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CHAPTER I

Introduction
Induction motors are considered the work-horses in all types of industries

today. In most mechanical applications, using an induction motor is
considered to be the preferable, if not the optimum, option. Simple and
rugged design, low-cost, minimal maintenance and direct connection to an

ac power source are the main advantages of ac induction motors.
However, their failures cause an interruption equal to their volume of
dependency in any plant. In the early days, electric motors were operated

with a run-to-fail maintenance technique that inherently accepted sudden

interruption. Protection systems were the only means to minimize the
failure consequences. As competition increased the flexibility room shrank

and the maximum utilization of all available equipment became the
primary goal of any firm. This has initiated different maintenance

programs that can extend equipment's life time and reduce sudden
equipment failure.

1.1 Preventive Maintenance
Preventive maintenance (PM) is the planned maintenance of equipment

that is designed to improve the equipment life and avoid unwanted
failures and consequently any unplanned maintenance activity. Typically,

PM referred to any periodic replacement, adjustments or cleaning of
machine parts that were proven to lengthen machine life. There are many

advantages for having a good PM program. These advantages apply to
many applications in different plants. However, there is a potential risk for
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creating defects of various types while performing the PM task. In other
words, human errors committed during the PM task and infant mortality of

newly installed components eventually lead to additional failures of the

equipment on which the PM was performed. Frequently, these failures
occur very soon after the PM is performed.

1.2 Predictive Maintenance
The next method of maintenance program, which was initiated to
overcome the risks of PM, is Predictive Maintenance. The basic principle of

predictive maintenance is to monitor various equipment variables and

estimate the remaining equipment life before failure. These variables
include machine vibration, temperature, current, pressure etc. The two

main benefits of predictive maintenance are increased safety

as it

provides the reassurance of safe, continued plant operation by reducing

the likelihood of unexpected equipment breakdown. This also improves
the operating efficiency of the plant.

For any rotating machine, vibration analysis is the dominant technique to

predict failures. It has been known that noise and vibration which are
created by any rotating equipment carry a lot of information about the
condition of that machine. Moreover, there is a direct link between many
mechanical failures in rotating machines and their levels of vibration. The
use of this technique is limited to the failures that produce changes in the
normal vibration and noise level. This feature has limited the technique to
specific failures which are mainly related to the mechanical part of motors

such as bearings. The reliability of the electric machine, compared to the

load that it usually drives (pump, compressor, fan), and the complexity of

predicting its failure has hindered research in predictive maintenance
tools.
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This

approach

is

still

expanding. The latest trend

in

predictive

maintenance of motors is condition monitoring, which involves taking
measurements on a machine while it is operating, in order to detect faults

[1].

The research of the current thesis is part of a group project that is
proposing an on-line condition monitoring of induction motors using Motor
Current Signature Analysis (MCSA). This project includes identification of

well known fault symptoms by monitoring the current signature while a
fault exists. This is followed by generalizing the findings of the

experiments by testing two different size faulty machines. Finally, the
harmonic frequencies that signify abnormalities in the motor's stator are

identified and recorded. For some common rotor faults the suspected

frequency has been identified [2]. The research of this thesis will
concentrate on one of the recently explored fields, which is using the
current signature as a means to predict the failure in the stator windings.

El

Chapter II
Types of Motor Failure
Motor failures can be classified in many ways depending on how the data
is going to be used. For example, classification can be according to cause

of fault or it can be based on the physical part of the machine that has
been damaged. For squirrel-cage induction motors, faults are divided into
two main groups

Mechanical faults: Any fault that happens due to a mechanical part
failure such as bearing or shaft. Although these type of faults are more
common, usually they are less critical because the machine can, in many

cases, continue operating while the fault exists. Moreover, vibration
monitoring guarantees early prediction of such type of faults.

Electrical fault: Any fault that will result in opening or shorting of one or
more of the motor coils. Those types of faults can not be detected nor can

they be predicted without machine isolation. Moreover, they mandate
immediate shutdown of the machine when they occur. For squirrel-cage
induction motors where coils are on the stator side only, they are usually
called stator faults.

2.1 Stator Faults
Figure 1 shows that for petrochemical plants 25% of all reported induction
machine faults are caused by stator winding failures [3].
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Figure 1 Types and percentage of induction machine failures
This percentage for companies like Aramco, where more than 30,000

induction motors are running, is a source of concern and mandates
different redundancy schemes to minimize the fault consequences.

The details of how this fault occurs will be discussed in the next chapter.

In brief, a motor winding is known to consist of many coils. Each coil is
built up from a different number of turns based on the motor design and

size. These turns are insulated by specific types of insulation that vary
according to temperature rating. The failure of that insulation will cause a
flow of current between two adjacent turns. The current flow will increase

the heat generated around this point, causing more turns to melt into a
single, shorted coil as shown in Figure 2. The current might find a shorter

path through the motor frame and cause grounding of the winding as
shown Figure 3.

Figure 3 Winding grounded though the edge of slot
2.2 Bearing Fault
This is the most common type of fault and more than 50% of reported
failures fall into this category. Internally, bearings consists of inner and

outer rings with a set of balls or rolling elements placed in the raceway
rotating inside these rings [1]. Bearing housings are encased in both end

covers of the motor. Ideally, the shaft rotates smoothly inside those two

bearings to provide the required torque for the mechanical load. Poor
lubrication and improper installation of bearing during motor overhaul
cause heat inside the bearing and speed up the metal fatigue. Those two
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reasons are believed to be the main source of bearing related faults [4].
Vibration and noise measurements are the common technique to predict
such failures.

