)l//a,r [?]dt (223)

where:

WT is the Wavelet Transform of the current sign@),
va,r IS the Wavelet function (basis function)

aandr are the scaling and the translation respectively, and the asterisk quét®e

denotes the complex conjugate of the function.
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The application of the Wavelet transform to the measured cuigml in Figure 2.2 is
shown in Figure 2.4. The main disadvantage of this technique is itsdettynwhere a

large number of scales are used for the calculation.
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Figure 2.4: Application of the Wavelet Transform on a measured current digmai s
in Fig 2.2.

2.2.5 Park’s Vector Approach

In condition monitoring, the Park’s Vector Approach can be used for detection addshort
turns in stator windings and the level of air-gap eccentrjdity. These faults result in
stator current imbalance, which can be detected using the lociie afistantaneous
spatial vector sum of the three-phase stator currents. The lotesp=n be analyzed
graphically or else the frequency spectrum of the spatial magnitude caarbmed.

The following equations are used to determine the Park’s Vectoents (4, Ig) as a
function of the three-phase currenitg i, ic). The ideal representation of Park’s Vector

is a circular locus centered at the origin of ithandly coordinate.
la= [N2N3] ia- [1N6] ip - [LN6] ic (2.2.4)
lq = [1N2] i - [LN2] ic (2.2.5)
In the case of an ideal healthy motor, the three phase curradtsole Park’s Vector
with the following components:
|4 = V6/2iy. Sin (wt) (2.2.6)

lq =V6/2iy. Sin (ot —7/2) (2.2.7)
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Where, Iy’ is the maximum value of the supply phase current and ‘®’ is the supply
frequency. Under faulted conditiorgandl, change and the shape of the pattern of the

faulty motor is different from the healthy motor as shown in Figure 2.5 (right).

5 5
=0 =0
5 5
5 0 & 5 0 5
Id Id

Figure 2.5: Park’s Vector representing a healthy motor (left) and/fiendtor (right).

2.2.6 Negative Sequence Impedance

An alternative to the Park’s Vector approach for detectingrspdiase imbalances is the
concept of Negative Sequence impedance. This is based on the dheyrgmetrical
components in which, unbalanced three-phase voltages or currents canraedeapt
positive and negative sequence components [36]. The ratio of the negaiuence
supply voltage to the negative sequence motor current is known reghive sequence
impedance and this is sensitive to the presence of unbalanced Negtdive Sequence

impedance gcan be calculated by:
ZR: VR/ IR (228)

where, 'V}’ and ‘Iz’ are the negative sequence components of the machine voltages and

currents, and
Vr= 1/3 (Vat+ &Vg + aVe) (2.2.9)
Ir = 1/3 (h+ &g + ak) (2.2.10)
Where, a = 4120° and \, Vg, Vc and h, Ig, Ic are the phasor voltages and currents

If a fault exists in an induction machine, the negative sequencedampe reduces,
because of these effectsg’'ds changed. This can be used to detect the shorted turn’s

faults.
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2.3 Features of Sampled Signals

An analog signal is continuous in both time and amplitude. In oaderdcess such
signals in computers, it is necessary to convert the signal&digital" form, which is

discrete in both time and amplitude using a process called sampling.

Sampling involves measuring the signal’s values at certairvaisein time. The inverse
of time between two consecutive samples is referred to asathpling frequency, and
each measurement is referred to as a sample. The Njmgjsency is equal to half the
sampling frequency. To avoid the aliasing of the sampled signalblytingst frequency

must be greater than the signal.

For example, Figure 2.6, shows a 100 sec record of current wavet@mwah a 400

Hz sampling frequency. A zoomed version of the waveform is also shown in the figure

6
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T .40 1 amplitudes of the higher 1
g ! frequency components in the :
é .60} 100 to 200 Hz region :
£ a0 | l i
oA 00
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Figure 2.6: Waveform of current versus time with a 400 Hz sampling frequency of 0.1
second (top left) and its zoomed version (top right). The spectrum of the
current waveform is shown (bottom) for (0 to 200 Hz).

32



Analvytical Methods used for Condition Monitoring

The 100 sec time record gives a vary high frequency resolution oHz.@hd the 400
Hz sampling frequency implies a Nyquist frequency of 200 Hz. Adass filter with a
cut-off frequency of 100 Hz was used to avoid aliasing. Due to the@éss-filter, there
are only few peaks present in the frequency spectrum between 180dH200 Hz as

shown in Figure 2.6 (bottom) dashed lines.

Similarly, the current waveform for an 8 kHz sampling frequenitly a 5 sec sampling
time, having a frequency resolution of (0.2 Hz) is shown in Figure 2.7cdimplete 5

seconds record on left and a zoomed version of 0.1 sec is shown in Figure 2.7 (top).

In this case the Nyquist frequency is 4 kHz and a 2 kHz anshadjdilter was used. The
effect of the low-pass filter is evident as there are only feaks of significant
amplitude present in the region between 2 kHz and 4 kHz as shownure g/
(bottom) with red dotted lines.

6
4
< S
E] S
3 O
4
0 1 2 3 4 5 0 0.02 0.04 006 0.08 0.1
time (sec) time (sec)
0
-20

-40
anti-aliasing filter reduces the

amplitudes of the higher
frequency components in the 2
to 4 kHz region

m M WMIVIVI\HM \\\MHMM\ Lk M\M\l ‘ﬂl WNI\M‘M el \H\WHM\W i H hh\ Mm\h\\H\Lw\\ﬂm\ﬂuLmhm il H\H\mwuh.HJH\uhh. i Mh.|| i ‘M,.\IHHW

Freq uen cy (kHz)

-60

Amplitude (dB)

-80yi “

100

Figure 2.7: Waveform of current versus time with a 8 KHz sampling frequeszie(t)
and its zoomed version of 0.1 second (top right). The spectrum of the current
waveform is shown (bottom) for (O to 4 kHz).
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2.4 Frequency Measurement and Motor Load

Fault frequencies are related to the supply frequency and slipefélee an accurate
value of the fundamental and slip frequency is paramount to determise finalt

frequencies.

The voltage frequency spectrum is used to determine an accuraie of the
fundamental frequency of the mains supply. In addition, the flux speatrumed to

determine the slip frequency sind hence estimate the amount of load on the motor.

2.4.1 Supply Frequency [f]

The supply frequency is determined by converting the time domairgecdignal into
the frequency domain by passing it through a Hanning window and thennaptitg
FFT technique. In the frequency domain, the fundamental frequency tothimant
peak in the spectrum. The supply frequency can also be determinsthgythe FFT of
the current or flux spectrum. Figure 2.8 shows the supply frequenaytfie current

spectrum.
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Figure 2.8: Spectrum of motor current phase “A” showing the supply frequency.

2.4.2 Slip Frequency [f]

As illustrated in Figure 1.4 of chapter 1, to a first approximatienrotor speed falls
linearly with increasing load on the motor. Therefore, the sliguigacy sf increases as
the load increases and the amplitude of the slip component also faariddgferent
loading conditions. The slip frequency flux componentatised by the rotor currents in

the rotor end-windings, has the largest peak in the low frequenanraythe flux
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spectrum. This is illustrated in Figure 2.9. The current spectrom (0-5 Hz) clearly

indicates the value of slip frequency, which in this casg3ssh = 2.75 Hz.
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Frequency (Hz)

Figure 2.9: Frequency spectrum of flux signal showing the slip frequency cemgo

The effect of different loading conditions on the amplitude of the féguency
component in a healthy induction motor is shown in Figure 2.10. The fidus&ates

the frequency spectrum of the flux signal around the slip frequency range.

As can be seen in the figure, under no-load conditions, the stjpefney cannot be
identified clearly, because at no-load the value of slip frequisneery small (0.26 Hz).
Therefore, there is a need to improve the identification of lthdrequency at no-load
operating condition of the induction motors. It can be seen from theefigpat the

amplitude of the slip frequency components increases significantly with sinogdaad.
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Figure 2.10: Measured slip frequency components and their respeciiitudes in
the flux spectrum under different loading conditions. This figure is
obtained using multiple plots on the same axis.
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2.4.3 Methods to Identify Motor Load

Percentage of rated load is a term used to describe thé lacididorque on the motor
compared to its rated output torque [49]. It is known that the loadinditton of the
machines affects the amplitudes of the sideband components in therfafsis.
Therefore, it is important to know the loading condition of the machaoerately.
Different methods have been utilized in the practice for measthiagin this section
three methods i.e. input power, measured line current and slip/speddsarded for

determining the percentage of rated load.
Using Input Power

When electrical input power measurements are available, thelgecased to estimate
the percentage of loading of the motor. Equation 2.5.1 is used toatal¢hé rated

three-phase input power to the motor [45].
P = Por/ ¢ (2.5.1)
where:

P = rated input power (kW)
Por = rated output power
nr = efficiency

Percentage of loading is estimated by taking the ratio of #esuned input power;P
under load to the power required when the motor operates at ratedhiadelationship

is shown in equation 2.5.2.
% Load = (RP;) x 100% (2.5.2)
Using Measured Line Current

The input current of an induction machine consists of two componentsiateetizing
current, which to a first approximation is constant and independent of doddthe
torque producing current, which is proportional to load. The input curréheisector

sum of the magnetizing and torque producing currents, which have a 90° phase-shift.

At low loads, the magnetizing current component dominates, and thigtle ishange in
the input current with load. At high loads, the torque producing current component
dominates, and the input current is roughly proportional to load as shown in Figure 2.11.
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Figure 2.11: Typical relationship between % rated current and %ted toad of the
induction motor.

Using Speed/ Slip Method

As illustrated in Figure 2.12 the slip frequency is proportional tordbed load on the

motor. There are two means for measuring slip frequency:

1) By using a speed sensor to measure the actual motor speedy darettso
calculate the slip frequency.

2) By determining the slip frequency using the flux signal (Figure 2.9).

Slip frequency (Hz)

O T T T
0 25 50 75 100 125 150

% Rated Load

Figure 2.12: Slip frequency Yersus % of rated load for a healthy motor.
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2.5 Identification of Fault Frequencies From

Current/Flux Spectra

The detection of faults in induction motor depends upon the identificatiomubf f
frequencies and the accurate detection of their amplitudes in etgors signals.
Therefore, a brief explanation will be given about the identiboaof fault frequency

components from current, flux and instantaneous power spectra.

2.5.1 Broken Bar Fault Frequency Components from

Current/Flux Spectra

It is known that the presence of broken rotor bar in machine restits increase in the
amplitude of sideband components around the supply frequency component in the

spectrum whose fault frequencies are given by the following equation [46].

f sre= (1£2S)f (2.5.1)

where,

fsre IS the broken bar fault frequency components,
f1is the supply frequency in the power signal and
s is slip.

As can be seen in the equations above, the supply frequency affedetdabigon of the
sidebands and so potential changes in supply frequency should also beredraidieg
measurements. An example of the identification of broken rotor babaside

components in the current spectrum is shown in Figure 2.13.

In the figure, only the frequency region relevant to the fmajuencies is shown. The

FT current spectrum is normalized to the amplitude of the supply frequency component.
For the sample figure, the fault frequency components can be estimated as:

Supply frequency:  1f=50.00 Hz (Figure 2.8)

Slip frequency: §=2.75Hz (Figure 2.9)

Slip: s =$/f1 = 2.75/ 50.00 = 0.055
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Lower sideband: fre= (1-25)i = 44.50 Hz

Upper sideband: dre = (1+2s)f = 55.50 Hz
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Figure 2.13: A sample current spectrum illustrating the broken bar sideband coitspone
(full-load).

For the sample figure above, the fault frequency components can be estimated as
Supply frequency: 1f=50.00 Hz (Figure 2.8)

Slip frequency: £§=2.75Hz (Figure 2.9)

Slip: s = $/f1 = 2.75/ 50.00 = 0.055

Lower sideband: re= (1-28)f = 44.50 Hz

Upper sideband: gre = (1+2s)f = 55.50 Hz

It is well known that another method to calculate the slip isstba speed sensor directly
attached to the motor shaft. The slip can then be estimated iy ecpuation 1.2.3. It
should be noted that the use of current or flux sensors or a speedtseraoulate the

fault frequency sidebands might affect the accuracy of the results.

2.5.2 Eccentricity Fault Frequency Components from

Current/Flux Spectra

The standard equations for the fault frequency components to detextdentricity fault

from the current and flux spectra of eccentricity due to rotor slotting are [46]:
fece = f1 [(R/P)(1-s) +K)] (2.5.2)

foce = 1t f, (2.5.3)
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where,

k=1, 3,5 ...

f; = rotational speed frequency,

Ris the number of rotor slots, and

p is the number of pairs of poles.

It is noticed from practical measurements that the rotor frequeneoynsl to be strong in

the vibration spectrum. Therefore, the rotor frequency is measuredtlygifrom

vibration spectrum as shown in Figure 2.14, which is in this case is 23.58 Hz.
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Figure 2.14: Vibration spectrum illustrating the rotor frequepey full-load

The rotor frequency is the main parameter to calculatedbentricity fault frequencies

(f1xf)). The calculated sideband frequencies are:

fo = (1-s)i/p = (A-&/f1)f1/p = 23.58 Hz

(f1-fy) = 50-23.6 = 26.42 Hz

(f1+f) = 50+23.58 = 73.58 Hz.

The measured sideband frequencig&f(f from the flux spectrum are 26.38 Hz and
73.63 Hz respectively as shown Figure 2.15. It can be observed thalctiated values
are very similar to the measured values. The differenceeircalculated and measured

values of the positive and negative sideband fault frequencie8.0441z and 0.05 Hz

respectively.
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Figure 2.15: Flux spectrum illustrated the negative sideband component (top) and
positive sideband component (bottom) at full-load

2.5.3 Shorted Turn Fault Frequency Components from

Current/Flux Spectra

It is well understood that shorted turns fault in induction motors procheaateristic
fault frequencies that can be observed using spectrum analysis of onere sensor
guantities mentioned above (i.e. current voltage, flux, and vibrafiam®.shorted turn

sideband can be observed at frequencies of [34]:

fst=f1[(n/p) (1-s) £ k)] (2.5.4)

The current and flux spectra can be used to identify the shortedawitnfrequency
components. Figure 2.16 demonstrate the location of the negative andepsidiébands
for n=1 and k = 3 in the flux spectrum. The calculated values for nék & 3 and p =2

current and flux fault frequencies are as follows:

fst=f1 [ (n/p) (1-) - K)] = 126.4 Hz
fsr=f1 [ (N/p) (1-s) + k)] = 173.6 Hz
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Although both current and flux spectra are useful to detect shortedatuts, the flux

spectrum is preferred due to the higher amplitude of the sidebands components and lower

noise level when compared to the current spectra.
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Figure 2.16: Flux spectrum illustrated the negative sideband (tog)asitive sideband
(bottom) at full-load.

2.5.4 Fault Frequencies Components From Instantaneous

Power Spectra

Stator current and axial flux act as excellent sensorsdtacting faults in the motor.
Although the use of instantaneous power instead of stator currengaaanaeter for the
detection of faults in a three-phase induction motor in generalized Fas been
reported in references [48,49]. They only considered the broken barsetigafaulty at

full- load condition. This study emphasizes the advantage of usitemiaseous power
(product of voltage and current) based on a real-time signal. Tlamtius€ous power
“Pins ()", which is derived from the instantaneous voltage and currgmalsiis

calculated as follows [50, 51]:
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Pins (t) = Ve (1) x Ip (1) (2.5.5)

Here, “V," is the input phase voltage ang™Is the input phase current to the motor.

Modified fault frequency components to detect the broken rotor bar ammtecity
faults in the machines (reflecting the motor’s condition) are shavequations 2.5.6 and
2.5.7. These equations arrived at from the traditional current signature sidebarm@hequat

which is based on the observation of the sideband components in induction motors.

(fo + 4) (2.5.6)
(fo £ 2f) (2.5.7)

Here, § is the slip frequency ang i the supply frequency of the power signal
where, § = 2f; and f is the supply frequency of current or voltage signal.

One set of real data consisting of current, voltage and instantapeags spectrum at

30% load of healthy motor is shown in Figures 2.17.
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Figure 2.17: Left column (top, middle and bottom) illustrates theé neeasured
waveforms of current, voltage and instantaneous power signals as a
function of time. Right column represents the FFT results of measur
signals.
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2.6 Summary

The focus of this chapter was on a number of important factoredeiatthe different
analysis methods used to identify the characteristic fault freige in the frequency
spectrum. The variations in the amplitudes of fault frequency commoisensed in this
study to identify different faults in induction motors e.g. brokator bars, eccentricity
and shorted turns etc. Detail of different signal processing aobsisuch as Frequency
Spectrum Analysis, STFT, Wavelet Analysis, Park’s Vector Apgroand Negative

Sequence Currents are presented.

The reason for selecting the Fourier Transform (FT) to tebec different faults in
induction motors over the other signal processing techniques is bed#diggent
electrical and mechanical faults produce fault frequency sigomlponents whose
frequencies can be easily determined from motor parametgrsas the number of poles

and the slip under steady-state conditions.

Different types of windows i.e. Hanning (used in this study), Hargrand Rectangular,

are used to reduce the side lobes in the spectrum are also described.

Details of the sampling process for converting a signal fromraamis time to discrete

time and an explanation of the two sampling frequencies used are discussed.