2.3 Other Motor Faults

Apart from the above two major faults that represent most of the
problems in motors, there are many other less frequent type of faults. All
are related to the motor frame such as rotor bars or to external parts such

as gearbox or foundation. They may have a severe impact if not quickly
rectified, especially the broken rotor bars. This is because the broken bar
may detach and hit the stator frame causing catastrophic damage.

Prediction of all these faults depends on the symptoms they produce and
the availability of instruments that can measure accurately those
symptoms.

CHAPTER III
REVIEW OF CONVENTIONAL METHODS OF STATOR FAULT
DETECTION

Stator failure and insulation degradation are usually monitored by two
common methods: off-line and on-line. Basically, these terms refer to the
condition of the machine during test. The first method is far more popular

and accordingly more trusted by maintenance and operation personnel.

Correlation between instrument reading and severity of defects is very

accurate. Also performing those types of tests are relatively simple
compared to on-line methods which have to be performed by a skillful
technician or engineer. The drawback of the off-line method is the loss of

production it entails, especially for induction motors which are usually
under continuous operation. This disadvantage doesn't exist in the on-line

methods. The initial cost of on-line instruments and the necessity of
experts to interpret the on-line data are the main disadvantage of the on-

line method. In the following few paragraphs a brief description of
different approaches to the aforementioned methods will be presented.

3.1 Off-Line Methods
3.1.1 Resistance Testing

This is one of the oldest approaches to any kind of testing. It is a
measurement of dc resistance between the stator winding and the motor
frame by applying a negative direct potential (500-1000 v) for one minute

[5]. The motor is considered to be operable if measured insulation

resistance value equals or exceeds 1 Megohm + 1 Megohm /kV of motor
rated voltage.

3.1.2 Dissipation Factor Testing
In this test the stator frame is excited by a sinusoidal voltage and the
electrical angle between the voltage and the current is measured. Ideally,
the angle should be 900, and any variation is related to leakage current or

ground wall insulation defects.

3.13 Surge Testing
This approach applies steep-fronted short duration pulses to the motor's

winding. The subsequent analysis is based on a comparison between
charging current profiles in order to identify failures in the insulation.

3.1.4 Dielectric Constant Testing
As its name suggests, this method depends on computing the dielectric
constant. Because any dielectric material in an electric field will act as a

capacitor, the time constant of this capacitor will be proportional to the

integrity of the insulation. Readings for three phases are recorded and
compared with previous motor readings. Any variation reveals degradation
in the motor insulation.

3.2 On-Line Methods
3.2.1 Park's Vector Approach
In this method the 3-phase stator currents (a, b, c) are transformed to
their direct and quadrant axis components (d, q).
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In normal conditions, when displayed on an oscilloscope, the angle
between the two components is 900 in the X-Y plane. The shape of the

resulting graph will be circular and any abnormalities in the stator

windings will change this shape or its clarity. This approach has not
gained popularity because supply deviation can cause simfiar changes in
the circular shape.

3.2.2 Partial Discharge

This is one of the most popular methods of on-line fault detection
methods, but it is limited to high voltage machines (i.e. 4 kV and above)

[6]. The test can be done off-line, by energizing the motor winding from

an external transformer, or on-line. The Partial Discharges (PD) are
effectively small breakdown or sparks that occur in the insulation void.

The detection depends on measuring the discharge rate and value of
charges that pass through the insulation, which reflects its integrity and
condition. Because accumulative charges will dissipate in any adjacent

media either through the machine frame or through the air, affixation of
discharge path is necessary to have adequate monitoring of the insulation

degradation. This is achieved by a Stator Slot Coupler, which is an
antenna strip positioned in the stator slot with a connection for a coaxial
cable on either end. There are other affixation alternatives such as ratio-

frequency transformers on the machine neutral and capacitor pairs
tapping on the phase bus bars. Voltage limitations and the need for expert
skills are the main disadvantages of this approach.
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3.2.3 Stator Line - Neutral Voltage monitoring
This is a new approach to predict the stator faults for star connected
motors [6]. This method is based on the filtration of the three phase-to-

neutral voltage and calculating the rms value of this summation. The
research proves that any increase in the rms value will directly reflect the
occurrence of the stator failure. The disadvantage of this approach is that

it is only applicable for motors with star configuration and the neutral

point has to be accessible. This is not common in existing induction
machines.

3.2.4 Sequence Components
Transforming the three phase voltages

(Va, Vb,

V) to three sequence

components (V+, V, V0) is done according to the following formula
VO

1

V+ =1/3 1

V

1

1

1

VA

a

a2

VB

a2

a

V

3-1

Where a=e'20.

Under balance symmetrical system condition effective negative impedance
of any phase equal Z

=

Monitoring the negative sequence impedance will reflect occurrence of
ía u Its.
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3.2.5 Modeling
This is a new approach in fault detection based on machine modeling. The

computer model has to be dynamic, simple and accurate to produce

a

parameter similar to a running motor. Parameters from the real machine
and the model are compared and any variations will reflect occurrence of

a fault. This method is still in research stage due to the complexity of
forming a faulty motor model.
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CHAPTER IV

Motor Current Signature Analysis
Electric signature analysis is the procedure of acquiring the motor current
and voltage signals, then analyzing them to identify the various faults. The

initiator of this method was the need to test some motors in highly
classified areas such as nuclear reactors. Monitoring those types of
machines with conventional methods would require an access to those
motors which is not permitted. Stator current monitoring can provide the
same analysis, with the data remotely provided by other devices.