An accurate value of supply and slip frequency is paramount toeldbat fault
frequencies in the frequency spectrum. The voltage/current fregseectra are used to

determine an accurate value of the fundamental frequency of the main supply.

The flux spectrum is used to determine the slip frequendtlyat is also related to the
amount of load on the motor. In addition, the importance of motor loading ethbads

for determining this using the line current, speed/slip and input power is discussed.

The detection of faults in induction motors depends upon the identificatidauthf
frequencies and the accurate measurements of their amplithéeefdre, a brief
explanation how to identify the fault frequencies using the FFhefrneasured sensor

(current, voltage, vibration axial flux leakage) signals is provided.
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Chapter 3

Experimental Set-up and its Features

3.1 Introduction

Faults in induction motors produce characteristic fault frequenicedscan be observed
using spectrum analysis of one or more sensor quantities, a®oneehin the previous
chapter. For example, broken rotor bar sideband magnitudes can b&edbser
frequencies of #2s)f;, shorted turn faults can be monitored at frequencieg(ofg)(1-

s)zk] and rotor eccentricity can be inspected at frequencigfafin these expressions,
f1 represents the supply frequencyisfthe rotor frequency &#N,/60), R refers to the
number of rotor bars, s represents the slip, p refers to the nunmpaegfairs, and n and
k are integers [2]. It can thus determined an accurate valukefdundamental and slip

frequencies.

The ultimate goal of machine condition monitoring is to obtain accuatereliable
information about the condition of induction motors to make timely decisions. In order to
do this, requires a good understanding of the effect of fault sevend loading
condition on the amplitudes of the characteristic fault frequencypcoants. This is
studied using an extensive series of laboratory tests.

This chapter gives an overview of the experimental condition monit@sysgem
hardware and software modules used in the study. In addition, detailAGLAB
programme, which is developed in order to identify the charactemsticffequencies, is

also described.
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3.2 Condition Monitoring System

On-line condition monitoring means to assess the actual condition of a machine using
measurements taken whilst the machine is operating. A general block diagram of a
condition monitoring system is shown in Figure 3.1. In this stage it is aimed to briefly

describe all the related terms used in condition monitoring during this study.

NOTE: This figure is included on page 46 of the print copy of the
thesis held in the University of Adelaide Library.

Figure 3.1: Condition monitoring system for baseline analysis [18].

In this study, an extensive series of tests on a set of identical motors with a range of
faults and under a variety of load conditions as mentioned in Block (A) in Figure 3.1
is performed. These faults affect the symmetry of the machine and as a result produce

characteristic fault frequencies in the different types of sensors, shown in block (B).

In block (C), the data acquisition system is used to record the sensor signals in digital
form. These signals can be analysed by different digital signal processing techniques
to extract features, which are sensitive to the presence of faults. Some of the common

techniques, which were discussed in Chapter 2, are shown in block (D).
In next step, the characteristic fault frequencies of different faults are detected from

the processed signals. In this study, a customized MATLAB program is developed to

detect these fault frequencies efficiently as shown in block (E).
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Finally, in block (F), the fault frequency characteristics ttedate to different fault
conditions are analysed in the different sensor signals, (voltagegnt, flux, and
instantaneous power). This helps to better understand the relationshgebéault type
and severity versus the amplitudes of the characteristic fault frequencies.

3.3 Experimental Test Set-up

3.3.1 Test Motors

The experimental work in this study was conducted using the test rig and dat&ianquis
system as shown in Figure 3.2. The tests were conducted on fidseiew identical
three-phase induction motors (T-DF100LA, manufactured by Brook Crompthigh
were loaded by a dynamometer consisting of a 5 kW separatetgd®®C machine.
The detailed technical specifications of the induction motors umd¢rare shown in
Table 3.1.

Figure 3.2Data-acquisition hardware (left) and motor/load test set-up (right).
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Table 3.1: Technical information for the induction motors used in the testing

Performance Data Value
Rated voltage (V) 415
Rated frequency (Hz) 50
Rated current (A) 4.8
Power (kW) 2.2
Number of Poles 4
Rated speed (rpm) 1415
Rated torque (Nm) 14.8
Number of rotor slots 32
Power factor at full-load 0.81

The induction motor under test was mechanically coupled to a selgagatited DC
machine, which was loaded using a variable-resistance bank. Tihg diagram of the
AC and DC systems is shown in Figure 3.3. The specifications @¢hemachine used

as a load in the testing are shown in Table 3.2.
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Table 3.2: Technical information about the DC machine used in the testing

Performance Data Value
Rated shaft power (kW) 5.5
Rated speed (rpm) 1500
Rated armature voltage (V) 220
Rated armature current (A) 28
Rated field current (A) 0.65

3.3.2 Critical Issues and Features of the Test Arrangemén

There are number of factors which can affect the accurace ehdasurements. Some of
these factors are the rigidity of the foundation of the tesbrreotd the accuracy of the
shaft alignment. The motors must have a firm and rigid foundationmete soft foot

problems and to reduce vibration.

There are number of cost benefits of precision alignment. It cantdeéduce operating
costs by reducing energy costs. Precision alignment also resuitseased maintenance

savings through reduced parts consumption and reduced overtime.

Typically, a precision alignment of machines can reduce thggwgests from 3 to 10%.
A recent study showed that even small amounts of misalignment smudicantly
reduce bearing life. The definition of “Correct” alignmentbessed on the acceptable
range of alignment values that is given for the specifietomspeed provided by the

manufacturer of the laser alignment tool.

Figure 3.4:Laser Alignment Device used for precision alignment.
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Figure 3.5Torque Wrench used in experimental set-up.

To eliminate alignment faults, the motors were installed onetsierig using a precision
laser alignment tool (purchased for this study) shown in Figurarl4a torque wrench
(Norbar set at the recommended value of 35 Nm for ideal mountirgoas in Figure

3.5. These two tools were used to ensure the accuracy and the rdépeatabhe

mounting as well as to introduce the misalignment faults in machines.

Table 3.3 shows a set of results that compares the acceptalite dimd the values
obtained for a motor under test. The table demonstrates theregtasiues are equal or
below the acceptable limits in the vertical and horizontal doestand so the motor is
considered properly aligned.

Table 3.3:Alignment limits and the actual measured values obtained for a test motor

Alignment Acceptable limit (mm) | Measured value (mm)
Vertical offset 0.09 0.09
Vertical gap 0.07 0.05
Horizontal offset 0.02 0.02
Horizontal gap 0.07 0.07

3.3.3 Sensors Arrangements and Measuring Tools

During the tests, the two current sensors for line currentsybltage sensors for line
voltages, one axial leakage flux senor, two vibration sensors: dridveéagizontal (DEH)

and drive-end vertical (DEV), and one speed sensor that is dicecthected to the shaft
of motor, were used.
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The position of the sensors in thest arrangement is shown in Figure 3.6. The axial
leakage flux measurement was taken with a circular seaitbf comparable diameter
to the motor, which is mounted concentrically with the shaft on theofemotor. For
reliability and consistency of the flux measurements, a fixedipodor the flux coil is
defined.

The vibration sensors were screw-mounted to the motor housing to atieekighest
measurement bandwidth. Measurements of the input stator current®ltagkes were
taken using a custom-built measurement box that was located betheeauto-
transformer and the test motor. The speed sensor was direatliyeattto the motor shaft

to obtain the running speed of motor as shown in Figure 3.6.
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Seo 00
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@ o » gﬁ
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2l 12| |2
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DEV Vibration
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Z 3 DEH Vibratio Speed
(T i
— c pee
.g % |:| Sensor {:hls kwDC generato Sensor
< Induction Motor

Figure 3.6: The block diagram of the test set-up including the positions of the sensors.

The analog signals from the sensors are passed through lowHsssstd remove any
high frequency components that may cause aliasing. This is pedidayn@n 8 channel,
8" order Butterworth analog low-ass filter unit with selectableadf frequencies of 100

Hz for the 400 Hz sampling frequency and 2 kHz for the 8 kHz sampling frequency.

This unit also has individually adjustable channel gains of x1, x1x&0@d to allow
amplification of low-level sensor signals [5]. Table 3.4 illussdiee specificationsf

the sensors used for measurements in this study.
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Table 3.4: Sensor specifications

Band | Input Output

Signal Device Function width | Range Gain
Allows safe
Differential | measurements of high 30 100 V
voltage | Amplifier | voltages. kHz | 600V —qy
Hall-effect | Detects magnetic field
Current sensor produced by current. kEIS—|O +10 A 1‘16‘/
Z =

Measures axial leakage

flux produced by currents

100 turn search 10

Flux : flowing in the stator and +1V -
coil L kHz
rotor end windings.
i lectr Acceleration 20
Vibration | F1€Z0electric | measurements. +2g | 1g=1V
accelerometer kHz
Speed Tacho-meter| M€asures shaft speed i i i

directly

3.3.4 Sampling Information

During the measurements the sensors were sampled simultanendisiyaa different

sampling rates used in this study are as follows:

¢ Low-frequency measurement with a 400 Hz sampling frequency thas @i
Nyquist frequency of 200 Hz, and 100 s sampling time, which allowshigh-
resolution frequency analysis (40,000 data points, 0.01 Hz resolution).

e High-frequency measurement at 8,000 Hz sampling frequency widmalisg

time of 5 seconds (40,000 data points, 0.2 Hz resolution).

The parameters of the two sampling rates, achieved frequesclutren, frequency
range, setting of anti-aliasing filter and hence useabigiémecy ranges of each sampling

rate used for experiments are illustrated in Table 3.5.
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Table 3.5:Summary okensor signal sampling information

Low Frequency | High Frequency

Sampling Sampling

Sampling Frequency 400 Hz 8 kHz

Total Sampling Time (T) 100 sec 5 sec
Frequency Resolutionf=(1/T) 0.01 Hz 0.2 Hz
Total number_of points in record 40,000 40,000

Lgr=fs IAf

Nyquist Frequency 200 Hz 4 kHz

Cut-off frequency 100 Hz 2 kHz

3.3.5 Testing Procedure

It is necessary to follow a consistent testing procedure to obtain rekshilésr The

procedure used for carrying out experiments on the test arrangement is as. follow
e Set the auto-transformer output = 0 Volts.
e Setthe DC = 0 Volts and turn-off load bank
e Turn the AC “ON” and DC power “ON” using the main switches.
e Set the field current = 0.2 Ampere
¢ Increase the autotransformer voltage slowly up to rated voltage (415V).

e Adjust the variable load resistance and field current and kee € machine
armature voltage < 220V and current <10A. The warm-up time for tihingais

twenty minutes before taking any measurements.

e The LabVIEW programme was used to capture the sensor sigrtalsampling

frequency of 400 Hz for low frequency data and 8 kHz for high frequency data.

For each test start from no-load and gradually increase theAtiadcollecting the data
at different loads, turn-off the machine completely and a setihmg is provided before
the machine start again for another load test. This is negelssaause the Fourier

transform is useful for stationary signals.
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3.4 Data-Acquisition System

The data acquisition system used in this study consists of ttiorse the hardware and
the software. The hardware used consists of: two four-channeliplogrds from
National Instruments (NI-PCI-6110, 12-bit, 5MS/sec, simultaneous sary)plamgi-
aliasing filter (as described previously), and eight sensers {oltage sensors, two

current sensors, two vibration sensors, flux sensor, and a speed sensor).

The data-acquisition software used for data collection was wrgang LabVIEW. The
principal aim of this software is to collect the data, disptagnd save it for further

analysis. The graphical user interface of the software is shown in &igurand 3.8.
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Figure 3.7: Front panel of the LabVIEW program showed sampled signals
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Three Phase Currents

Signal of phase current,”

Lab VIEW Function keys and file path

Signal of phase currentg

Signal of phase current,

Zoomed Three Phase Currents

Three Line Voltages

Signal of line voltageV sg”

Signal of line voltageVgc”

Signal of line voltageV¢a”

Zoomed Three Phase Voltages

Flux

Signal of flux

Zoomed Flux

Two vibrations and one speed signal

Signal of driving-end horizontal

Signal of non-driving-end horizontal

Signal of speed

Zoomed Three Vibrations

Figure 3.8: Brief user guide of the LabVIEW program showed in figure 3.7.

3.5 Fault Analysis Software

Spectrum analysis is used to identify the specific fault fregjasrof the machine, which
are used as indices to diagnose its faulty/healthy condition. $nstbdy, a custom
written program developed in MATLAB is used to identify the fault frequencooes the

current, flux and instantaneous power spectra.

The program reads the data files saved using the data dpggjitware described in the
previous section, and then applies a Hanning window on the specifiededatarient,
flux or voltage. It then performs the Fourier transform (FT)hendata. The spectrum is
normalized with respect to the highest peak (normally the fundabheméore

converting to decibel (dB) and being plotted for future analysgurgi3.9 show a flow
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chart of the program used for analysing the data. The prograi® lsyareading the raw
data saved during the experiments in a digital form. Analydiseodlata is performed, by
calculating the Fourier transform of the voltage, the currentfldike the vibration, and

the instantaneous power signals.

=

Read Data

Voltage, Current, Flux, Vibration
and Speed Signals

Y

Calculate:

Instantaneous power

Y
Calculate FFT of:

Voltage, Current, Flux, Vibration
and Power siane

(

Measure
Slip using Flux spectrum

Y

Y \ Y

Measure Amplitudes of Measure Amplitudes of Measure Amplitudes of
Eccentricity Freq Shorted Turn Freq: Broken Bar:

(fixf) fl(n/p)(1-s)+ K] (12s)h

f.[(R/p)(1-s)+ K] fol(n/p)(1-s)% K] (fot 4f)

(f- 21) From: From:

From: Current, Flux and Current, Flux and

Crl?rrrgnt Flux and Instantaneous| | 'nStantaneous Power spectrg | Instantaneous Power spectra
Power spectra

Generate
Spreadshee

Figure 3.9: Flow chart of MATLAB program developed for spectrum analysis

Since the slip value plays a crucial role in determining the feaquencies of induction

motors, an additional speed signal is acquired to obtain the instantaspeed
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information of the motor. The speed information from speed sensorddauseake sure
that the measured slip frequency from the flux spectrum israec Once the slip
frequency is calculated, the amplitude of the fault frequency comfonéthe motor is
measured by using the spectra of the sensor signals.

A sample spreadsheet file based on the two sampling frequen¢#30adind 8,000 Hz),
is shown in Appendix. This gives details of the characteristitt feequencies of the
induction motor under test, which are obtained from the current (phasé phase b),
voltage (phase a and phase b), flux, and speed and vibration sensofsoratifferent

sensors gives the measured and calculated values of supply trheqgskim frequency,
speed, percentage of rated load, current (rms) and voltage (rradgifion this data will
also provide certain fault frequencies that helps to detecixtbiiece of different faults
i.e. (broken rotor bars, shorted turns, and eccentricity).

Figures 3.10 and 3.11 show a set of sample test results for brokemaotand shorted
turn fault frequencies using the software developed. These resrisobtained from
current and flux spectra of a healthy motor at full-load. For bro&tr bar sampling
frequency is 400 Hz whereas for the shorted turn sampling frequency is 8 kHz.
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Figure 3.10: Broken rotor bar fault frequencies and their respective amgldtide
healthy motor from current spectrum (top row) and flux spectrum (bottom
row) spectra at full-load.

57



Experimental Set-up and its Features

Shorted turns fault frequency (current spectrum} Zoomed
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Figure 3.11: Shorted turn fault frequencies and their respective amplitudasalftay
motor from current spectrum (top row) and flux spectrum (bottom row)
spectra at full-load.

3.6 Summary

This chapter described the test set-up, measurement systdnmMATLAB program
used for this study. The features of the test arrangemeptesented. A precision laser
alignment tool and a torque wrench were used for accuracy aadiligliof the system

set-up.

The sensors were sampled at two different sampling rates, az88nipling frequency
for high-resolution frequency analysis (0.01 Hz resolution), and a-fleghency

measurement at 8,000 Hz sampling frequency for signal frequencies up to 2 kHz.

The detail of data-acquisition software used for data collectittewrusing LabVIEW
is presented. The fault analysis software developed in MATLAB &l to identify the
fault frequencies of induction motor from the current, flux and insteoias power
spectra. This set-up and measurement process is used for obthmiegperimental
results shown in later chapters. Figure 3.7 shows the front panel wioidtve data

logging software and Figure 3.8 shows brief descriptions of eathopéne panel. It
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should be mentioned that because only eight channels are availablehgodata
acquisition-system, the data logging software calculatethitteline voltage and current

from the captured voltage and current signals.
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Chapter 4

Broken Rotor Bar Faults

4.1 Introduction

The basis of any reliable condition monitoring system hinges on uadénsf the
electric, magnetic and mechanical behaviour of a machine in botteatieyhand faulty
state [34]. An induction machine is highly symmetrical and the peesef any kind of
fault modifies its symmetry and produces changes in the measensor signals, or

more precisely, in the magnitudes of certain “fault” frequencies [4].

As described in Chapter 2, faults in induction motors produce chas#cteiault

frequencies that can be observed using spectrum analysis obrongre sensor
guantities such as current, voltage, vibration and axial leakage The current and
voltage can be used to compute the instantaneous power. A summidigseffault
frequencies is provided in Table 4.1. This indicates that the feaduéncies in the

current and flux are the same but they are different for the instantaneous power.

Table 4.1: Summary of fault frequencies associated with different typasltsd. f

Current and Flux Instantaneous Power
1. Broken Bars (1+2s)k (fo = 4f)
2. Eccentricity (frx ), f1[(n/p)(1-s)* K)] (fox 2f;)
3. Shorted Turns 1f(n/p) (1-s) £ K] p[(n/p) (1-s) £ K]
4. Misalignment (1£29)f, (it 1)) (fo £ 4f,), (fox 2f)
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However, fault frequency components also exist in healthy machmeatescribed in
Chapter 2, which makes it difficult to determine whether the uredscharacteristic
fault frequency component amplitudes correspond to a fault or not. @jug task in
machine condition monitoring is to detect the faults accurately angra/ide useful

information about the condition of the motor under test.

Therefore, it is important to know what magnitude of the attaristic fault frequency
components indicate the severity of different faults in motors.aliheof this chapter is
to describe experimental results from healthy and faulty metamining broken rotor
bar faults of differing severities. Tests are done at diffevalues of loading and the
current, flux and instantaneous power spectra are analysedvafibgons of the test
results from healthy machines are also examined from tdsstobetween phases and
between nominally healthy machines.

4.2 Broken Rotor Bar Faults

The rotor bars of an induction motor run axially through the rotor anpbiswed to the
end-rings at both ends. These bars may partially or completdk lolue to mechanical

and electrical stresses, or manufacturing defects.

Broken bars in the rotor create an electrical rotor asymimetnich produces a stator
current component with a frequency of (1-2s)This current component interacts with
the fundamental stator current to produce a torque component with ancgaqfe?sf.

This torque component produces a speed variation at the same frequency.

The interaction of the speed variation and the fundamental stat@ntyroduces
another frequency component at (1+2§3#]. Thus broken rotor bars produce:2%)f;
fault frequency components in the stator current. These fault fregwemponents can

also be found in the axial leakage flux.

It may be difficult to detect partially broken rotor bar fawdts the change in the bar
resistance due to partially broken rotor bars is small and hbecehange in the rotor

current distribution is small.
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4.2.1 Rotor Bar Fault Detection using Current Spectra

4.2.1.1 Comparison of Healthy and Faulty Current Spectra

Figure 4.1 compares the frequency spectra of the stator ctwreathealthy 2.2 kW

induction motor and a faulty 2.2 kW motor with two broken rotor bars (BRBjjrae

levels of loading. The frequency spectra are normalised relatittee amplitude of the

fundamental component. The circles in the figures indicate the brot@rbar sideband

fault frequencies. The noise level is abe80 dB.
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Figure 4.1: Comparison of the current spectrum from a healthy machineefs
faulty machine with 2 BRB (right), at no-load, 50% load and full-load. The
circles indicate the broken bar sideband components.

At no-load the sidebands are not clearly visible. This is due ttotheslip frequency,

which means the broken rotor bar sidebands (1tx28)¢ very close to the supply
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frequency {. By increasing the load the slip frequency is increased andidieband
components are easier to identify. Note that to a first appraximthe load and slip

frequency are linearly related.

In general, the negative sidebands are either higher or equal iituaggto the positive
sidebands. This is because the negative sidebands are inherently bgiuse rotor
asymmetry due to broken bars while the positive sidebands areccesah second-order

effect.

Figure 4.1 show that there is a substantial increase of over 28 @& amplitudes of
both the negative and positive sidebands with a two BRB fault dbadlcompared to a
healthy machine. However, changes in the amplitudes of sidebendissa than 5 dB
under the 50% loading condition, which is small. The sidebands are nctiatieat no-
load. Thus it is clear that the detection of broken bar faulthénstator current is

sensitive to the loading condition and works best at higher loads.
4.2.1.2 Broken Bar Fault Frequencies from Current Spectrum

A custom-written programme was used to analyse the raw seasay produce the
frequency spectrum and automatically locate the appropriate geaksaple of the test

results output is shown in the Appendix.

Figure 4.2 shows the amplitudes of the positive and negative sidelpatits current
spectrum as a function of load for a healthy 2.2 kW machine, and faitjkwW
machines with a partially broken rotor bar, and two and four broken rotor bars.

The figure shows that for two or four broken bars, for loads above abétitof rated
load there is a 30 dB or larger difference in the sideband aétbetween faulty and
healthy machines. At 30% and 50% of rated load the differenceds amaller at about
5to 10 dB. The sidebands for the four broken bar case are about 8Bohigher than
for the two broken bar case. The negative sidebands are geneghlly im amplitude

than the positive sidebands except at light loads (30%).

The amplitudes of the sidebands of the healthy machine arevebfatonstant (with 10
dB) with load, while machines with two or four broken bars show significant sesaa

the broken bar amplitudes between 50% and 70% of full-load.
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The results for the partial broken bar case are not consistdritigher loads (70% or
greater), the sidebands are between 0 and 5 dB higher than tiwy heathine. At 50%
load the positive sideband dips 10 dB lower compared to the healthynmaand at
30% load both the positive and negative sidebands are about 10 dB higheretihaimee

four broken bar case.

It is thus difficult to detect partial broken bars using the crspectrum, and also

difficult to make broken bar fault severity estimates below 70% of rated load.
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Figure 4.2: Comparison of variation in sidebands amplitudes versus % of rated load of a
healthy motor with faulty motors (partial, two and four broken rotor bars)
from current spectrum.

4.2.1.3 Current Spectrum Variations for Healthy Machines

When considering the use of any fault frequency component to detdstdadlestimate
fault severity, it is important to examine the variability ;i amplitude to other effects

apart from fault severity and load.

This area has often been neglected in the literature on conditiomontomibut is very

important in the practical application of the results.
In this section we will examine the variability of the healthy motor resuilts t

e repeatability tests on the same motor (Figure 4.3)
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o differences between motors: two nominal identical new motors were tested,
(Figure 4.4)

o differences between two of the phases of the same motor (Figure 4.5)

Figure 4.3 shows the test results from a set of three aestee same healthy motor.
Each test was conducted after the motor had been removed froestr@rangement
and then replaced, to investigate the consistency of the tagh sstwell as the testing
procedures. The maximum variation in the sideband amplitudes abahyelvel was

less than about 4 dB, which is relatively small.
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Figure 4.3: Variations in BRB sideband amplitudes for three tests on the sathg heal
motor. The faulty motor results are shown for reference.

Figure 4.4 shows a comparison between the current sideband amplitusies load for

two nominally identical healthy motors. It has been concluded frnenfigure that there

is only a small variation between the sideband amplitudes aathe level of loading,

up to a maximum of ~ 4 dB.

The variation of the sideband amplitudes between phases A and B of a healthyndotor a
a faulty motor with 4 BRB are shown in Figure 4.5. The variatiomgtl@ad level is
small (<3 dB) for the healthy case, but there is a largeation from 5 to 10 dB for the

4 BRB case.
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Figure 4.4: Variations in BRB sideband amplitudes for tests on two nominally @lentic
healthy motors. The faulty motor results are shown for reference.
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Figure 4.5: Variations in BRB sideband amplitudes of healthy motor 1 and the 4 BRB
motor between phases A and B.

In summary, the above results have shown that for the 2.2 kW test mdahiteeof two

broken bars or more can be readily distinguished from healthkinescfor load levels

66



Broken Rotor Bar Faults

of 70% and higher. There is some overlap between the results fantiimur broken

bars and it may be difficult to reliably distinguished between these two taditions.

4.2.2 Rotor Bar Fault Detection using Flux Spectrum

4.2.2.1 Comparison of Healthy and Faulty Flux Spectra

The fault frequency sideband component2€) f; around the supply frequencyih the

flux spectrum were used to detect the broken rotor bar fault.
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Figure 4.6: Flux spectrum from a healthy machine (left) anduéyf machine with 2
BRB (right), at no-load, 50% and full-load. The circles indicate the
sidebands.
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The healthy and faulty flux spectra in Figure 4.6 show simiemnds to the current
spectra. The fault frequencies are not visible at no-load budleaidy visible at higher

loads. The noise level is about —90 dB in the current spectra.

The change in the broken rotor bar sideband amplitudes betwebedliey and faulty
motor is small (<2 dB) at 50% load. However at full-load, a notiecatdrease in the
amplitudes of both the negative (20 dB) and positive (8 dB) sidebangorents were

observed.
4.2.2.2 Broken Bar Fault Frequencies from Flux Spectrum

Figure 4.7 illustrates the amplitude of the fault frequency sittltamponents of the
flux spectra around the supply frequency range, when the machine estirogpent

different level of loads for various broken bar fault severities.
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Figure 4.7: Comparison of variations in sideband amplitudes versus % of rated load of
healthy motor with faulty motors (partial, two and four broken rotor bars)
from flux spectrum.

As was found with the current spectra results, broken bar faultsecdetected only at
higher loads (70% and above). At 50% load the change in the fault frequency

components is less than 2 dB.
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For loads above 70% of rated load the differences in the sideband anspliteiciefound
to be about 20 dB for the negative sideband and 8 dB for the positiv@stteThis

variation is less than the variation at the same level of loading in the cyreetras

The results in Figure 4.7 show that the negative sidebands (solidderesrally indicate
larger change from the healthy machine for a given fault sg\srd loading condition,
while the positive sidebands (dashed lines) show a smaller chbogdise change is

perhaps easier to correlate to fault severity at high load level.

The amplitudes of the sideband components for the 4 BRB fault at highshmav a
significant increase of about 13 dB respectively, when comparedhtmotor having
two broken rotor bars. It can be concluded from the figure that thefuke flux signal

also provides useful information to detect BRB faults.

It may be possible to detect the partial BRB faults usingndwative sideband as this
shows a significant increase over the healthy motor resultspexat 120% load

condition. More investigation of this condition is required.
4.2.2.3 Flux Spectrum Variations for Healthy machines

Figure 4.8 represents the test results of three consecutigeoteshe same healthy
motor. Each test was conducted after the motor had been removed ranepllaeed, to

investigate the consistency of the test set-up as well as the testiadymnex:

The maximum variation in the sideband amplitudes was found to be 4 @iy doad

level, which is small and hence the test procedure has good repeatability.

A comparison of the variation in the amplitudes of the sideband compormegsis % of
rated load for two similar rating (2.2 kW) of motors is shown iguFé 4.9. The
variations at the any level of loading were found to be less 4hdB, which is not

significant.
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Figure 4.8: Variations in BRB sideband amplitudes for three tests on the sathg heal
motor from flux spectrum. The faulty motor results are shown for reference.
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Figure 4.9: Variations in BRB sideband amplitudes for tests on two nominal identical
healthy motors from flux spectrum. The faulty motor results are shown for
reference.
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4.2.3 Rotor Bar Fault Detection using Instantaneous Power

4.2.3.1 Comparison of Healthy and Faulty Instantaneous Powe
Spectra
The comparison of the frequency spectra of the instantaneous powaendalthy motor

and a motor with two BRB is shown in Figure 4.10. The severity dbitbleen rotor bars

is indicated by the magnitudes of the fault frequency sideband components.
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Figure 4.10: Instantaneous power spectra from a healthy machine (te&)fanity
machine with 2BRB (right), at no-load, 50% and at full-load. The circles
indicate the sidebands

As was seen with the current and flux spectra, the negative antivgpasdeband

components of the healthy and faulty motor were not visible at no-lbedndise level

relative to the amplitude of the 100 Hz fundamental component is about —80 dB.
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As the load on the motor is increased, the slip frequency als@asgesevhich makes the
sideband components more visible in the spectra. At full-load ifovasl that the fault
motor sideband amplitudes were more than 35 dB larger than ttta bealthy motor,

which is very promising.

4.2.3.2 Broken Bar Fault Frequencies from Instantaneous Poer
Spectra

The frequency spectrum of the instantaneous power is used to idbetifiyoken rotor

bar faults in the machine. The broken rotor bar fault frequencies wiifferent load

tests were investigated both in the healthy motor and with mottrsvarying degrees

of broken rotor bar faults as shown in Figure 4.11.

0
Instt.Power Spectrum : (fo+/- 4f)

-20
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< PBRB (1+2s)f;

-80 - Healthy (1+2s)f;
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% Rated Load

Figure 4.11: Comparison of variations in sideband amplitudes versus % of rated load of
healthy motor with faulty motors (partial, two and four broken rotor bars)
from instantaneous power spectrum.

The results in the above figure show a much clearer separatioprthaously observed

with the current and flux signals between healthy and faulhmes. Apart from the

partial results, the healthy and faulty results for the instaoias power signal show

generally less variation with load than the results for the current and floixaspe

This makes it easier to detect faults, as there is a comsistent difference between the

healthy and faulty cases. In particular it is possible tocti¢teo and four BRB faults

72



Broken Rotor Bar Faults

even at 30% compared to 70% load for the current and flux spedtfatiwé BRB the
difference between the healthy and faulty results is about 26 ttB while with four

BRB it can approach 40 dB at higher load levels.

The partial BRB results varied inconsistently with load tests and subdiaatiatlap the
amplitudes of the healthy motor. Therefore, it is difficult to detbe partial broken

rotor bar accurately using instantaneous power as a diagnostic medium.

These significant variations between healthy and faulty motofs dtolight and high
loads show the usefulness of the instantaneous power signal as medietedt BRB

faults over the current and flux spectra.

4.2.3.3 Instantaneous Power Spectrum Variations for Healthy
Machines

As with the current and flux signals, we will now explore theiamlity of the

instantaneous power in its amplitude to other effects apart froinskaverity and load.

Figure 4.12 shows the variation in the sideband amplitudes as a function of load based on

three tests on the same healthy motor. The variation was found to be less than 4 dB.
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S
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g— -60 - Healthy (1-2s)f;
- =
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Noise level = -80 dB
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Figure 4.12: Variations in BRB sideband amplitudes for three tests on the sdthng hea
motor. The faulty motor results are shown for reference.
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Figure 4.13: Variations in BRB sideband amplitudes for tests on two identicdlyhealt
motors. The faulty motor results are shown for reference.
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Figure 4.14: Variations in BRB sideband amplitudes of healthy motor 1 between phases
A and B. The faulty motor results are shown for reference.
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Figure 4.13 shows a comparison between the instantaneous power sidetpditudes
versus % of rated load for two nominally identical healthy mo#®msmall variation of 4
dB at any level of loading was found, which is small. The variation betweesidieand
amplitudes between phases A and B of the same healthy mobmwsa & Figure 4.14.

The variation at any load value is less than 3 dB.

The investigation of the variations in the amplitudes of sideband compooien¢althy
motors due to other effects apart from severity and load, as shothe Figures 4.12,
4.13 and 4.14 has been confirmed the repeatability of the tests eexlilhs well as the

reliability of experimental set-up.

4.2.4 Analysis of Broken Rotor Bar Fault Frequencies from

Current, Flux and Instantaneous Power spectra

We investigated the use of the flux, current and instantaneous pmwalssto detect
broken rotor bar faults. The result from the flux spectrum showednbt suitable to
detect the broken rotor bar faults. The current spectrum showedneeksults at higher
levels of load (>50%). The instantaneous power spectra showed threswdsbver the

full range of loads tested (from 30% to 120% loading).

Detecting broken rotor bar at light load from current is diffidadtause of the small
currents in the rotor bars and the low slip frequency. In addition, swtgeor the
partial broken rotor bar case are not consistent. It is thus diffecdetect partial broken

rotor bar using current, flux or instantaneous power spectra

In summary, the use of instantaneous power signal showed the ltestdda reliably

detect and estimate the severity of broken rotor bar faults over a wideofdogding.

For each of the above signals, tests were also performed to thechkriability in
healthy motors due to: test repeatability, differences betweemalbyridentical motors,
and differences between the phases of the same motor. The ramufirm the test

repeatability and reliability of the experimental set-up and testing guoes.

The comparison of features of fault frequency components from cuftextand
instantaneous power spectra to detect the broken rotor bar faulfersndilevel of load
tests is shown in Table 4.2.
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Table 4.2: Comparison of healthy and faulty motors results to detect the broken rotor bar

faults using current, flux and instantaneous power spectra.

11

Amplitude Amplitude
difference difference
s Minimum load between the between the
ensor . . .
Fault when the variations negative positive Comments
Signal between the healthy | sideband of sideband of
and faulty motor is | healthy and healthy and
>20 dB faulty motor in faulty motor in
(dB) (dB)
PBRB Not found Not found Not found Not applicable.
9 Suitable to detect
Current 2BRB 5% 26 30 B_RB faults only at
high loads and the
4BRB 75% 33 38 machines have
one or more
broken rotor bars.
PBRB Not found Not found Not found .
Not applicable.
2BRB 100% load Not found Not found .
Not applicable.
Elux Suitable but not
preferable becaus
4BRB 100% 30 28 it cannot be able
to detect faults
when the number
of broken rotor
bars is than 4.
PBRB Not found Not found Not found .
Not applicable
2BRB 30% 21 20 Suitable and
Instt. preferable to
detect BRB faults
Power over a wide range
4BRB 30% 22 26 of loads when the

machines have
one or more

broken rotor bars.
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Chapter 5

Static Eccentricity Faults

5.1 Static Eccentricity Faults

Eccentricity is defined as unbalanced airgap between the rototaedod & an induction
motor. It may be caused by incorrect position of the stator or.rot static airgap
eccentricity, the angular position of the minimal radial ailgagth is fixed in space. As
indicated previously in Section 1.3.4, this may be due to ovality of ther stare or

incorrect positioning of the rotor or stator.