The research was initiated by Oak Ridge National Laboratory and
subsequently licensed to Frampton ANP. The current signature is very

sensitive to any abnormal condition either inside the motor (Bearing,
stator, core) or in the motor surroundings (Load, supply, foundation).

Ideally, the motor current is sinusoidal in the time domain. In the
frequency domain there will be one peak at the supply frequency with the

amplitude equal the rms va'ue. In reality, the spectrum might contain
many peaks that do not indicate any failure. This means that analyzing
the spectrum requires expertise. The situation is more complicated when
it is related to induction motors since a multitude of harmonics exists due

to both design and construction of the motor [4]. Also these harmonics

can be non-stationary and may adjust as speed or torque changes. In
addition to analysis of the spectrum, the motor parameters have to be
fully known to precisely identify the status of the motor.
The potential of the method is very high, especially for mechanical failure.

Bearing, rotor bars, gears and shaft alignment are types of faults that can
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be detected by MCSA. For other fault sources (windings, insulation) the

findings are not mature enough and there are uncertainties that make the

technique less attractive. To overcome this difficulty, time-frequency
transformation methods have been proposed. The conversion between
time and frequency domain is one of many research areas in the MCSA
field. The classical fast Fourier transform (FF1) is broadly and effectively

used for mechanical fault detection. This is because many mechanical

faults produce signals whose frequencies can be determined from
knowledge of motor parameters [1]. This is not always the case for other
faults. To resolve this shortcoming, high-resolution spectrum, wavelet and
other different methods have been proposed.

Aside from the fault detection, MCSA has advantages in some other
applications such as sensorless speed measurement [7].

4.1 Mechanism of Failure
The stator part of any poly-phase induction machine typically consists of
multiple windings

that are connected to each other in different

configurations. To fulfill the principle of ac machine operation [8] these

windings have to be connected to form a three-phase system equally
spaced by 120 electrical degrees. The two known connections are wye or
delta. Each phase may consist of a single or multiple circuits connected in
paraflel or series depending on the type of application. The stator winding

may be manufactured in multi-turns coil or bars depending on the motor

size. Each turn (or bar) is insulated to prevent short-circuiting between

adjacent turns. The type of insulation varies according to temperature
capability. Due to different stresses that can be classified as shown in
(Table 1) the insulation between the adjacent turn can rupture causing a
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short circuit.

Table # 1 List of different stresses that cause faults

Thermal
Electrical

Aging
Overloading
Cycling
Dielectric
Tracking
Corona
Transients

Mechanical

Environmental

Coil Movement
Rotor Strike
Miscellaneous
Moisture
Chemical
Abrasion
Foreign Object

This is believed to be the onset of all windings failures [9, 10, 11].

This short circuit if not detected will generate excessive heat within the

shorted coil that will result in an insulation deterioration and eventually
partial ground through the slot liner.

Depending on the type of protection, the motor may continue to run, if so

increasing heat is generated in the damaged area until the phase to
ground insulation is destroyed. Early detection of the turn-to-turn short
circuit will prevent greater damage and will safely bring the equipment
down without any operation interruption.

4.2 Research Approach
This research is a late contribution in the MCSA, attempts to detect failure

in the stator windings of squirrel-cage induction machines. My approach

was to run the motors under various stator abnormality conditions and
study the behavior of the resulting frequency spectrum to correlate the
changes that will appear to specific fault. Different faults were simulated

on two types of motor (5 hp, 100 hp). The two machines were operated

at normal operating condition and the harmonic changes in the current
spectrum due stator abnormalities were identified. The effect of loading
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on those harmonics is one of the new aspects that is rarely mentioned
in the previous researches. The faulty machines were operated at full load

75% loading

50% loading and 0% Loading. This will make the results

obtained more practical as most induction machines are operating below
their full capacity. Moreover an insulation failure scenario was performed.

The onset of the insulation failure was performed and the consequence
steps of failure were also performed, the spectrum under both conditions
was recorded and analyzed. Although the research could not identify any

changes between those two conditions, it does give a clue for future
research on the minimum percentage of a coil failure that can be detected
by current signature analysis. On the signal processing side two method of

transformation were used and compared. The fast Fourier transformation

(FF1) and the power spectrum density (PSD) were applied and the
shortcomings of the first were supplemented by the second method.

4.3 Related Work
There are few researchers who have addressed the problem of detecting

incipient insulation failure in induction machines using current signature
analysis.