Figure 5.1 shows some modification made for the induction motor undeotetitions.
This motor served as the basis of analysing the fault frequadepand components

under static eccentricity faults.

In this set-up the position of the minimal radial air-gap lengts fixed in space.
Incorrect positioning of the rotor or stator for any reason mayecatetic air-gap

eccentricity to emerge.

Therefore to create a state of airgap eccentricity, twatgiootal knobs one at driving-end

of the motor and another one at non-driving-end of the motor were used.

By rotating these knobs in an upward or downward direction the positionnoiani
airgap length in space is altered to create an airgap ectgntiihe total air-gap

between the rotor and stator of a machine is 0.8 mm (0.4 mm on both sides).
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Figure 5.1: Test motor with two rotational knobs that are used to create unequal air-ga
between stator and rotor.

Different combinations are used to analyse the eccentricity feeduencies from

current, flux and instantaneous power spectra under different loadatestompare the

results to a healthy motor.

The different levels of eccentricity to be considered are as follows:
¢ Non-driving and driving-end is at 0.1mm and non-driving-end and non-driving-
end is at 0.3 mm respectively.

e Non-driving-end is fix at 0.1mm (downward) and driving-end is at 0.2mm and
0.3mm upward (direction).

e Non driving-end is fix at 0.3mm (downward) and driving-end is at 0.2mm and
0.3mm (upward) direction.
To detect eccentricity faults using the frequency spectrum ofertirflux and
instantaneous power signal, combinations of the airgap at both drivindp&ndgd at
non-driving- end (NDE) under different loading conditions will be used (Table 5.1).
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Table 5.1: Different combinations of airgap eccentricity developed in the maohine
study the severity of eccentricity faults under different loading conditions

Airgap Driving-End (mm)
e +0 +0.1 +0.2 +0.3
w 0 X X X X
?/\
E E -0.1 X X X X
e~ 0.2 X X X X
2 0.3 X X X X

5.2 Detection of Eccentricity Fault Frequencies

As discussed earlier, variations in the fault frequencies wseel to locate different
faults in induction machines. Few authors [1,2,3] suggested eccgntaigits produce
fault frequency components at#f;) and at f{(R/p)(1-s)*k] in the current, flux and
instantaneous power spectra. These components are centred on theotgbasshg
frequency Rf(R is the number of rotor bars) and integers k for differentesail, £3,
and +5. However, accurate detection of eccentricity faults healglyends on the
accurate measurement of slip frequency aid rotor frequency,.f Therefore, it is
important to understand how to locate the correct eccentricity ff@gluency peaks in

the frequency spectrum of current, flux and instantaneous power signals.

At this stage it is thus important to understand the differepsstesolved in locating
eccentricity faults in the frequency spectrum using fawdtjdencies from different
signals. To explain these steps, a healthy motor (2.2 kW) undeodudlitést is used to
identify the correct fault frequency peaks in the current spectvith the help of slip
frequency sf measured from flux spectra and slot passing frequency, whichasuneel

from vibration spectra. It should be noted that a similar method © tosdetect the

faults using flux and instantaneous power spectra.

o Measured supply frequencyffom current spectra as described in section 2.3 of

Chapter 2, which is in this case is 50.03 Hz.

e Measured slip frequencysf, from flux spectra as described in section 2.4 of
Chapter 2, which is in this case is 2.29 Hz.

e Measured rotor frequencyffom vibration spectra as shown in Figure 5.2, which
is 23.87 Hz.
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Figure 5.2: Frequency spectrum of vibration signal showing the rotor frequency.
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Measured slot passing frequency using vibration spectrum, whikh=863.84
Hz as shown in Figure 5.3 (top).

Measured fault frequencies related peaks and their respedilebasd
amplitudes for different values of k in the current spectra anersiroFigure 5.3
(bottom), dashed lines represent the fault frequencies peaks.
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Figure 5.3: Frequency spectrum of vibration signal (top) showing slot passjueriicy

and current spectrum (bottom) showing eccentricity fault frequency peaks.
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To confirm the accuracy and reliability of fault frequency componeetecting the

eccentricity faults using current, flux and instantaneous powerlsjghase measured
values of rotor and slot passing frequencies from current, flux atahiaseous power
spectra should be same or very close to the calculated vallesrotdr and slot passing

frequencies.

It is important to calculate the rotor and slot passing frequendiése same healthy
motor. Checking the utilisation of fault frequency peaks may leagtcentricity faults
being detected in the frequency spectrum of current, flux and instantsm®wer
signals. Calculation steps are as follows:
e To calculate the rotor frequency froms f(f1-sfy)/p, the slip frequency sfis
calculated from equation 1.2.4, which is 23. 87 Hz.
e Than calculate the slot passing frequency by using the relagooR$hthat is
equal to 763.84 Hz (when the number of rotor bars R = 32).
It has been concluded from the results, that there is almost fiecedife between the
measured and calculated values of rotor and slot passing frequertts confirm the
accuracy and reliability of characteristics fault frequemocynponents to detect the

eccentricity faults using current, flux and instantaneous power spectra.

The following section, we will consider the current, flux and insteedas power signals

to detect the eccentricity faults as shown in Table 5.1 under different levetlofg.

5.2.1 Eccentricity Fault Detection using (i£f,;) from Current

Spectra

5.2.1.1 Comparison of Healthy and Faulty Current Spectra

The comparison of eccentricity sideband component§)for healthy and faulty motor
with airgap of (-0.1mm at NDE and +0.3mm at DE) at 30% load and ldbdal is
shown in Figure 5.4. The circles indicate the eccentricity sidebangpanents. The
noise level is about —90 dB.

It can be concluded from Figure 5.4, that, variation in the amplitudesdebasnd
components of a faulty motor at 30% load is more when compared tautherhotor at

full-load. In addition, amplitudes of the fault frequencies decreasdtieaload on the
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motor increase. The high amplitudes of fault frequency peakbecaelpful in assessing

the motor’s condition.

Figure 5.4: Current spectrum from a healthy motor (row 1 and 3) and a faulty motor
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(row 2 and 4) at 30% and full-load respectively.
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5.2.1.2 Eccentricity Fault Frequencies from Current Spectra

The variations in the amplitudes of eccentricity fault frequeoasnponents (tf,)

between the healthy motor (zero eccentricity) and faulty matith eccentricity (>0.05
mm) were found to be more than (20 dB), which is significant andghaaible at light
load as shown in Figure 5.5. The results indicate the consistents@dredahe fault
frequency components with the increase in eccentricity levedking it easier to

differentiate between healthy and faulty motors using current spectrum.

Figure 5.6 also shows that the variations in the sideband amplituse=ehehe healthy
and faulty motors at full-load are consistent when the airggi®% mm). However, a
slight declined in the variations of sideband amplitudes was found betwedealthy
and faulty motors under full-load test conditions when compared to tlaieas for the

same motors running at 30% load.

The above results present that the eccentricity fault frequsraponents are suitable to
detect eccentricity faults at any level of eccentricity undgrevel of loading conditions
(specifically at light loads).

0
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Figure 5.5: Comparison of variations in the sideband amplitudes versragav
eccentricity at 30% load (top) and at full-load (bottom) betweemé¢adthy
and faulty motors from current spectrum
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Figure 5.6: Comparison of variations in the sideband amplitudes versus average
eccentricity at 30% load (top) and at full-load (bottom) between the healthy
and faulty motors from current spectrum

Since the current spectrum is suitable for finding the eccentfaults, it is important to

check how the current signal in its amplitude varies from ther @tiects apart from

fault severity and load. For this reason we consider the samectmses as outlined in

Section 4.2.1.3.
5.2.1.3 Current Spectrum Variations for healthy Machines

Figure 5.7 represents the results of two consecutive tests orarme motor. The
maximum variations in the amplitudes of fault frequency componentsfaend to be 4

dB at any load level, which is not significant.

The comparison between the sideband amplitudes for two nominal iddmishy

motors can provide small variations, which is less than 4 dB as shown in Figure 5.8.

Similarly, the variations in the sideband amplitudes between pAaased B of a healthy
and a faulty motor at any load level were found to be less thana? dBown in Figure
5.9, which is almost negligible. The figures demonstrate the wpkigt of the test
results and reliability of experimental set-up used to débecieccentricity faults with

fault frequency components£f,) in the current spectrum.
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Figure 5.7: Comparison of variations in current sideband amplitudes for two tests on the
same healthy motor. The result for the faulty motor is shown for reference.
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Figure 5.8: Variations in current sideband amplitudes for tests on two nominalligadlent
healthy motors. The result for the faulty motor is shown for reference.
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Figure 5.9: Variations in current sideband amplitudes of healthy motor 1 and tlge fault
motor (NDE at -0.1mm and DE at +0.3mm between phases A and B.

5.2.2 Eccentricity Fault Detection using Flux Spectrum

5.2.2.1 Comparison of Healthy and Faulty Flux Spectra

It has been observed in Figure 5.10, that variations in the amplitudes of the etgentric
fault frequency components of a faulty motor at 30% load and at full-load are tigher t
the current spectrum at the same level of loading. The noise level is (=70 d&),isvhi
high (Figures 5.10).
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Figure 5.10: Flux spectrum from healthy motor (row 1 and 3) and a faulty motor with
airgap of —0.1 mm at NDE and +0.3 at DE (row 2 and 4) at 30% load and at
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5.2.2.2 Eccentricity Fault Frequencies from Flux Spectra

Eccentricity fault frequency componentstff) from the flux spectrum for 30% and at

full-load are shown in Figure 5.11.
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It shows that variations in the sideband components of the faulty metres not

affected at 30% load compared to the top illustration in the Figure 5.11. Howtevdlr, a
load slight increase in the fault frequency components at thexehfflevels of average
eccentricity were found when reference was made to the fawtgrmat 30% load as

shown in Figure 5.11 (bottom).
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Figure 5.11: Comparison of variations in the sideband amplitudes vevsuage
eccentricity at 30% load (top) and at full-load (bottom) betwden t

healthy and faulty motors from flux spectrum
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It is evident from test results that the eccentricity fa@guency components are more
detectable in the current spectrum. Furthermore, the resultsn@bt&iom the flux
spectrum clearly indicate that the variations in the sideband taogdi are not
significant at both light and heavy loads. Therefore, it is noitalde medium to detect

eccentricity faults using fault frequency componentsf (.

5.2.3 Eccentricity Fault Detection using Instantaneous Pwer

5.2.3.1 Comparison of Healthy and Faulty Instantaneous Powe
Spectra

It can be seen from that the magnitude of the fault frequency obtained from the Figures
5.12 and 5.13 that the changes in the amplitudes of positive sideband component of
faulty motor at 30% load is slightly higher and clearly visible in the spactnhen

compared to the healthy motor.
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= 20 at30% load & -20} at30% load
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E —
o 40 2 40
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Figure 5.12: Instantaneous power spectrum from healthy motor (row 1 and 3) &and faul
motor (row 2 and 4) at 30% and at full-load.
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Figure 5.13: Instantaneous power spectrum from healthy motor (row 1 and 3) &and faul
motor (row 2 and 4) at 30% and at full-load.

5.2.3.2 Eccentricity Fault Frequencies from Instantaneous Bwer
Spectra

Amplitude of fault frequency components#2f,) versus average eccentricity is shown
in Figure 5.14 (top) at 30% load and Figure 5.14 (bottom) at full-loadatitars in the
amplitudes of components of faulty motors at different level oémcicity were found
to be significant. The results showed that the maximum variafiortbe negative
sideband component occurred when the levels of airgap eccentreiy.G&, 0.2 and
0.25 mm. For the positive sideband component the maximum variations ouereé f
when the levels of airgap eccentricity were 0.2 and 0.3 mm.

However, the result presented in Figure 5.14, indicate that anyieania the sideband
components was only significant when the degree of eccentrieisyOs25 mm at full-
load. It can be concluded from the results, that instantaneous poweitable for
detecting the eccentricity fault at light loads. Since théamtaneous power provides
good results to detect the eccentricity faults. It can therelfer assumed that it is
necessary to check its variability in healthy motors as iteticen the three case studies

as mentioned in Section 4.2.1.3.
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Figure 5.14: Comparison of variations in the sideband amplitudes vevsusge
eccentricity at 30% load (top) and at full-load (bottom) between the
healthy and faulty motors from instantaneous power spectrum
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5.2.3.3 Instantaneous Power Spectrum Variations for Healthy
Machines
Figure 5.15 shows the test results from a set of three testeewame healthy motor,

tests that investigated the consistency of the test set-up abektimg procedures. The
maximum variations in the sideband amplitudes at any load level were about 8 dB.

From Figure 5.16 it can be concluded that there is a small var@iti®rB between the

sideband amplitudes of two healthy motors, which is not significant.

Figure 5.17 shows depicts variation in the sideband amplitudes bgttases A and B

of a healthy and a faulty motor is (< 8 dB).

In summary, in all three cases, results showed the accundagkability of test results

obtained from instantaneous power spectra using the experimental developed for

this study.
0
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-20
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0.1 Ecc (f;-f)
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Figure 5.15: Variations in instantaneous power sideband amplitudes for two tests on the
same healthy motor. The faulty motor results are shown for reference.
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Figure 5.16: Variations in instantaneous power sideband amplitudes for tests on two
nominally identical healthy motors. The faulty motor results are shown for
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Figure 5.17: Variations in instantaneous power sideband amplitudes of healthy motor 1

and the 4 BRB motor between phases A and B.
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In summary, the above results have shown that the current signdétect eccentricity
faults using fault frequency componentg(f) with any degree of airgap under any level
of loading. However, instantaneous power can also pick up eccenfaultyg at light

loads.

The results showed that the flux signal is not suitable forfgndiccentricity faults when

using variations in the amplitudes as function of average eccentricity.

5.3 Detection of Faults using Eccentricity
Components {[(R\p)(1-s)xk]

This section examines the use of fault frequency compong@®p)(1-s)xk] in the
current, flux and instantaneous power signals to detect the ecitgrittults at different

levels of eccentricity (refer to Table 5.1, for varying load conditions).

For this purpose, selected values of k i.e. +1, +3and +5 are used to aitiemkthe
variations in the amplitudes of fault frequency components will beulusef

differentiating between healthy and faulty motors.

5.3.1 Eccentricity Fault Detection from Current Spectra

5.3.1.1 Comparison of Healthy and Faulty Spectra

The comparison of eccentricity sideband components for k=3 of heattth faulty

motor with the airgap of (-0.1mm at NDE and +0.3 mm at DE) is shown in Figure 5.18.

It can be observed here that the fault frequency components for k==3fulhdizad test
are visible in the current spectrum. The change in the sideband caortgpbeéwveen the

healthy and faulty motor were found to be more than 28 dB, which is significant.

The noise level is about -90 dB.
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Figure 5.18: Current spectrum from a healthy machine (top row) and a faultynmachi
(bottom row) at full-load for k=+3.

5.3.1.2 Eccentricity Fault Frequencies from Current Spectra

Figure 5.19 summarises the amplitudes of the eccentricityffagliency components as
a function of load at different values of k for a healthy motor audtyf motor at 30%

(top) and at full-load (bottom).

The results demonstrate that the maximum variation in the sidebaptitudes of a
faulty motor was (5 dB) at k= £5 under 30% load test, althoughctimsge is small
when compared to the healthy motor. At full-load, similar changes feend even with
the increase in load as shown in Figure 5.16 (bottom). The eccgnfaigit frequency
components 1f(R\p)(1-s)xk] showed a small variation in the amplitude, which found

eccentricity faults both at light and heavy loads for the certain values of k.

It is concluded from the results showed in the Figure 5.19 thahdrdsto differentiate
between a healthy and faulty motor on the basis of small variatitbve amplitude of the
eccentricity fault frequency components to detect the eccéyntfalt at any level of

loading for different values of k.
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Figure 5.19: Comparison of variations in the sideband amplitude of a healthy motor with
faulty motor with airgap at NDE is -0.3mm and DE is +0.3mm at 30% load
(top) and at full-load (below) from current spectrum.
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5.3.2 Eccentricity Fault Detection using #[(R/p)(1-s)x k] from

Flux Spectra

5.3.2.1 Comparison of Healthy and Faulty Flux Spectra

Comparison of eccentricity sideband components for k=x3 of healthyaaltgg motor
with the airgap of (0.3mm at NDE and +0.3mm at DE) at full- I@ashiown in Figure

5.20. It can be concluded that the fault frequency components are ¢lisdéslg in the

spectrum of both the healthy and faulty motor, although the changfeeisideband

amplitudes is small. The noise level is about —65 dB.
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Figure 5.20: Comparison of the flux spectrum from a healthy machine (top row) and a

faulty machine (bottom row) for k=x3, at full-load.

5.3.2.2 Eccentricity Fault Frequencies from Flux Spectra

Figure 5.21 records the results of the variation of the amplitudeeoimeasured fault

frequency componentg[(R\p)(1-s)+k] under 30% and full-load for different values of k

at eccentricity level of 0.3 mm at driving-end . It can be condddeEm the results, that

variation in the sideband amplitudes of the faulty motor at 30% load/éssfound to be
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very small (<4 dB) for the different values of k in comparisonhi® healthy motor.
However, similar variation in the magnitude of the fault frequec@yponents was
found under full-load test. It is hard to distinguish between thehyeahd faulty motor
in the flux spectra by using the variation in the sideband ampldgtittes fault frequency

components under different loading conditions.
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Figure 5.21: Comparison of variation in the sideband amplitudes of the healthy and faulty
motor at eccentricity level of (-0.3mm at NDE and +0.3mm at DE) under
30% load (top) and at full-load (bottom).
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5.3.3 Eccentricity Fault Detection using f[(R/p)(1-s)xk] from

Instantaneous Power Spectrum

5.3.3.1 Comparison of Healthy and Faulty Instantaneous Powe

Spectra

Figure 5.22 compares the frequency spectrum of the instantaneousfpoadrealthy
and a faulty motor at full-load for k=x3 at full-load. It has beeneoled that the
amplitudes of the characteristics fault frequency of the yfaatd healthy motor are
clearly visible in the spectrum. However, the variations in tlebsind amplitudes
between the healthy and faulty motor is (<3 dB) is not sicanifi. The noise level is
about —99 dB.
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Figure 5.22: Comparison of the instantaneous power spectrum from a healthy machine
(top row) and a faulty machine (bottom row) for k=3, at full-load.
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5.3.3.2 Eccentricity Fault Frequencies from Instantaneous Bwer
Spectra
Measured fault frequency sideband componenti) for at k=+1, +3 and +5 under

30% and at full-load tests are shown in Figure 5.23. It can be conchatedhe results,

those variations in the amplitude of the fault frequency components between the healthy
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Figure 5.23: Variations in eccentricity sideband amplitudes for two tests omtke sa
healthy motor. The result of faulty motor is shown for reference.
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and faulty motor for different values of k both at light and high loatevieund to be
better than current and flux spectra. Instantaneous power sigrthehespacity to detect
the eccentricity faults for different values of k at any leg€ loading. Since the
eccentricity fault frequency components showed useful featudetdot the eccentricity
fault using instantaneous power spectra, it is therefore impodaniteick variability in
its amplitudes of healthy motors due to: repeatability tests on the same diiteoences
between motors and differences between two of the phases of thensiésremplitude.

These are the result of other effects apart from fault severity and load.

5.3.3.3 Instantaneous Power Spectrum Variations for Healthy
Machines
Test results from a set of three tests on the same eadttor showed a slight variation

(< 3dB) in the sideband amplitudes of the healthy motor for differ@otes of k at full-

load shown in Figure 5.24.
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Figure 5.24: Variations in eccentricity sideband amplitudes for two tests omilke sa
healthy motor. The result of faulty motor is shown for reference.
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Figure 5.25 shows a comparison between the current sideband amplitudedoestsor
two nominally identical healthy motors. Small variation of l#sn 3 dB was found
between the sideband amplitudes of two healthy motors at full-loadifferent values
of k, which is not significant

Figure 5.26 indicates the variations in the sideband amplitudegdethases A and B
of a healthy motor at full-load for k=tland k=3 is less than 3wdfd¢ch is also very

small.

In summary, variability in its amplitude to other effects apart from feuerity and load
of the healthy motor test results is small, which shows thatesieresults are the

accurate and reliable.

The results obtained using fault frequency components in the instamsapewer
spectra consistently showed that instantaneous power signal ablsuibr detecting

eccentricity faults in induction machines (specifically for smalhgti
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Figure 5.25: Variations in eccentricity sideband amplitudes for tests on twaalenti
healthy motors. The faulty motor results are shown for reference.

102



Satic Eccentricity Faults

0
Instt. Power Spectrum : fp[(n/p)(1-s)+/-K)]
-20 -
@ Phase A
) @Phase B
S -40 - m faulty
o
©
2
3_607 ise level = -99 dB
< noise level = -
i J J J I L
-100 - ‘ ‘

K

Figure 5.26: Variations in eccentricity sideband amplitudes of healthy motoedietw
phases A and B. The faulty motor results are shown for reference.

5.4 Summary

In this chapter we investigated the current, flux and instantansmuser signal as a
medium for detecting eccentricity faults by using different &qoa of the eccentricity

fault frequency components.

The results of eccentricity fault frequency components ffas a function of average
eccentricity to detect under different levels of loading from toerent, flux and

instantaneous power spectra are shown in Table 5.1.

The variations in the sideband amplitudesf(j between the healthy and faulty motors
showed good features over the full range of load tested to detestdiwetricity fault in
the current spectra. However, flux signal alone is not suitabldefi@cting eccentricity

faults for the same.

The results from instantaneous power indicate that the variatiowedretthe healthy
and faulty motors are significant when the level of averagenggcity is 0.2 mm and
the minimum rated load is 30%. Therefore, instantaneous power is Usefléss

effective due to random changes in the sideband amplitudes.
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Table 5.2: Comparison of healthy and faulty motors for detectingnetzty faults
using components ff,) under different levels of loading. The average
eccentricity level is considered from 0 to 0.3 mm at the non-driving-end.

- Minimum A= Av.Ampl. Difference
Minimum average
eccentricity level % Rated between the healthy &
. faulty motor (dB)
when the difference | Load Comments
Signal between the when the

healthy & faulty amplitude 6 *+)

motor amplitude is | is>12 dB Amplitude | Amplitude

>12dB
Suitable and preferable
to detect eccentricity
faults under any load

0,
Current 0.2 mm 30% 24 12 conditions  (specifically
at light loads).
No significant variations
were found that helps to
Flux Not found Not found Not found Not found o
detect the eccentricity faults
reliably and accurately.
Suitable and Useful but less
effective because of random
Instt. Power 0.2 mm 30% 13 16 o ) )

variations in the sideband
amplitudes

The results from current, flux and instantaneous power signals foctidgtehe
eccentricity faults using characteristic fault frequenosnponentstf, as a function of

load at full-load are shown in Table 5.2.

Current and flux signals showed very small variations betweehdhkhy and faulty
motors for the different values of k under any level of loading, @d®rinstantaneous
power could extract some useful information for the value of infegeB and when the
minimum load on the motor was about 30% of rated load. However, detection of
eccentricity faults using characteristic fault frequency ponments f{(R\p)(1-s)tk] as a
function of load for different values of k under any range of loadingot suitable as

shown in Table 5.3.
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Table 5.3: Comparison of healthy and faulty motors to detect the eccentricisyusing
components;f(R\p)(1-s)xk] under different levels of loading. Eccentricity
level is +0.3 mm at non-driving-end.

Value of integer k Minimum Average amplitude

when the difference % Rated Load when difference between

between the . . the healthy & faulty Comments

Signal the amplitude is> 12

healthy & faulty dB motor (dB)

motor amplitude is

>12dB
Not suitable because
of small variations in

Not found Not found Not found )
Current the amplitudes of

faulty motor.

Flux Not found Not found Not found Not applicable.
Suitable and useful to
detect eccentricity

Instt. Power -3 30% load 13

faults only at light
loads.

Finally, the results showed that detection of eccentricitytdausing fault frequency
components (ff;) as a function of average eccentricity in the current sigreafound to
be superior. This is because firstly, for these components thes\afloetor frequency is
directly measured from vibration spectra and secondly supply frequenoygasured

from current/voltage spectra, which are more accurate and reliable.
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Chapter 6

Shorted Turns Fault

6.1 Introduction

It has been reported that 30-40% of machines failures are due tedstum faults
[18,34]. It is well understood that the impact of shorted turns in statmling at early
stages on the induction machines is small. Shorted turn faults fesul insulation
failure in a part of the winding. This insulation failure can be edursy thermal damage
due to excessive currents, insulation breakdown as the result of vepiigs/transients,
or mechanical damage. It is also depends on the location of the iosdtature and
voltage difference between the two parts of the winding, whichhangesl. Shorted turn
faults can produce either large fault currents, which will ragiifpythe circuit breaker or

else produce little external symptoass shown in Figure 6.1.

L

Figure 6.1: View of stator winding showing effect of shorted turns in eadgsta

106



Shorted Turn Faults

In the latter case, however, the localised heating causttebgult will gradually result
in further insulation damage until the motor fails. It is useful table to detect such
faults at an early stage so that a pre-planned shut down carabgeal for the motor to

be replaced by a healthy motor.

6.2 Shorted Turns Fault

This chapter explores non-invasive multiple sensors types foddtestion of shorted
turns fault using fault frequency components from current, flux, irestaous power and
single signal (combination of flux and instantaneous power signalshovele range of
loads. To achieve this task, stator winding of the machine rewoundapgHd introduce
shorted turns fault is shown in Figure 6.2. An extensive seriedofaery tests was
conducted to examine fault frequency amplitudes for the healthy motor atydnfebrs

with different shorted turns (as shown in Table 6.1). Equations 2.5.6, B Z.%8 (as

described in Chapter 2) were used to detect the frequency sideband components.

Figure 6.2: View of shorted turns in stator winding of faulty motor with.

Table 6.1: Number of turns short-circuiting to investigate the severity aeshtoirns
fault versus % of rated loads.

% of Rated Number of shorted turns
Load 0 [ 5] 10] 15[ 20
30 v v v v v
50 v v v v v
75 v v v v v
100 v v v v v
120 v v v v v
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6.2.1 Shorted Turn Fault Detection using Current Spectra

6.2.1.1 Healthy and Faulty Current Spectra

Figure 6.3 demonstrates the location of the shorted turn fault freigseof the healthy
motor and faulty motor with 20-shorted turns in the current spectrumtophégures
represent the shorted turn sideband components of the healthy motor battdhrerow
shows the shorted turn sideband components of the faulty motor at tlifleloa=1 and
k=5 at 30% of rated load. The spectra were taken at a samm@ogeficy of 8 kHz and

have a frequency resolution of 0.2 Hz.

The figure also indicates small variations in the amplitudesdeband components in
the faulty motor as being clearly visible in the spectra. Hewevariations in the

amplitudes at full-load are significant at high load. The noise level is =90 dB.
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Figure 6.3: Current spectrum from a healthy motor (top row) amaltyfmachine with
20 shorted turns at 30% load. The circles indicate the shorted autts f
frequencies at 30% and at full-load.
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6.2.1.2 Shorted Turn Fault Frequencies from Current Spectra

Figure 6.4 shows that the variation in the amplitudes of sideband comgdaoenihe
healthy and faulty motors were less than 5 dB, which is quiteatatherefore not able

to detect shorted turn faults reliably using the current spectra under 308&coloid.
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Figure 6.4: Comparison of variation in the sidebands amplitudes of a healthy motor with
faulty motor (20 shorted turns) at 30% load from current spectrum.

Figure 6.5 shows the result for the faulty motors are not consatémngher loads (full-

load) because the variation is only 1 to 3 dB higher than the heatitor, which is not

significant.

The use of frequency components to detect the faults and estaméitsdverity in the
machines relies heavily on variations in the amplitude of sideband contpotieis
therefore clear that to detect shorted turn faults’ using the current spestnobsuitable

under any level of load tests.
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Figure 6.5: Comparison of variation in the sidebands amplitudes of a healthy motor with
faulty motor (20 shorted turns) at full-load from current spectrum.

6.2.2 Shorted Turn Fault Frequencies Detection using Flux

Spectrum

6.2.2.1 Healthy and Faulty Flux Spectra

Measured fault frequencies and their respective magnitudes fdretlithy and faulty
motor (20 shorted turns) for n=1 and k= £1, £3, £5 at 30% and at full-lostdoisn in
Figure 6.6.

The spectra showed significant decrease for both negative and/@asiteband in the
amplitude of fault frequency components regarding the healthy aiftgt faotors. The
amplitude of the sidebands are clearly visible in the flux spector different values of
n and k, event in the presence of other peaks and high noise level whemezbtoghe

current spectrum. The noise level is about —65 dB.
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Figure 6.6: Comparison of the flux spectrum from a healthy motor (top row) at 30% load
and at full-load (bottom row).

6.2.2.2 Shorted Turn Fault Frequencies from Flux Spectrum

Figure 6.7 (top) highlights variation in the amplitudes of sidebamdponents for n=1
and k= 1 is more than 14 dB for both the negative and sideband components at 30%
load, which is sufficient to distinguish between the healthy antlyfendtors in the flux
spectra. Under full-load test conditions, variations in the amplitatiéise healthy and
faulty motors were found to be less than 4 dB for all values &t&p for k=1,which is

clearly visible in the spectra as shown in Figure 6.7 (bottom).

The results show that it is useful to detect shorted turn faulighé loads using flux
signal. However, the flux signal’s features cannot provide usefaimation to detect
shorted turn faults at high loads.

Since the flux signal could detect shorted turn faults &t ligads therefore, the next
section examines the variability in healthy motors. This is maaolesible by test

repeatability, difference between identical motors, and differbrteeen the phases of
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the same motors tests. This will confirm the accuracy ambily of the test results in

finding shorted turn faults using shorted turn fault frequency components.
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Figure 6.7: Comparison of variation in shorted turn sideband amplitude versus % of rated
load of healthy motor at 30% load and at full-load.
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6.2.2.3 Flux Spectrum Variations for Healthy Machines

To examine the accuracy and reliability of the test resalidetect shorted turn faults
using fault frequency components from flux signal, a set of tlests on the same
healthy motor was conducted. Each test was repeated aft@otbe had been removed

from the test rig and returned.

Figure 6.8 summaries the test results of three consecutige aresthe same healthy
motor at 30% load for the different values of k. The results show #@pemmum

variations in the sideband amplitudes for the healthy motor isHass4 dB at 30% load,
which is not significant and does not affect the accuracy andifidyiaf the test results

obtained by using the shorted turn fault frequency components.
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-100 \ \ T ‘
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Figure 6.8: Comparison of variations in flux sideband amplitudes foe tiests on the
same healthy motor. The faulty motor result is shown for reference.
Figure 6.9 shows a comparison of the variation in the amplitudes ahtiveed turn
sideband components versus % of rated load for two similar rating \(2)2kmotors
and the variations for any value of k is less than 4 dB, whichmatreignificant. The

finding demonstrates the reliability of test results.
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Figure 6.9: Variations in shorted turn sideband amplitudes for ¢estsvo nominal
identical healthy motors. The result of faulty motor is shown for reference.
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Figure 6.10 Variations in shorted turn sideband amplitudes for test&ammominal
identical healthy motors. Faulty motor result is shown for reference.
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Figure 6.10 shows variation in the sideband amplitudes between phasesBAfar a
healthy motor and faulty motor with 20 shorted turns for different gabiek at 30%
load. The variations in the amplitudes of fault frequency componentsddwo phases
of the healthy and faulty motors showed slight variations oftless 3 dB for any value

of k. In summary all three tests showed that the test results are accdredadnte.

6.2.3 Shorted Turn Fault Detection using Instantaneous

Power Spectrum

6.2.3.1 Healthy and Faulty Instantaneous Power Spectra

The instantaneous power signal’s frequency spectra for a heathg faulty motor for
n=1 and k=x1 at full-load are shown in Figure 6.11, which are used td deteted turn
faults in the machines. The spectrum showed the significantisasaemerged in the
amplitude of fault frequency sideband components in the faulty motorranclearly

visible in comparison to the healthy motor.
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Figure 6.11: Comparison of the instantaneous power spectrum from a healthy motor at
30% load (top row) and at full-load (bottom row).
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6.2.3.2 Shorted Turn Fault Frequencies from Instantaneous Bwer

Figure 6.12 indicates variation in the amplitudes of the healthyaarty imotor with 20

shorted turns at 30% and full-load tests for n=1 and k=+1.
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Figure 6.12: Variations in the shorted turn sidebands amplitudes versus % of rated load
of healthy motor for different values of k from instantaneous power
spectrum.
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The result shows a much clearer separation in the amplituddedfasid component at
100% load for n=1 and k=%1. It can be concluded that the instantaneous pgme&r si
showed slightly more variation in the amplitude of negative sidebanth@nents at
100% load when compared to the result for the current and flux spectra. Howesu#s, r
obtained at 30 % load showed slight variations in the amplitude of ffagiiency
component for the healthy and faulty motor. Therefore, on the badiese results,

instantaneous power is useful for detecting shorted turn faults at 100% load.

Since the instantaneous power signal can detect shorted turn fahighex loads, it is
important to examine the variability of the instantaneous poweralsion order to
confirm its reliability of the test results to detect shotigth fault using instantaneous

power signal.
6.2.3.3 Instantaneous Power Variations for Healthy Machines

Figures 6.13, 6.14 and 6.15 depict the healthy motor results regaejiegtability tests
on the same motor; differences between motors; and differencesenethe motor’s
phases for confirming the reliability of the test resultsi@ecting shorted turn faults

from the instantaneous power signal.
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Figure 6.13: Variations in shorted turn sideband amplitudes for three tests on the same
healthy motor at full-load.
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Figure 6.14: Variations in the shorted turn sideband amplitudes for tests on two identical
healthy motors at 100% load.
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Figure 6.15: Variations in shorted turn sideband amplitudes of the healthy and faulty
motor between phases A and B at full-load.
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Figure 6.13 summarises the variation in the sideband amplitude versus differestofalue

k at 100% load and set of three tests. The variation was found to be less than 3 dB, which

is very small.