The biggest contribution in this subject was made by G. Gentile and A.
Ometto [12]. Through space vector approach, the asymmetric machine
was modeled and the harmonic components of stator current have been

computed for eighteen faulty machines. All machines were induction
squirrel cage type, with different sizes, rotor slot dimensions, number of

rotor bars and different pole pairs. Their results confirm that the current
harmonics at specific frequencies can be considered a reliable diagnostic
index. Moreover those harmonics are almost insensitive to possible supply
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voltage asymmetries. For motors sizes of 4 kW, 7.5 kW and 11 kW with

different pole pairs and rotor-slot openings the suspected frequency
components were found to be located between 320 Hz and 1400 Hz.
Using winding function method to model the faulty induction motor 3.
Penman and 3. Joksimovic showed that a turn-to-turn short circuit will
increase the magnitude of harmonics [10]. Those harmonics were found

to be part of the slot harmonic group. Although the current that was
forced to pass through the faulty turns was double the rated current, no

new harmonics were initiated due to fault. The model results were
validated by 3 kW squirrel cage experimental motors.

A. Stavrou, H. Sedding and 3. Penman [13] showed that the indicators of

the fault presence are the lower sidebands of the field rotational
frequencies with respect to fundamental frequency, together with the
components that related to slotting. For 150 kW and 30 kW motors the

change in the mentioned components amplitude was between 0-12
percent.

W. Thomson and R. Gilmore [2] have studied different faults and how
they affect the current spectrum. They found that for 11 kW squirrel cage

induction motor, two components indicate the short circuit in the stator
windings at no load condition.

FI

CHAPTER V

Experimental Set-Up for Fault Analysis
The objective of the experiments is to extract, at different modes of
operation and at the optimum resolution, the current signal of a running
motor that has stator winding abnormalities. The captured time domain
signal will be transformed to frequency domain by different algorithms to
generate the current spectrum at different states. Those spectrums will be

compared manually to track the changes in existing harmonics and
identify any new harmonics that might be generated due to fault.

5.1 Experiment Hardware
5.1.1 One hundred hp Motor
This is a specially rewound motor that was initially used to study the
effect of winding unbalance on motor efficiency [14]. Appendix 1 gives the

nameplate information. The motor is a three-phase induction motor and

each phase-winding consists of 16 coils. One coil on each phase was

isolated from the rest of the coils and its leads are brought out to the
junction box. This allowed running the motor in full balanced winding
situation or un-balanced winding situation. To replicate a stator fault the
singular coil of one phase was (a) shorted, (b) connected to ground, and

(c) kept open while motor was running. Variable resistance was used to
minimize the inrush current in the coil during the experiment. The testing

platform with all experiment components is shown in Figure 4. The
available data of this motor was nothing except what might be obtainable

for any motor running in industrial plant. This has challenged and
extended the analysis but has made the research more practical and

1)

comparable to real industrial cases were few data might be found about
any motor.

Figure 4 Testing Platform with all experiment hardware & 100 hp
test motor
5.1.2 Five hp Motor
The second testing was done on a 5 hp motor the data sheet is shown in

Appendix 2. This motor was initially used to monitor the voltage shape
across different turns during operation and start-up. The motor has many

tap leads that can be connected to external voltage monitoring devices.

Those leads were suitable for the fault simulation.

As it has been

mentioned earlier the onset of insulation failure is a short between two

adjacent turns that by heat and time escalate to a major fault. This
scenario can be easily simulated using the tap leads of different coils and

turns. To obtain generalized findings similar tests in the 100 hp and 5 hp

machine had to take place. Not all tests that were performed on the 100
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hp motor were repeated on the other motor because the coil lead
configurations were different. However, by running the motor in a low
voltage configuration and omitting one coil group the unbalance condition

could be done. This is comparable to what been done for large motor
except that here 50% of the phase winding was lost while it was 6°Io in
the 100 hp case. The 5 hp test findings were expect to be different from

those of the 100 hp motor but it was very useful for turn failures
detection. Elaboration about tests is given in the next chapter.

5.1.3 Oscilloscope
A Tektronix digital phosphor oscilloscope (model TDS 5104) was used to
capture the current signal. This device has 1 GHz bandwidth and S GS/s
real time sampling rate. It records up to 8 M samples. Because this device

has a computer platform all data can be saved and retrieved from the

device hard disk. During testing the following set-up was maintained.
Sampling rate: 5kHz; Resolution: 50000 samples Duration: 10 sec.

5.1.4 Dynamometer
This was a 300 hp

,

460 V, 332 A induction generator. The motor under

testing is mechanically loaded by the dynamometer. The generated power

is fed back to the network through a bi-directional converter. The control

is performed through personal computer, which is used as a human
interface machine.

5.1.5 Data Collection and Storage
The power monitoring system (PMS Model PML7600) was used as a data

logger for voltage, current and power of the three phases. The PMS can
monitor through its intelligent electronic device (TED) the complex values
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of voltage and current and use those two values to calculate all other

system variables. The device also can measure and view all system
harmonics up to 60th fundamental multiple by performing an FF1 for each

signal. This feature is very useful for tracking the faults. For the stator,
however,

FF1

transformation

was

not

efficient

and

a

different

transformation method was used. Due to this limitation the (PML7600)
was only used for data logging. The experimental schematic drawing is
shown in Figure 5.