Figure 6.14 compares the instantaneous power sideband amplitude vefstentdif
values of k at 100% load for the two nominally identical healthy omsotand
demonstrated a small variation of 4 dB, which is not significant.

Figure 6.15 highlights the variation in the sideband amplitude betwessep A and B
for a healthy and faulty motor. The variation in the amplituddéétih phases is less than
3 dB, which is also very small.

It can be concluded from the three different tests on the gealttor that there no
significant variations were found in the amplitudes of fault fragquecomponents, and

this confirms the accuracy and reliability of the test results.

6.2.4 Combination of Flux and Instantaneous Power Spectra

Figure 6.16 shows the measured shorted turn sideband amplitudeslttoy bed faulty
motor (20 shorted turns) over a wide range of loads from the flugnitameous power

and single signal.

The results obtained from the flux and current signals indicateskimated turn causes
sideband amplitude to decrease as the load on the motor incteaseser, flux signal
proved more suitable and in fact preferable on detecting shortechtuis dt light loads,
while the instantaneous power is able to detect shorted turn fahligher loads. It is

difficult to set a threshold between the healthy and faulty motors.

To overcome this difficulty, the single signal, which is a comtimnaof both flux and

instantaneous power signals, is investigated further. The béstefed the single signal
is that the sideband amplitude between the shorted turn fault fi@gaemponents are
generally higher as shown in Figure 6.16 (bottom row). It is thusrdasset a threshold

between the healthy and faulty motors to determine the shorted turn faultyseverit

In summary, the single signal is preferable detecting shortedfautts over a wide
range of loads for the different values of k when compared tdukeufd instantaneous

power signal
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Figure 6.16: Variations in the sideband amplitudes for the heaithyaalty motor (with
20 shorted turns). Top row (left) and top row (right) show the floet a
instantaneous power. The Bottom (row) represents a single signal.

6.3 Summary

We investigated the use of current, flux and instantaneous power signdistect
shorted turn faults using standard fault frequencies for the differalues of k over a
wide range of varying loads. Using fault frequency components éutdibie faults and
estimate fault severity in the machines relies heavily oratwamns in the amplitude of

sideband components.

The results for the current signal show that it is not s@tadsldetecting the shorted turn
faults under any level of loading. The flux signal indicates that useful for finding
shorted turn faults at light loads but only for the specific valués biowever, the flux

signal is not able to provide useful information to detect shorteddults fat higher load
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because at higher loads the variations in the amplitudes of sidetrapdments between

the healthy and faulty motor are small. The summary of results is shown in6Table

Table 6.2: Comparison of healthy and faulty motors in detectingeshtantn faults using
components;f(n\p)(1-s)xk] under different levels of loading.

Value of integer k when | Minimum Variations in the

the difference between amplitudes

the healthy & faulty %hRatﬁ]d Load between the

motor;s amplitude is when the - healthy and faulty

amplitude is> 14 motors
Signal >14dB dB Comments
Number of shorted
turns
5 10 15 20
Not applicable because
Current X X X X Not found Not found of S”?a” variations in the
amplitudes of faulty
motors.
Suitable and useful for
detecting shorted turn
Flux X X X +1 30% 19 dB faults for the specific

value of k and when the
motor has more than 20
number of shorted turns|

Suitable and useful for
detecting shorted turn
faults at higher loads for
Instt. Power| X X X +1 100% 15dB the specific value of k
and when the motor has
motor more than 20
shorted turns.

Combined Preferable for detecting
; shorted turn faults for the

gl X X +1 Jf_g 30% 25 dB different values of k and

Signal B when the motor has ove

or about 15 shorted turng.

The results for the current signal show that it is not s@tadsl detecting the shorted turn
faults under any level of loading. The flux signal indicates that useful for finding
shorted turn faults at light loads but only for the specific valués bBliowever, the flux
signal is not able to provide useful information to detect shorteddults fat higher load
because at higher loads the variations in the amplitudes of sidetrapdments between

the healthy and faulty motor are small.
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Instantaneous power shows that there is enough separation between titne dvegl
faulty motors in the frequency spectra at full-load for the differvalues of k. In
contrast, results obtained at 30 % load showed small variatidhe amplitudes of fault
frequency components. Therefore, on the basis of the results obtasithtaneous

power is useful for detecting shorted turn faults only at higher loads.

The use of single signal, which is obtained by combining the dhok instantaneous
power signals to detect shorted turns fault, showed much clearatiores between
healthy and faulty motors over a wide range of loads. Theretaesuggested that to
detect shorted turns fault using the combined single signal feretiff level of loadings

is preferred.
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Chapter 7

Misalignment Faults

7.1 Introduction

This chapter investigate the misaligned motors by analysing &eruofi non-invasive
sensor quantities such as current, flux and instantaneous poweaspbere are two
types of misalignment in machines as shown in Figure 7.1; angidalignment, that is
the amount by which the alignment of driver and driven shafts aeesk and the
second one is known as parallel misalignment, it is the amount laoy e alignment
of driver and driven shafts are out of parallel alignment. The uneaents are
performed at different levels of loading to detect the ngsall motors, and takes into
consideration the characteristic fault frequencies of broken rotorsharted turn and
eccentricity (as described in Chapter 2) from current, flux anthriteheous power

spectrums. o
Parallel misalignment

Motor —— Load

Shaft coupling

Angular misalignment

Motor Load
——

Shaft coupling

Figure 7.1: schematic diagram of parallel and angular misalignment.
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7.2 Detection of Misalignment using Broken Bar

Sidebands from different Spectra

7.2.1 Comparison of Healthy and Faulty Spectra of differat

Signals

Figure 7.2 compares the frequency spectrums of the stat@ntuaxial flux and

instantaneous power signals for a healthy motor to the misalignext. mibe circles in

each diagram indicate the broken rotor bar sidebands at full-Tbednoise levels are

about-90 dB, -65 dB and —80 dB respectively.
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Figure 7.2: Comparison of the current, flux and instantaneous power spectrums from a
healthy machine with a misaligned machine showed in (top, middle and

bottom row) at full-load.
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It can be concluded from Figure 7.2 that variation in the sidebangarmnts of BRB
fault frequency due to misalignment are clearly visible in teguency spectrum of
healthy and misaligned motor in the current when compared to the rsidetyaponents
in the flux and instantaneous power spectra. However, variations isideband
amplitudes between the healthy and faulty motor were found to bthé&sd dB, which

is not significant.

7.2.2 Misaligned Broken Bar Fault Frequencies from

different Spectrums

Due to misalignment fault, changes in the amplitudes of BRB faedjuéncies from
current signal at different level of load tests were found t§g<b8 dB) as shown in
Figure 7.3 below. This variation is small because the misalighmaheveloped in the

machines for the experiment is small.
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Figure 7.3: Comparison of variation in sideband amplitudes versus % of rated load of a
healthy motor with misaligned motor from current spectrum.

The difference in the sideband amplitudes from the flux spectrusrfauad to be about

3 dB. This variation was not clearly visible due to inconsistent dsef@crease and

some overlap in the amplitudes of sideband components between the regadthy

misaligned motor under different load tests (Figure 7.4).
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Figure 7.4: Comparison of variation in sideband amplitudes versus % of rated load of a
healthy motor with misaligned motor from flux spectrum.

Figure 7.5 shows the change in the amplitudes of BRB fault fregumsponents due

to misalignment in machine were approximately more than 10 dB wbwpared to the

healthy motor. Furthermore, they are clearly visible in the spactinder different load

tests. It has been observed from the above results that instantaneous poweisefiubr

detecting the misalignment fault when compared with current and flux signals
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Figure 7.5: Comparison of variation in sideband amplitudes versus % of rated load of a
healthy motor with misaligned motor from instantaneous power spectrum.

126



Misalignment Faults

7.3 Detection of Misalignment using Eccentricity

Sidebands from different Spectra

7.3.1 Comparison of Healthy and Faulty Spectra of differat

Signals

Figures 7.6, 7.7 and 7.8, compare the sideband amplitude of the misaligned machine with
a healthy motor using eccentricity fault frequencies from therent, flux and
instantaneous power spectrum versus % of rated load of full-loadnIbe concluded

from Figure 7.6 that changes in the amplitudes of eccentriclgband components in

the current spectra between healthy and faulty motor ardyclesible. The noise level

is—90 dB.

Figure 7.7 shows that the amplitudes of eccentricity fault freeenfrom the flux
spectrum for the healthy and faulty motor are high, when comparedet@urrent
spectrum. However, the affect of misalignment is small andtbatdferentiate between

the healthy and faulty motor. The noise level6s dB.
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Figure 7.6: Current spectrum from a healthy machine (top row) and a misaligned
machine (bottom row) at full-load.
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Figure 7.7: Flux spectrum from a healthy machine (top row) and a misalignechmachi
(bottom row) at full-load.

Figure 7.8 shows that the amplitude of eccentricity fault freges from the

instantaneous power spectrum between healthy and faulty moteergramall, when

compared to the current and flux spectrums. The noise lev@0idB.
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Figure 7.8: Instantaneous power spectrum from a healthy machine (top row) and a
misaligned machine (bottom row) at full-load.
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7.3.2 Misalignment Eccentricity Fault Frequencies from

Current, Flux and Instantaneous Power Spectrum

The maximum variations in the amplitude of sideband componegtfs) (hbetween the
healthy and misaligned motor from the current spectrum were founel less than 2 dB,
which is small as shown in the Figure 7.9. Furthermore, the variatitime sideband
amplitudes between healthy and misaligned motor at any éasd &re not consistent.

Therefore, it is difficult for detecting the misalignment from currégra.
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Figure 7.9: Comparison of variations in sideband amplitudes versus % of rated load of
healthy motor with misaligned motor from current spectrum.

Figure 7.10 demonstrates a measurable variation of less thanmtd® amplitude for
the healthy and misaligned motor. It is concluded from Figure 7.10dtreatto high
amplitudes of fault frequency sideband components, it is preferahlset flux signal
instead of stator current. The noise level is about — 65 dB.

The investigation of the instantaneous power to detect the mmseig fault in
machines shows small variations of less than 3 dB in the amplibfdesaracteristic
fault frequencies at any level of loading. It is thus diffidoltdetect the misalignment

fault using instantaneous power signal as shown in Figure 7.11. Theewabeslabout

-85 dB.
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Figure 7.10: Comparison of variations in sideband amplitudes versus % of rated load of
healthy motor with misaligned motor from flux spectrum.
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Figure 7.11: Comparison of variations in sideband amplitudes versus % of rated load of
healthy motor with misaligned motor from instantaneous power spectrum.
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7.4 Detection of Misalignment using Shorted

Turn Sidebands from different Spectra

7.4.1 Comparison of Healthy and Faulty Spectra of differat
Signal

Figures 7.12, 7.13 and 7.14 compares the effect of the misaligned atid/ meachine
using the shorted turn (ST) sideband components of the stator currehtflaxiand

instantaneous power signals at full-load for n=1 and k=+3.

It can be concluded from these particular figures that onlyflthespectrum clearly
shows variations in the amplitude of fault frequency components duesatignment in
motor (Figure 7.13). In current and instantaneous power spectra, fagliefrcy

components are not clearly visible. The noise level is about —90 dB.
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Figure 7.12: Current spectrum from a healthy machine (top row) and a misaligned
machine (bottom row) at full-load.
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Figure 7.13: Flux spectrum from a healthy machine (top row) and a misalignedenachi

(bottom row) at full-load.

1]
= -20
= Healthy motor (n=1, k=-3)
= 40
Z 60
-10g Lt i
240 245 255 260
Freque:nc*_nr {Hz)
0
— 20 Faulty motor (n=1, k=-3)
=
o 40
=
£ 60
=
Tl @]
Aog LD ne W s [
240 245 250 255 260

Frequency (Hz)

Amplitude (dB)

Amplitude (dB)

1]
20
Healthy motor (n=1, k=+3)
40
50
il
00 ety @n“u .r'l f'rllm f\'\-'ll'
340 345 350 355 360
Frequency (Hz)
0
20 Faulty motor (n=1, k=+3)
40
60
80
0 e Nl w\.\ﬁﬁ.h [\
340 345 350 355

Frequency (Hz)

Figure 7.14: Instantaneous power spectrum from a healthy machine (top row) and a
misaligned machine (bottom row) at full-load.
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7.4.2 Shorted Turn Misalignment Fault Frequencies from

Current, Flux and Instantaneous Power Spectra

Figures 7.15, 7.16 and 7.17 illustrates the sideband amplitude for n=1 and k=¢3 and

from current, flux and instantaneous power spectrums at full-load.
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-20
)
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<

-80

-3 -1 1 3
K

Figure 7.15: Comparison of variations in sideband amplitudes versus % of rated load of
healthy motor with misaligned motor from current spectrum.

The variations in the sideband amplitude between the healthy anégmesamotor were

found to be less than 4 dB in current, flux and instantaneous power speCtrtnant

spectrum shows more variations at k=t1 and 3. In contrast, therelig Aay variation

in flux spectrum as indicated in Figure 7.16.

Similarly instantaneous power shows some variations at k=x1ré~iga7). Therefore,
the variations in the sideband amplitude developed in current speateuosetul for

estimating the misaligned faults in machine. However, it asemeliable to detect the
misalignment in machines using eccentricity fault frequency conmp®rizecause the

effect of misalignment is more sensitive to the flux signal.
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Figure 7.16: Comparison of variations in sideband amplitudes versus % of rated load of
healthy motor with misaligned motor from flux spectrum.
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Figure 7.17: Comparison of variations in sideband amplitudes versus % of rated load of
healthy motor with misaligned motor from instantaneous power spectrum.
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7.5 Summary

The misalignment in the machines can decrease the accuracgliabdity of the test
results. The presence of misalignment may cause eccgnaiut may result in noise,
vibration and increase in temperature. This can be detected, UIRBidaBIt frequencies

of (1+£2s)f, (f1f;) and (f+4f,) from current, flux and instantaneous power signals.

However, it may be useful to use eccentricity fault frequencypoments (ff;) from
the flux signal for the purpose of detecting misalignment in riechines such
misalignment normally causes the eccentricity faults. In ¢tmg-term, misalignment
may cause catastrophic failure because of excessive vibrdt&sg en rotor and bearing
and short-circuiting in the stator and rotor windings. Any slighiblasvariations in the
sideband amplitudes of misalignment motor can be useful for aligheagnotor. This
will increase the accuracy and reliability of the test tesuvhen considering ability to
find different faults in machines. For each of the above signals, testsla@ppedormed
to check its variability in healthy motors due to test repedtabeists on the same motor,
differences between nominally identical motors, and differebetseen the phases of

the same motor.
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Chapter 8

Investigation of Multiple Faults

8.1 Introduction

In induction motor monitoring normally single sensor is normally useatktect a single
fault. Previously, the correlation between different types of sered their ability to
diagnose multiple faults has not been studied thoroughly. The mostgmtefaults in

machines are broken rotor bar, stator or armature, misalignetaentricity and bearing

related faults (bearing fault can also cause rotor eccentricity) [1,2].

This chapter’'s main purpose is to investigate fault frequenciestors with multiple
faults to be able to detect and to uncover the most prevalent thatamayin machines.
The airgap between the rotor and stator of a healthy motor (2k&d)inghis study is
0.4 mm (each side). Therefore, airgap of +1, +2 and £+3 mm at theglavid at non-

driving-end are considered for the experiment.

The investigation of multiple faults (combination of broken rotor bats eatentricity

faults) at different levels of loading will involve the following:
e two broken rotor bars and eccentricity (0.1mm at driving-end)

e two broken rotor bars and eccentricity (0.3mm at driving-end)
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8.2 Detection of Multiple Faults using Broken

Bar Fault Frequencies

Combination of broken rotor bars and eccentricity faults may caesere damage
machines. Generally, researchers have examined the detedantt®fat full-load level,

although in practice the actual load may vary and can be significantly less.

It is important to detect any multiple faults (combination of broketor bars and
eccentricity of different levels at non-driving and driving-end andgimyiend) in the
machines using characteristic fault frequencies of broken roterdma eccentricity at

any load test levels.

As described in Chapter 2, fault frequencies are directlyecklat the supply and slip
frequency. Any change in the fault frequencies due to fault chimas will also affect

the slip frequency.

Frequency spectrum of the flux signal in the slip frequencgera shown in Figure 8.1
when the machine with multiple faults operates at differentldeot load tests. This
figure shows that multiple faults significantly affect the slip freqyeseen compared to

the healthy motor.

Full-Loac
75% 120%

Amplitude(dB)

G0 OET AT g gl B e gy e
Frequency (Hz)

Figure 8.1: Flux spectrum of slip frequency versus sidebands amplitudes undendiffe
level of load tests.
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8.2.1 Multiple Fault Detection using Current Spectra

8.2.1.1 Comparison of Healthy and Faulty Current Spectra

Figure 8.2 show a comparison of frequency spectra for a healiblgime and one that
has multiple faults. At no-load the sideband components are not \iisikihe current
spectra of the faulty machine. This is because of low sliquéecy (Figure 5.1).
However, at or above 50% of load there is a significant chande28f dB) in the

amplitudes of faulty motor to a healthy motor. The noise level is about —90 dB.
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Figure 8.2: Current spectrum from a healthy machine (left) and a fauttyimeawith
two broken rotor bars and eccentricity of +0.3mm at driving-end (right), at
no-load, 50% load and full-load. The circles indicate the sidebands.
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8.2.1.2 Broken Rotor Bar Fault Frequencies from Current Spetrum

The same custom-written program (as described in Chapter 3lsasised to analyse
the raw data, produce the frequency spectrum and automatmedite Ithe appropriate

characteristic fault frequency peaks of multiple faults in the machines.

Figure 8.3 shows the broken rotor bars sideband amplitudes of theyhewitor and
faulty motors with multiple faults (two broken bars and eccetyrievel of +0.3 mm at
driving-end).

The result shows that for multiple faults, at any load testldewariations in the

sideband amplitude between healthy and faulty machines were founantaré¢han 40

dB, which is significant and can be readily distinguished from healthy motors.
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Figure 8.3: Comparison of variation in sidebands amplitudes versus &edfload of a
healthy motor with faulty motors (combination of two broken bars and
eccentricity of +0.1mm and +0.3 mm at driving-end) from current spectrum.

8.2.2 Multiple Fault Detection from Flux Spectra

8.2.2.1 Comparison of Healthy and Faulty Flux Spectra

Figure 8.4 shows the amplitude of sideband components for fault frggérenc the
flux spectra at different levels of load for healthy and mashivesing multiple faults.
The difference in the sideband amplitude of the faulty motor atihessor about 50%
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load was found to be (<8 dB) when compared to the healthy motor. However, atdull-loa

the increase in the amplitudes of sideband components was more (>2@hdB

compared to the healthy motor, which is significant. The noise level is about — 65 dB.
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Figure 8.4: Flux spectrum from a healthy machine (left) afalily machine with two
broken rotor bars and eccentricity of +0.3mm at driving-end (right)pat
load, 50% load and full-load. The circles indicate the sidebands.

8.2.2.2 Broken Rotor Bar fault frequencies from flux spectum

Figure 8.5 indicates the variations in amplitude for fault freqesnef a healthy motor

and unhealthy motors with multiple faults in the flux spectra, winennachine is

operating at different load levels.
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Figure 8.5: Comparison of variation in sidebands amplitudes versus &edfload of a
healthy motor with faulty motors (combination of two broken bars and
eccentricity of +0.1mm and +0.3 mm at driving-end) from flux spectrum.

Figure 8.5 show the change in the sideband components is less thart 3048 mad
while at 50% load change in the fault frequency components is about, Mhef is
relatively high. However, significant increase of (> 15 dB) inahwlitudes of sideband

components was found at or more than 75% load.

These results lead to the conclusion that using the flux signaletact multiple faults at
high loads. However, this variation is less than the variatiomeasame level of loading

in the current spectra.

8.2.3 Multiple Fault Detection using from Instantaneous
Power Spectra

8.2.3.1 Comparison of Healthy and Faulty Instantaneous Powe

Spectra

The comparison of characteristic fault frequencies from tire $pectrum is shown in
Figure 8.6. The differences in the sideband amplitudes betweehetlthy and faulty

motors were found to be more than 20 dB. However, the number of other pess pre
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at light load is more when compared to the scenario of hemdsl The noise level is
about —80 dB.
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Figure 8.6: Instantaneous power spectrum from a healthy machine (leftfaurtya
machine with two broken rotor bars and eccentricity of +0.3mm at driving-
end (right), at no-load, 50% load and full-load. The circles indicate the
sidebands.

8.2.3.2 Broken Bar Fault Frequencies from Instantaneous Poer
Spectrum

Frequency spectrum of the instantaneous power is used to identify bob&ebar faults

in the machine. The broken rotor bar fault frequencies under diffevadttests were

investigated both in the healthy motor and motors with multiple fadtshown in

Figure 8.7.
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Figure 8.7: Comparison of variation in sidebands of a healthy motor with faulty motors
(combination of two broken bars and eccentricity of +0.1mm and +0.3 mm
at driving-end) from instantaneous power spectrum.

The result from the instantaneous power spectra shows significgaattores of 30 dB or

over in the amplitude of broken rotor bars fault frequencies fohd&atthy motor and

faulty motors. These variations occur at any load level and makasier to detect

multiple faults.

In summary, instantaneous power signal can detect multiples faulany load level
confirmed its superiority to the flux signal. However, the cursagmal does have certain
usefulness, when compared to the results obtained from the instantaneeusigoa

for finding any multiple faults in the machines.

8.3 Analysis of BRB Fault Frequencies

A comprehensive investigation to find the multiple faults using brakér bar fault
frequencies in the presence of characteristic fault freqgu@omponents from the
current, flux and instantaneous power signal has been performed. Tablo®sl the
variations in the amplitudes of broken rotor bar fault frequencigbeanpresence of

eccentricity faults.
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The results from the current spectrum showed capacity to detdigplenfaults, which
consist of broken bars and airgap eccentricity over a wide rarigadihg. In addition,
significant variations in the sideband amplitudes (>27 dB) betweethhemid faulty
machines, at any level of loads were found and readily diffatedtifrom healthy
motors in the current spectra.

Table 8.1: Comparison of healthy and faulty motors to detect the multiple faults in the
presence of eccentricity level of 0.3 mm using BRB components (1+2s)f

Sensor Minimum I(_)a(_j . .
when the variations Negatlve Eosmve Comments
Signal between the healthy| sideband | sideband
and faulty motor is | Amplitude | Amplitude
>20 dB
Current 30% 29 27 Suitable for detecting the
multiple only at light loads.
Not applicable because of
Flux Not found Not found| Not found smgllland Inconsistent
variations in the amplitudes of
fault frequency components of
faulty motors.
Instt. T - - Suitable and preferable for
Power 0 detecting multiple faults only
at high load.

The flux spectrum showed it is not suitable for finding multipletéauhder any level of
loading. Instantaneous power also presents equally reliable andaptefeesults for
detecting multiple faults using modified fault frequency componehisifg) at any
levels of load. However, variations in the sideband amplitudes atevedy high, when
compared to the current spectra. In summary, results from trentand instantaneous
power spectra were found to be best when detecting detect mutigts in the

machines under the wide range of loading.

8.4 Detection of Multiple Faults using

Eccentricity Fault Frequencies

Detection of multiple faults i.e. the combination of broken rotor barseanentricity at
different level of loads using broken rotor bar fault frequencies thencurrent, flux and
instantaneous power spectra has been investigated in Section 5.8urféret and
instantaneous power signals were found to be better mediums for ungownueritiple
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faults in machines. We now examine the usefulness of the resukscentricity

characteristic fault frequencies in detecting multiple gafdt different levels of loading

conditions.

8.4.1 Multiple Fault Detection using Eccentricity Fault

Frequencies from Current Spectra

8.4.1.1 Comparison of Healthy and Faulty Current Spectra

It can be concluded from the Figures 8.8 and 8.9 that variatiotigimmplitude of
sideband components of a faulty motor at 30% and at full-load amycleable in the
frequency spectrum. However, variations in the sideband amplitudéaafta motor at

30 % load were found to be (> 20 dB) when compared to the faulty ntoai-lvad.

The noise level is about —90 dB.
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Figure 8.8: Current spectrum from a healthy motor (top) and ayfaodttor with
eccentricity of +0.3 mm at driving-end (bottom) at 30% load. Theles

indicate the sidebands.
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Figure 8.9: Current spectrum from a healthy motor (top) and ayfaodttor with
eccentricity of +0.3 mm at driving-end (bottom) at full-load. Theles
indicate the sidebands.

8.4.1.2 Eccentricity Fault Frequencies from Current Spectra

The variations in the amplitude of eccentricity sideband componestg (ih the current
spectrum as a function of load for healthy motor and faulty moterslaarly shown in

the Figure 8.10.

Variations in the amplitude of sideband components at any level dihtpare clearly
visible, when compared to the healthy motor. Differences in the sidedraplitude of
faulty motor were found to be more than 25 dB up to 50% of rated loadbantl (210

dB) at or over 75% of rated load.

The current spectrum produced reliable results for detectingpthbination of multiple
faults (broken bars and eccentricity) using eccentricity fisetjuencies at any level of

load tests.
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Figure 8.10: Comparison of variation in sidebands amplitudes versuséeofoad of a
healthy motor with faulty motors (combination of two broken bars and
eccentricity of +0.1mm and +0.3 mm at driving-end) from current spectrum.

8.4.2 Multiple Fault Detection using Eccentricity Fault

Frequencies from Flux Spectra

8.4.2.1 Comparison of Healthy and Faulty Motors from Flux $ectra

It has been observed from the Figure 8.11, variations in the amplitude of the eitgentric
fault frequencies of a faulty motor at 30% load and at full-load are cheiaibe in than

flux spectrum at the same level of loading.

Even in the presence of other peaks in the frequency spectrum,ovariat the
amplitude are clearly visible because of significant variations in thehlgegatitors as the
load on the motor increases. However, a significant decrease amgiigude of faulty
motor was found when the motor operates at higher loads. The noitéslever or
about —65 dB.
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Figure 8.11: Flux spectrum from a healthy motor (row 1 and 3) and a faulty motor with
eccentricity of +0.3 mm at driving-end (row 2 and 4) at 30% load and full-
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8.4.2.2 Eccentricity Fault Frequencies from Flux Spectra

Eccentricity fault frequency components+{f) of the healthy and faulty motors are
shown in Figure 8.12. The results indicate that variation in the amelibf negative
sideband of the faulty motor was found to be (> 15 dB) at any levehding condition
to the healthy motor, which is significant. However, variatiorthie amplitude of the
faulty motor of positive sideband component is about (< 4 dB) up, whichyssiall.
Therefore, the results from the flux spectrum showed thanibtisuitable for detecting
the multiple faults (i.e. combination of broken rotor bars and eccéytfaults) using

eccentricity fault frequencies sideband components.
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Figure 8.12: Comparison of variation in sidebands amplitudes versus % of rated load of a
healthy motor with faulty motors (multiple faults) from flux spectrum.

8.4.3 Multiple Fault Detection using Eccentricity Fault

Frequencies from Instantaneous Power Spectra

8.4.3.1Comparison of Healthy and Faulty Motors from Instartaneous

Power Spectra

According to Figure 8.13, changes in the amplitude of sideband compdéoreati&ulty
motor at 30% load are significant for the healthy motor and aalglvisible in the

spectra. The noise level is about —80 dB with eccentricity of +0.3 mm at the driving-end.
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8.4.3.2 Eccentricity Fault Frequencies from Instantaneous Bwer

Spectra

The results emerging from the instantaneous power spectra endicabnsistent
increase/decrease in the sideband amplitude of faulty motors uffdezrdiload tests as
shown in Figure 8.14. This makes it difficult to detect the multipldt$. Therefore,

instantaneous power is not suitable for detecting multiple faults.

Instt. Power Spectrum : (f,+/-2f,)

20 | Faulty motor (2BRB and airgap 0.1mm)
Faulty motor (2BRB and airgap 0.3mm)

Healthy motor
A — —A
'40 ] [ W _\ ~
N> ~

A

Amplitude (dB)

Noise level = -80 dB

0 20 40 60 80 100 120
% Rated Load

Figure 8.14: Comparison of variation in sidebands amplitudes of a healthy motor with
faulty motors (combination of two broken bars and eccentricity of +0.1mm
and +0.3 mm at driving-end) from instantaneous power spectrum.

8.5 Analysis of Eccentricity Fault Frequencies

We examined the current, flux and instantaneous power spectra in tordmtect
multiple faults using eccentricity fault frequency componenthénpresence of broken
rotor bar under different loading conditions. A summary of the resulsnelok is shown
in Table 8.2.

The current spectrum showed reliable results for detectingotimination of multiple
faults (broken bars and eccentricity) using classical edciwt fault frequency

components (ff,) at any levels of load (specifically light loads). The resiatghe flux

151



| nvestigation of Multiple Faults

spectrum showed that it is not suitable for finding multiple gaintthe machines using

eccentricity fault frequency components.

The instantaneous power spectrum also proved not to be suitable falindetbe
multiple faults and nor for estimating severities of faults. fdsalts obtained from the
instantaneous power spectra indicated inconsistent increase/desrdaseall variations
in the amplitudes of faulty motors under different load tests. iaikes it difficult to

detect multiple faults accurately under any level of load tests.

Table 8.2: Comparison of healthy and faulty motors to detect the multiple faults in the
presence of broken rotor bars usingf(.

Minimum load ) N
Sensor | when the variations | Negative | Positive

. between the healthy| Sideband | sideband Comments
Signal | and faulty motor is Amplitude | Amplitude
>20 dB

Suitable for detecting multiple
Current 30% 38 30 faults i.e. combination of BRB
and eccentricity at light loads.

Flux Not found Not found | Not found | Not applicable.

Not reliable for detecting
Instt. multiple faults under any level
Power Not found Not found | Notfound | of |pading.

8.6 Summary

The analyses carried out in this chapter showed that the cupesitasis able to detect
multiple faults i.e. a combination of broken rotor bars and eccewtfauits either by
using broken rotor bars fault frequency components (1£8s)fising eccentricity fault

frequency components; ff;) at any levels of loading.

The results from the instantaneous power spectra using modifiechlmatioe bar fault
frequency components #4f,) showed that it is preferable for estimating either the
machines having multiple faults or those that are not only at tiieehievels of load.

However, is not preferable when compared to the current signal.

It can be concluded that from the results, flux signal is alsa mgeful source to detect

multiple faults using both broken rotor bar and eccentricity fauluigacy components.
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It is proposed that using both current and instantaneous power signalssaously
will detect multiple faults reliably, specifically using broken rotor taat frequencies in

the presence of eccentricity faults under various load conditions.
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Chapter 9

Conclusions and Recommendations

Condition monitoring of induction machines relies on being able to ddiéetences
between healthy and faulty machines. An accurate interprettiarmotor’s condition
requires knowledge of the effects of different operating conditjmsuding level of
loading, non-ideal supplies), and typical variability between machered test

repeatability.

For the detailed investigation of fault detection in particular ypeduction machine
we selected a number of 2.2 kW, four-pole machines (highest waliich can be tested
using available laboratory facilities in the University of kaige). Some of them were
used for introducing faults i.e. broken rotor bar (by milling rotor-estiprted turns
(stator rewound with tap), misalignment (introduce control misalegrinusing shims)
and static eccentricity (developed custom test-rig for rotoerddcity adjustment) of

varying severity.

We also developed an experimental set-up based on hardware tools aftdaaes
programme. In the hardware set-up, a precision laser alignmerdrida torque were

used to ensure the accuracy and repeatability of the experimental set-up.

For software section we developed two programmes. First is ttae atquisition

programme, which is used for data collection from different multyges sensors i.e.
current, axial flux, voltage and vibration (in earlier work generalgd single sensor
type e.g. broken rotor bar detection using current sensors) arggdbad one is the
custom-written programme which used for the analysis of raw selasarand produce

frequency spectrum of current, flux and instantaneous power spkeatradips us to
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locate the appropriate peaks in the spectra of different sigimaldtaneously. These
programmes are based on the experimental set-up developed fosdaicihein order to
provide the necessary technology for accurate and reliableiedfégult detection and

prediction of incipient failures in induction motors.

The purpose of this study is to investigate the different factorspthlke it possible to
overcome any shortcoming concerning the detection of different feeltbroken rotor
bar, eccentricity, shorted turn and misalignment in the machines tisengault
frequency components from the current, flux and instantaneous powerssignal
different levels of loading. Thereforen @éxtensive series of tests and analyses were
carried out on different healthy and faulted induction motors to investigateeshamiie
amplitudes of the fault frequency components in the current, flux amghiaseous

power spectra to detect different faults under varying load conditions.

Unlike previous studies that generally used single sensor typexédmple eccentricity
fault detection using current sensor at full-load conditions, ordamitumber of load
cases, this work examines the use of multiple type sensorset tlee different fault
(broken rotor bar, eccentricity, stator, misalignment, etc) usitapdard fault
frequencies. The effect of load variations on fault detection sholagdldad has a
substantial influence on fault detection, particularly the difficultydetecting faults at

light loads. The key results related to the different faults are as follows

Broken Rotor Bar Faults

We investigated the detection of partial, two and four broken rotdabls over a wide
range of loading conditions, using the sideband components (iLi##s)he current and
axial flux signals, and modified sideband componens4f{j) for the instantaneous

power signal.

Since the detection of broken rotor bar based on the changeseantalistribution were
due to changes in bar resistance. These changes in current undemdiié@ding
conditions in the case of partial broken rotor bar were small. fidnereo estimate the
partial broken rotor bar fault on the basis of variations in the ampht of fault
frequency components using current, flux or instantaneous power spechféicult
because these small variations either represent the cracketbaotaor other source of

high resistance.
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The current spectrum showed clearly visible and reliable \@r&bf more than 25 dB
in the amplitudes of fault frequency components between the healthiaahd motor
for more than one broken rotor bar when the minimum load on the mashié% of
rated load. However, detecting the broken rotor bars at lightisoddficult because of

the small currents in the rotor bars and the low slip frequency.

The result from the flux spectrum showed reasonable variations & than 25 dB
between the healthy and faulty motor, only when the load on the mashareund
100% and the number of broken bars>igl. Therefore, flux signal is not a suitable

medium to detect the broken rotor bar faults.