Dedicated

tUtility Supply (750 kVA)

-- MCC-1
Control
Circuit

------ 4

Auto
480: 0 to 600
R1 Transformer

MCC-2----

I
'Lockedl
)Rotor )500hp )350hp)250hp)125hp) 5Ohp )3Ohp
I

PQ

Test
Platform
12OkVA

Motor (500 hp)
Starter

Programmable
Source

I

Motor (50 hp)
Starter

I

1
Converter
Torque/Speed
Transducer System Under Test

Dyno

PML

Motor

300 hp Test Bed

Figure 5 Experimental schematic drawing

Oscilloscope
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5.2 Laboratory Implementation of Stator Fault
Two stator faults were considered in this research work: unbalanced
windings and short circuit winding. In the 100 hp motor one coil of phase

A was connected in different configurations that closely represented the
mentioned faults. Each set-up will be detailed in the coming sections. For

the 5 hp motor the turn's leads enable close simulating of turn to turn
short circuit which is the onset of insulation failure. Moreover the late

stage of failure, in which the whole coil

is

lost, was replicated. The

schematic drawing of both motors windings is shown in Figure 6.
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A Schematic drawine of 100 hn motor

urn#1TL
)
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J
Q
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'"'

C

B Schematic drawin2 of 5 hn motor

Figure 6 Schematic drawings of both motors

5.2.1 Healthy Setup
In this configuration motor stator windings are fully connected to replicate

the healthy stator windings (Figure 7 A). Because the l6" coil of each
phase of the 100 hp motor is externally connected to the rest of the
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winding minor unbalance is expected which will be reflected on the
current frequency spectrum. However by avoiding wire or connection

replacement we assume that these changes will remain at all cases.
Accordingly they can be excluded in the analysis. For the 5 hp motor the

motor was configured to operate at low voltage as shown in Fig 5. The

two parallel winding were connected using external leads to ease the
different connection possibility. The wire sizes and length was kept similar
in all phases to minimize the effect of extra resistance.

5.2.2 Partial Coil: 100 hp
The 16th coil of phase A is kept unconnected and the motor was operated

(Figure 7 B). Running the motor at this configuration showed the
spectrum before the occurrence of the fault. This configuration simulated
the unbalance condition.
Phase A Winding 16 Coils

EJflYlJYYY\
Sec coi

A

Coil # 16 of Phase A
A Winding (15 Coils)

Main Coi'

B

Figure 7 Set-up of 100 hp motor A) Healthy. B) Partial Coil
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5.2.3 Short Circuit Coil 100 hp
The external leads of the

16th

coil were shorted through a resistor (R) and

breaker as shown on Figure 8. Different values of resistance were tested.

The maximum fault current was around 250 Amp which is double the
rating. Even though this value was far below the real fault current, this
amount was enough to show some fault-related frequency components

[10]. The real fault current was estimated to be between 6-12 time the
rated current.

RfLCV
Circuit Breaker

B

C

Figure 8 Short Circuit Coil 100 hp
5.2.4 Reverse Coil
Because the ability to create an unbalanced situation was limited one coil

per phase, this configuration virtually doubled the number of lost coils by
reverse connecting the

16th

coil as shown in Figure 9.

The above mentioned configurations are the ones that can be related to a

certain type of

failure.

Figure 9 Reverse Coil connection of 100 hp motor

Coil Group 1/Phase A

Coil Group I /Phase B

(_(L'_

Coil

Group 2 /Phase A

IPhase C
Coil Group 2 /Phase B

Group 2 /Phase C

Figure 10 Partial Coil Set-Up of 5 hp motor
5.2.5 Partial Coil 5 hp
As illustrated above, the 5 hp motor consists of two parallel star windings.
Each branch is consists of three coils called group of coils. One coil group

of phase A is isolated as shown in Figure 10. The other two phases were

kept as normal and the motor was operated at this unbalance condition.

This set-up was suggested to compare the findings of both machines
under similar conditions.
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5.2.6 Faulty Coil 5 hp
A coil group was shorted through resistance that simulated faulty coil.
This configuration will be similar to the short circuit coil that was tested in
the 100 hp motor. Figure 11 shows this set-up.

CoiI Group 2/Phase A

Coil Group 1/Phase A

1/Phase C

Coil Group 1 /Phase B

CoI Group 2 (Phase B

Group 2 /Phase C

Figure 11 Partial Coil Set-Up of 5 hp motor
5.2.7 Short Circuit 5 hp
The multiple tap leads of this motor were used to short two adjacent
turns, as shown in Figure 12. In reality if the fault was not detected at the

onset more turns would melt

and

become

shorted. The motor

configuration allows this scenario to be simulated. A four turn short was
tested. The limiting factor in this case was the lead wire resistance.

5.2.8 Short Coil 5 hp
The lead wire of one coil was shorted as shown Figure 12. This is a late

stage of failure and available prediction tools should be able to detect
that. However this test was needed to give a clue about the end value of

the suspected frequency components and how far they will increase.

Figure 12 Short circuit 5 HP motor
5.3 Supply and Loading
The voltage unbalance was monitored during all stage of the experiment
to ensure it fell within the IEEE recommended standard ( 3% or below).

The speed and torque were also monitored and were kept close to the
machine rating. The motor speed was found to be the main controller of

the spectrum shape and it was shown to be relatively equal in any two

tests that were compared. In some configurations, however, the motor
was not able to reach full load torque and speed. To overcome this and to
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add to the value of the research, other different loading conditions were

tested (75%,50%).
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CHAPTER VI

ANALYSIS & FINDINGS
The initial objective of this research was to develop a simple method for

detecting stator abnormalities using available features of PMS devices.

Those devices are currently installed in many different plants such as

those of Aramco. Currently, their main usage now is power quality
monitoring. To achieve this initial objective, the classical FF1 was used in
the beginning because it is a standard feature in the PML and many other

similar devices. Also FF1 is commonly used for the other motor failures

detection such as bearing and shaft faults [4]. On the other hand using

methods that incorporate some sort of filtration was avoided since the
frequency components to be monitored had yet to be identified. However

the FF1 did not produce a sound finding and we were obliged to use a
different method called power spectrum density (PSD) analysis. While the

obtained spectrum of the FF1 did not ser'e the purpose it

been

implemented for, it gives an indication of what might be seen when PSD is

used. It also helps in identifying the optimum set-up for the PSD. The

main advantage of the PSD algorithm was the segmentation of the
sampled data which helped in magnifying small signals and in the
elimination of any non-repeated signals. The segmentation in other side
bands arose from the real time execution of the process.
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6.1 Analysis Methods

6.1.1 Fast Fourier Transformation
This process was conducted in two stages. First the analog current signal

of one phase was sampled and displayed on the oscilloscope. Real-time

FF1 with the setting shown in (Table 2) was performed and the output
was displayed.

Table # 2 FF1 setting

Sample Rate

Window type
Resolution Band Width

2.5ks
rectangular
8.9 Hz

Duration
Resolution
Gate length

200ms
400microsec
250

Frequency Span

1.25kHz

duration

lOOms

Center Frequency

625 Hz

position

4 ms

Gate
Gate
.

.

In the second stage data file was saved and the FFT was re-drawn using

MatLab® or any spread sheet program. The generated figures included
the magnitude in db at each frequency components. Identifying noise

signals was manually performed. Any magnitude below -35 db was
considered as noise and was neglected. More than forty tests at different

set-ups were performed and the spectrum of each test was printed and
reviewed. The dominant point was the compatibility of same condition
spectrums at low frequencies. However, at frequencies higher than the

third harmonic the distribution started to differ. This situation was even
worse at low-loading condition (75°Io, 0°Io) when the variations started to
behave differently. This leads to the conclusion that FF1 transformation is

not able to deliver consistent spectrum every time it had been used.
Moreover, merging of many components due the side lobe leakage made
it ineffective as an analysis tool in this area.
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6.1.2 Power Spectral Density
To overcome the inconsistency noticed in the FFT algorithm, an advanced

method of signal processing was recommended. This method is called
power spectral density (PSD). The method is based on windowing a finite

set of the data sample through a band pass filter, squaring the output of
each filter and dividing it by the number of samples [16].

The method of PSD, size of window, sampling frequency and number of

sample points are parameters that affect quality and resolution of the

PSD. The following set-up was selected and used based on visual
comparison of several tests.

Sampling Frequency: The Nyquist theorem requires that minimum
sampling rate should be greater than twice the signal bandwidth. For this
research analysis the frequency of interest varies between 400 Hz to 800

Hz. This means that the sampling frequency should be greater than 1.6
kHz. The sampling frequency for all tests was kept at 5 kHz

Window Shape and Size: Four different window shapes and sizes were

tested (Hamming, Blackman-Harris, Chebyshev (50%, 80%)). The first
and last of these windows showed the optimum readable spectrum. The
Hamming window of size varying between 1

600 cycles was tested and

the size of 5 cycles was selected.

PSD Method: There are many methods that can be used to perform the
PSD of a set of sampled data. They are divided into two main categories:
parametric, where the PSD estimation is change based on how the data is

generated. The nonparametric method makes no assumption about how

the data is generated. The simplest and most popular nonparametric
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method is Welch method. This method also allows overlapping of data
segments which will decrease the variance in PSD.

FFT size: For each segment of the samples an FF1 was performed. The
FFT size has to be a power of two and larger than the number of samples.

Overlap: The default value of the Welch method is 50% overlapping
which in our case means 23 samples. The overlap was kept at 50%.

Amplitude: The db scale was chosen to magnify the amplitude the
frequency components and to be consistent with previous tests.

After each test, sampled data is saved and the MatLab® program was
used to execute the PSD algorithm and produce the required spectrum.

6.2 ROTOR SLOT HARMONICS
The presence of uniform slots around the inside of the stator cause
regular variation in reluctance and flux along the stator's surface. These
regular variations produce harmonic components of voltage called slot
harmonics. A compact formula defining all slot harmonics and eccentricity

harmonics is [15]:
f[(kR±nd)

(1- s)

p

±vJ

Where:

f

:Fundamental frequency

k

:Any positive integer

R

:Number of rotor slots

nd

:Eccentricity factor (it has two values) (0,1)

s

:Slip

6-1
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p

:Number of fundamental pole pairs

v

: Order of the stator time harmonics that are percent in the power

supply(±1,±3 .....)

or generally can be define by the following formula

v±1

6-2

p

M

: Any integer

S

: Number of slots in stator

Slot harmonics cause several problems in ac machines. They induce
harmonics in the generated voltage of ac generators produce parasitic
torques in induction motors, induce vibration and noise in all ac machines

and increase core losses by introducing high frequency components of
voltage and current in the teeth of the stator.