We also investigated the instantaneous power as a diagnostic medidetect the
broken rotor bar faults under varying load conditions. The variations sntipétudes of

the fault frequency components between the healthy and faulty meterfeund to be

25 dB when the minimum load on the machine is 30% of rated load. Tuiedlesined

from instantaneous power signal showed the best features overlth@enfié of loads
tested to detect the broken rotor bar faults when compared to the current and fla spect
Therefore on the basis of the features extracted from tkentaseous power signal it
has been suggested to detect and estimate the severity of brokepardtaults over a
wide range of loading using modified characteristic fagtjfiency components,{4f,)

of instantaneous power signal.

Eccentricity Faults

We investigated the characteristic fault frequenciegfff and {[(R\p)(1-s)xk] from
current and flux signals and modified characteristic fault freqasr{é+2f;), f,[(R\p)(1-
s)xk] from instantaneous power signal, in order to detect ecciéntiaults over a wide

range of loads.

Previous studies used variations in the amplitudes of the faultelnegucomponents
(f1f)), between the healthy motor and faulty motor versus % of rateldolodne motor
to detect eccentricity faults. In comparison, this work examinegtms in the
amplitudes of the fault frequency components between the healthor mad faulty
motor versus average eccentricity level over a wide rangeding conditions, which is
calculated by using formula “Average Eccentricity” =[{E)/2], which is introduced in

this work. The selected range for average eccentricity lewans 0 to 0.3 mm (because
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the maximum airgap between the stator and rotor is 0.4 mm atsbds of the

machine).

The results from current and instantaneous power signals showedligntaliletect
eccentricity faults at light loads. It has been suggested thdt botrent and
instantaneous power can detect eccentricity faults. However, ntusgectra are
preferable because they showed consistent variations in the sidebplitddis when

compared to the instantaneous power signals.

This work also examines the use of fault frequencies compongi®§pj(1-s)tk] and
fol(R\p)(1-s)£K] to detect eccentricity faults using current, fand instantaneous power
signals for different values of k at different levels of loasts. The results were found to
have inconsistent increase/decrease in the amplitudes of thenfeuors, because these
fault frequency components heavily depend on the values of k. Itisuttiio estimate
the appropriate values of k, which is suitable for detecting etdéntfaults under

varying load conditions.

Finally, it is suggested to use fault frequencies componegfs) Gnd (f+2f,) to detect
eccentricity with variations in the amplitudes of the faulg@rency components versus
average eccentricity level over a wide range of loading conditidmt is, from current
and instantaneous power signal under varying loading conditions instesingfthe
variations in the amplitudes of the fault frequency components V@& afgated load of

the motor from current and instantaneous power signal.

Shorted Turn Faults

We investigated the use of current, flux and instantaneous powersstgnadé¢tect the
shorted turn faults using standard fault frequencies over wide range of varylagToe

use of fault frequency components to detect the faults and estamitttseverity in the
machines heavily depends upon the variations in the amplitudes of sideband components.
The results from flux signal showed useful features to detecthtbeed turn faults at

light loads. However, flux signal is not able to provide useful infdiom which helps to

detect the shorted turn faults at higher loads because at higteittheavariations in the
amplitudes of sideband components between the healthy and faulty motor is small.
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Instantaneous power displays the enough separation between the laealtiigulty
motors in the frequency spectra at full-load. However, resuligratibads showed small

variations in the amplitudes of fault frequency components.

The use of single signal, which is obtained by adding togethdiuthand instantaneous
power signals to detect the shorted turns fault showed much cleai&tiions between
healthy and faulty motors over a wide range of loads. Therefasesuiggested to detect

the shorted turns fault using combined single signal over a wide range of loadings.

Misalignment Faults

We investigated the effect on healthy motors in the presencesafignment faults
using current, flux and instantaneous power signals under varyidgtoalitions. The
results showed visible variations in the sideband amplitudes atedgiffiervels of loads in
the flux and instantaneous power spectra, which are sufficient tectdé¢he

misalignment.

However, because the misalignment normally develops eccentritis f(which are
best detected by flux signals), it is more accurate to detiselignment in the machines
by using eccentricity fault frequencies#f;) from the flux signal. This will increase the
accuracy and reliability of the test results, when considettieg fault frequencies’

sideband components for finding different faults in machines.

Multiple Faults

The results from the current spectrum indicated the abilitdetect multiple faults, using
broken rotor bar fault frequencies in the presence of eccentaciltg fover a wide range
of loading. In addition, significant variations in the sideband amplit(d@3 dB)
between healthy and faulty machines, at any level of loads, cerathity distinguished
from healthy motors in the current spectra. Similarly, insteedas power can detect

multiple faults at higher level of loads.

However, the investigation into detecting multiple faults using réocey fault
frequencies in the presence of broken rotor bar faults only workibe iourrent spectra
under varying load conditions. Therefore, it is proposed to detect reuléiplts in the

machines under the wide range of loading.
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It can be concluded that from the results that flux signal is edulusource for
discovering multiple faults at high loads. However, variations irsidheband amplitudes

are occurred less when compared to the current spectra at the sameltacihgt.

The above investigation confirmed that the current and instantaneous pecea are
useful signals for detecting multiple faults i.e. combination @kén rotor bars and
eccentricity faults by using broken rotor bars fault frequenceq1+2s) f and
eccentricity (f+2f,) at any levels of loading. The selected range of sidebandtadgs

on the basis of results estimated the severity of multiplgsfdtdm the current and
instantaneous power spectrums. Instantaneous power as a diagnoitio riee detect
the different single and multiple faults in induction motor has proved to be anothdr use

and tool for detecting different faults in induction motors in this research.

Recommendations

e The most important recommendation refers to instantaneous powesgdirdte
using traditional stator current and flux as diagnostic mediudetect different
type of single and multiple faults, instantaneous power is prayidccurate and
reliable results to detect the different faults in machines.

e In this study the “slip-speed” method is used to determinedheeptage of rated
load of the motor due to its simplicity and safety advantages. Howtbeeuse of
“direct-read” power measurements to determine the percentageedfload of
the motor (as discussed in Chapter 3) may increase the igfiabid accuracy of

instantaneous power.

e The use of multiple sensors to detect both single and multiple faulhduction
motors with advanced computerized data processing and acquisilligmovide
significant improvement in the field of condition monitoring of induction

machines.
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Appendix

Appendix

Experimental Result of Healthy Motor using Developed Custom-Written

Programme

Machine Name: CM1

Machine Condition: Healthy

Fault Type: Healthy

Load Percentage: 30.3939 %

Sampling Frequency (fs): 400Hz / 8000Hz

Supply Frequency [f1]: 50.00 Hz

Voltages (rms) at [400Hz]: 405.70 (Vab) 398.59 (Vbc) 396.19 (Vca)
Voltages (rms) at [BO00Hz]: 407.55 (Vab) 404.00 (Vbc) 407.03 (Vca)

Currents (rms) at [400Hz]: 2.81 (la) 2.79 (Ib) 2.77 (Ic)
Currents (rms) at [8000Hz]: 2.87 (la) 2.82 (Ib) 2.81 (Ic)
Real Input Power of the loaded motor (Average Power): 92412 W
Power Factor: 0.46

Meas. Speed - [400HZz] : 1475.00 rpm

Meas. Speed - [8000HZz]: 1475.00 rpm

Calculated Slip Frequency based on Measured Speed
Calc.Slip Freq [400Hz]: 0.84

Calc.Slip Freq [8000Hz]: 0.84

DATA FROM CURRENT SENSORS:

Supply Frequency [f1] of phase (a) at [400Hz]:
Meas. Freq. (Hz): 50.00

Meas. Ampl. (dB): 0.00

Supply Frequency [f1] of phase (b) at [400HZ]:
Meas. Freq. (Hz): 50.00

Meas. Ampl. (dB): 0.00

Slip Frequency [f2] of phase (a) at [400Hz]:
Meas. Freq. (Hz): 0.65

Meas. Ampl. (dB): -89.72

Slip Frequency [f2] of phase (b) at [400HZz]:
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Meas. Freq. (Hz): 0.83

Meas. Ampl. (dB): -89.61

Broken Rotor Bar Frequencies [(1 (+/-) 2s)f1] of Phase (a) at [400HZ] :
Calculated Freq. (Hz): 48.38 51.62

Meas. Freq. (Hz): 48.38 51.62

Meas. Ampl. (dB): -66.64 -67.17

Broken Rotor Bar Frequencies [(1 (+/-) 2s)f1] of Phase (b) at [400HZz]:
Calculated Freq. (Hz): 48.34 51.66

Meas. Freq. (Hz): 48.38 51.62

Meas. Ampl. (dB): -68.30 -66.47

Shorted Turn Frequencies [f1((n/p)(1-s) (+/-) k)] of Phase(a) at [800GH
Calculated Freq. (Hz): 74.60 174.60 99.19 -25.41 -125.41 -0.81
Meas. Freq. (Hz): 74.59 174.81 100.01 25.41 125.41 0.82

Meas. Ampl. (dB):  -63.00 -83.75 -59.37 -58.09 -75.83 -90.42

Shorted Turn Frequencies [f1((n/p)(1-s) (+/-) k)] of Phase(b) at [800C#H
Calculated Freq. (Hz): 74.60 174.60 99.19 -25.41 -125.41 -0.81
Meas. Freq. (Hz): 74.59 174.81 100.01 25.41 125.41 0.83

Meas. Ampl. (dB): -60.76 -77.08 -59.76 -58.70 -71.08 -89.61

Eccentricity Freq (1) [f1((R/p)(1-s) (+/-) k)] of Phase(a) at [400H] :

Calculated Freq. (Hz): 935.47 985.47 1035.47 835.46 785.46 735.46
Meas. Freq. (Hz): 936.05 984.85 1034.45 836.04 785.24 734.64
Meas. Ampl. (dB): -68.22 -90.16 -89.09 -69.26 -90.50 -93.89

Eccentricity Freq (1) [f1((R/p)(1-s) (+/-) k)] of Phase(b) at400Hz]:

Calculated Freq. (Hz): 935.47 985.47 1035.47 835.46 785.46 735.46
Meas. Freq. (Hz): 936.05 986.05 1036.05 836.04 785.84 734.44
Meas. Ampl. (dB): -67.39 -92.83 -93.91 -70.36 -87.68 -86.39

Eccentricity Freq (2) [f1 (+/-) fr] of Phase (a) at [400HZz]:

Calculated Freq. (Hz): 25.41 74.60

Meas. Freq. (Hz): 2541 74.59

Meas. Ampl. (dB): -58.09 -63.00

Eccentricity Freq (2) [f1 (+/-) fr] of Phase (b) at [400HZz]:

Calculated Freq. (Hz): 25.41 74.60

Meas. Freq. (Hz): 2541 74.59

Meas. Ampl. (dB): -58.70 -60.76
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DATA FROM VOLTAGE SENSORS:

Supply Frequency [f1] of voltage (ab) at [400Hz]:

Meas. Freq. (Hz): 50.00

Meas. Ampl. (dB): 0.00

Supply Frequency [f1] of voltage (bc) at [400HZ]:

Meas. Freq. (Hz): 50.00

Meas. Ampl. (dB): 0.00

Slip Frequency[f2] of Voltage(ab) at [400HZ] :

Meas. Freq. (Hz): 0.71

Meas. Ampl. (dB): -99.46

Slip Frequency[f2] of Voltage(bc) at [400Hz]:

Meas. Freq. (Hz): 0.72

Meas. Ampl. (dB): -99.61

Broken Rotor Bar Frequencies [(1 (+/-) 2s)f1] of voltage(ab) at [400Hz]:
Calculated Freq. (Hz): 48.58 51.42

Meas. Freq. (Hz): 48.99 51.00

Meas. Ampl. (dB): -89.82 -90.37

Broken Rotor Bar Frequencies [(1 (+/-) 2s)f1] of voltage(bc) at [400Hz]:
Calculated Freq. (Hz): 48.56 51.44

Meas. Freq (Hz): 48.49 51.52

Meas. Ampl. (dB): -88.17 -84.66

Shorted Turn Freq[f1((n/p)(1-s) (+/-) k)] of voltage(ab) at [BO00HZz]:

Calculated Freq. (Hz): 74.65 174.65 99.29 -25.36 -125.36 -0.71
Meas. Freq. (Hz): 74.70 174.61 100.01 25.33 126.01 0.71

Meas. Ampl. (dB): -92.93 -95.04 -76.38 -100.49 -93.05 -99.46
Shorted Turn Freq [f1((n/p)(1-s) (+/-) k)] of voltage(bc) at [8000HZ]:
Calculated Freq. (Hz): 7459 17459 99.17 -25.42 -125.42 -0.83
Meas. (Hz): 74.60 174.81 100.01 25.41 125.41 0.83
Meas. (dB): -97.35 -91.13 -69.47 -96.36 -94.83 -102.18
Eccentricity Freq (1) [f1((R/p)(1-s) (+/-) k)] of voltage(ab) at [400HE

Calculated Freq. (Hz): 937.27 987.27 1037.27 837.26 787.26 737.26
Meas. Freq. (Hz): 937.65 987.65 1038.25 837.64 788.44 738.24
Meas. Ampl. (dB): -89.77 -100.54-102.78 -77.91 -99.09 -100.05
Eccentricity Freq (1) [f1((R/p)(1-s) (+/-) k)] of voltage(bc) at400Hz]: Calculated
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Freq. (Hz):  935.11 985.11 1035.11 835.10 785.10 735.10

Meas. Freq. (Hz): 934.65 985.65 1034.85 834.64 786.24 734.64
Meas. Ampl. (dB): -95.91 -101.23 100.65 -89.98 -104.59 -98.57
Eccentricity Freq (2) [f1 (+/-) fr] of voltage(ab) at [400Hz]:

Calculated Freq. (Hz): 25.41 74.65

Meas. Freq. (Hz): 25.75 74.70
Meas. Ampl. (dB): -97.34 -92.93
Eccentricity Freq (2) [f1 (+/-) fr] of voltage(bc) at [400HZz]:
Calculated Freq. (Hz): 25.42 74.59
Meas. Freq. (Hz): 25.18 74.66
Meas. Ampl. (dB): -94.67 -94.05

DATA FROM FLUX SENSOR:
Slip Frequency [f2] of Flux at [400HZz] :
Meas. Freq. from FFT (Hz): 0.81

Meas. Ampl. from FFT (dB): -44.13

Broken Rotor Bar Freq [(1 (+/-) 2s)f] of Flux at [400HZz] :

Calculated Freq. (Hz): 48.38 51.62

Meas. Freq. (Hz): 48.38 51.62

Meas. Ampl. (dB): -51.47 -55.65

Shorted Turn Freq [f1((n/p)(1-s) (+/-) k)] of Flux at [BO00HZ]:

Calculated Freq. (Hz): 74.60 174.60 99.19 -25.41 -125.41 -0.81
Meas. Freq. (Hz): 74.59 174.61 99.20 25.41 125.41 0.81

Meas. Ampl. (dB):  -26.70 -49.29 -47.53 -21.62 -48.75 -44.13

Eccentricity Freq (1) of Flux at [400Hz]:

Calculated Freq. (Hz): 935.47 985.47 1035.47 835.46 785.46 735.46
Meas. Freq (Hz): 935.25 984.45 1036.65 836.64 786.24 734.64
Meas. Ampl. (dB): -52.53 -52.76 -68.56 -53.48 -66.24 -61.48

Eccentricity Freq(2) of Flux at [400Hz]:

Calculated Freq (Hz): 25.41 74.60

Meas.Freq. (Hz): 25.41 74.59

Meas. Ampl. (dB): -21.62 -26.70
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DATA FROM VIBRATION SENSORS:
Stator Fault Freq [2f,] of vibration at [400HZz] :

Calculated Freq (Hz): 100.01

Measured DE Vibration. Freq (Hz): 100.01
Measured DE Vibration. Ampl (dB): 7.22
Measured NDE Vibration. Freq (Hz): 100.01
Measured NDE Vibration. Ampl (dB): -5.87

Instantaneous Power Analysis at [B000HZ] :

Broken Rotor Bar Freq [(1 (+/-) 2s)fp] of Inst.Power at [BO00HZ] :

Calculated Freq. (Hz): 96.76 103.25

Meas. Freq: 98.63 101.04

Meas. Ampl: -61.09 -58.86

Eccentricity Freq (1) [fpower ((R/p)(1-s) (+/-) k)] of Inst. Powe at [8000HZz]:

Calc Freq. (Hz): 1871.50 1971.53 2071.57 1671.42 1571.39 1471.35
Meas. Freq (Hz): 1871.09 1970.50 2070.90 1670.28 1570.68 1471.67
Meas. Ampl (dB):  -89.92 -89.84 -91.89 -86.43 -86.99 -86.38

Eccentricity Freq (2) [fpower (+/-) fr] of Inst. Power at [BO00HZz]:

Calculated Freq. (Hz): 75.44 124.63

Meas. Freq. (Hz): 75.43 124.64

Meas. Ampl. (dB): -57.15 -61.31

Shorted Turn Freq [fpower ((n/p)(1-s) (+/-) k)] of inst. Power at [8000H]:
Calculated Freq. (Hz): 149.24 349.31 198.45 -50.83 -250.90 -1.62
Meas. Freq. (Hz): 150.05 350.12 199.47 50.02 250.09 1.60
Meas. Ampl (dB): -63.60 -77.22 -66.11 -57.07 -63.64 -60.31
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