On the other hand, for modern motor applications such as sensor-less
adjustable speed drives (ASD5) their presence is very essential. Moreover

they are the true reflection of different abnormalities inside the machine.
For stator faults the harmonic components of interest are the primary slot
harmonics PSH. They are derived from ( 6-1) when ( nd=O,v=1,k=1)

PSH = f[R*±1I
p

6-3

The only unknown in equation 6-3 is the rotor bars number. This specific

figure is hard to estimate from the size or the type of the machine and it
is not part of the standard data sheet or nameplate information. However,
knowing R will not simplify the analysis dramatically because equation (63) will generate a series of frequencies the existence of which depends on

many other design factors. Due to this, the approach in this research was

to group all harmonics in two groups: Fundamental Multiples (FM) and
Non Fundamental Multiples (NFM). Both groups will contain some of the

PSH but NFM is the one that will be used to detect the abnormalities as
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will be illustrated in the findings and in the summary.

6.3 Findings
Despite the multi-set of data that been captured and transformed the PSD
algorithm shows a consistence and clearer results compare to the classical

FF1 algorithm. As long as the motor operating conditions are similar the

spectrum remains the same. The findings under each condition will be
listed in different sections. The healthy spectrum of both motors will be

considered as reference and the spectrums of all other set-ups will be
compared to that. For the 100 hp motor the three loading condition will
illustrated and the findings will be listed. Because no major differences
were noticed due to loading, except an increase in the amplitude which is

expected, and because the 5 hp motor full load current is very low
compare to 100 hp motor the second motor was tested at 100 % loading
only. All the findings willI be summarized in one figure for easy correlation.

6.3.1 100 hp Motor (Healthy) Full Load
The 100 hp motor was connected as shown in Figure 7 A. Through the

dynometer the motor was loaded to 404 Nm which is the rated torque.
The line to line voltage was 460 V and with less than 3% unbalance
between phases. The main observations that can be extracted from
spectrum are

. Odd harmonics (

5th

up to 21st ) are existing in the PSD spectrum

with gradually decreasing amplitude.

.

Fundamental side lobes appear at 30Hz and 90 Hz

The following even components are also existing with variable
amplitude

(2nd

4th

6th

11th

14th

16th

.
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At 800 Hz and 1040 Hz two NFM peaks appear.

All above highlights are illustrated in Figure 13. To show the consistency
of the findings, two set of data are presented.
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New NFM components appeared at 1661

Hz, 1781 Hz, and 1901

Hz

The spectrum of both healthy and faulty configurations is shown in Figure
14.
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Figure 14 PSD Spectrum of Healthy & Faulty Set-Up for 100 hp
Motor

6.3.3 100 hp Motor (Unbalance) Full Load
Figure 7 B shows the set-up of unbalance windings. The major findings

are:

The fundamental side lobes start to move toward the fundamental
the shift is around

2 Hz.

There are major amplitude changes in the

7th,

19th

and

harmonics. The amplitude of the last two decreases while the

21st

7

increases due to unbalance.
New NFM components appear at 1661,

1780 Hz.

Except for the above mentioned components, the magnitudes and
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frequencies of the components are similar to the healthy
condition.

The spectrum of Healthy and Unbalance set-up is shown in Figure 15.
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Figure 15 PSD Spectrum of Healthy & Unbalance Set-Up for 100
hp Motor

6.3.4 100 hp Motor (Reverse Coil) Full Load
After Connection of the motor as in Figure 9, the following highlights of the
resulting spectrum that is (presented in Figure 16) can be noticed:
Side lobes move away from the fundamental
6th

10th

unbalance

21st

harmonic components were not effected by the
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Figure 16 PSD Spectrum of Healthy & Reverse Set-Up for 100 hp
Motor
The 13th and 1gth harmonic components amplitudes increase due to

the fault.
The

15th

and

16th

harmonics,

1162,

and

1780,

1902

Hz

components, which did not exist in the healthy condition, start to
appear due to unbalance.

6.3.5 100 hp Motor 75% Loading:
Figure 16 shows the findings when the motor was operated at 75 % of

the full loading which is equal to 300 Nm at healthy configuration (as
shown in Figure 7 A)

Odd FM components (

3rd

up to

21st

exist in the PSD spectrum

with gradually decreasing amplitude except the ll
Fundamental side lobes appear at 28 Hz and 92 Hz

Even components died out after

6th

harmonic.

At 799 Hz and 1039 Hz two peaks appear.

4()

The even components and triplen components show similar
decreasing trends.
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Figure 18 PSD of Healthy & Faulty Set-Up for 100 hp Motor 75%
Loading

6.3.7 100 hp Motor (Unbalance) 75 % Loading
The fundamental side lobes start to move toward the fundamental
the shift is around 2 Hz (30, 90 Hz).
Major amplitude changes occur in the gth

15th

and 13th harmonics:

in the first two the amplitude decreased due to unbalance while it
increased at

13th

For the

13th

and

was noticed at full load. But for the

gth

harmonics similar behavior

15th

harmonic the reaction is

opposite to what happened at full load condition.
New components at 1667, 1786 and 1907 Hz are observed.

Although these might appear different from those of full load,
actually they are the same components but due to higher rotor
speed they appear at higher frequency.
Figure 19 shows those findings.
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Figure 19 PSD Healthy & Unbalance Set-Up for 100 hp Motor
75% Loading

6.3.8 100 hp Motor (Reverse Coil) 75% Loading
Side lobes move away from the fundamental
6th

10th 21st

13th

harmonic amplitude increased due to fault.

15th 16th

harmonics were not effected by the unbalance

harmonics and 1667, 1787, 1907, Hz components did not

exist at healthy condition and start to appear due to unbalance.

As mentioned before no major impact on the spectrum was noticed due to
this fault. This conclusion will be further confirmed by reviewing the 50%
loading condition. Figure 20 shows those findings
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Figure 21 illustrates the above mentioned findings.
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6.3.12 100 hp Motor (Reverse) 50% Loading
Side lobes appear at 87 Hz and 32 Hz

Five peaks appear at 798, 1038, 1672, 1792, and 1912 Hz. For the
first two components their amplitude was the same as in full operation
load but the others decrease due to the fault.
15th

is the highest order of fundamental multiple group.

Figure 24 shows above mentioned findings.
4 Healthy

T10
20

° Reverse
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The frequency components can be easily divided in two groups
Fundamental

Multiples (FM5) and Non Fundamental Multiples

(N FMs)

The NFM are sensitive to motor internal condition while the FMs are
more linked to external factors (e.g. supply unbalance).

The NFMs start to appear at 90 Hz but it is adjacent to other FM5,
which make it hard to distinguish.
For healthy and faulty configuration the NFMs began at 390 Hz and

kept increasing from there on. When the motor was under
unbalance configuration the NFMs group did not appear until 750
Hz.

The amplitude of any NFMs is lower if the motor was under
unbalance winding configuration, but when it is faulty the
amplitude increase appear to be equal to that of the healthy motor.
The

7th

because

harmonic of the FMs and 870 Hz of NFM5 appeared
of unbalance

configurations.

but did

not

appear the other two
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Figure 25 PSD of Healthy Faulty & Unbalance Set-Up for Shp
Motor

6.3.14 5 hp 100 % Loading ( Healthy, One Turn Shorted)
The onset of a stator insulation fault is a short circuit which occurs
between two turns. As current flows in the short circuit, heat will be
generated

and

will

cause

the

insulation

of neighboring turns to

deteriorate. After an unpredictable time, the fault in stator windings will
occur. This scenario was simulated using the access leads of one turn and
four turns. The spectrums under these situations are shown in Figure 26 &

27. The following points can be derived from the mentioned figures

I
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The NFMs exist in the three situations with almost equal
amplitude.

The highest amplitude of the NFMs was for 750 Hz component the
amplitude of the rest components start to decrease and last
components appeared at 1110 Hz.
The 11th harmonic component of the FMs exist with a one turn fault

but disappear with four turns fault.
The suspected fault indicator, 870 Hz of the NFMs, did not exist at
both faulty situations.

No major difference can be noticed if the fault was in four turns
instead of one turn.

6.3.15 5 hp 100 % Loading (Healthy, One Coil Shorted)
Assuming the above scenario continued, the shorting of four turns will
continue to generate heat. Unless the defected turn were adjacent to slot
walls a whole coil might melt before the protection system would trip. This

condition was replicated in the experiment. The motor configuration is
shown in Figure 12.The grouping trends that been noticed in the previous

mentioned spectrum is still existing. The difference is at 870 Hz the

proportional relation between the amplitude and the fault current is
obvious.

All components of both FMs & NFMs did not show any major

difference due to faults. Figure 28 shows the component increases.
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CHAPTER VII

Summary & Conclusions

7.1 Summary of Findings
From the CSA of the unmodified motors it appears that the windings of

the 5 hp motor were healthier than those of the 100 hp motor. This
was evident in the current signature and in the vibration analysis of
the two machines. This might be due to the external connections of
different phase coils. Because of this fact, the results of the 5 hp motor

analysis were used as guidelines for the analysis of the spectrum of
the 100 hp motor.
The frequency spectrum can be divided into two groups.
o

NFM: Non-Fundamental Multiples, which are selected components
of the slot harmonics that will arise in the spectrum.

o

FM: Fundamental Multiples. This group can also be divided into an

odd and even group based on the trending of the component

amplitudes. The behavior of both groups was found to be
comparable and affected by the motor condition. However, because

FMs may arise due to external conditions, many authors do not
recommend using them as a diagnostic measure. For this reason
the focus in this research was on NFMs and how they can be used
to reveal the motor condition.

The NFMs were found to be very sensitive to the motor condition and

status. Speed, for example, can be clearly and easily predicted by
monitoring those components.

While the exact NFM values depend on the motor parameters and
especially the number of rotor bars, this particular information is not
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part of many manufacturer data sheets. Due to this lack of
information, mathematical identification of those components would
incorporate significant error. The author faced a similar situation in the

100 hp motor analysis and by monitoring the behavior of different
components the NFM set could be identified.

Both motors were found to be more sensitive to an unbalance in the
winding than to a fault in the winding. For fault prediction, monitoring
of NFM components can reveal the existence of a fault if the unbalance

between windings due to the fault is high.

The common understanding about faults in stators is that they start by

a short circuit between two adjacent turns. NFM monitoring will not
detect this even if the current circulating between those two turns was

full load current. Up to four turns were shorted for the 5 hp but the
spectrum still did not reveal any changes. On the other hand, NFM
monitoring for coil failure was found to be valuable. The lowest fault

percentage was tested in both machines and the NFM revealed the

occurrence of the fault. This feature is very useful

in industrial

applications for all non-ground faults, although it might provide a late

alarm. However it can help the operator bring the machine down
safely.

This method cannot be considered a real time monitoring method
because the PSD algorithm has to be executed on a set of captured
data. The capturing and computing time has to be minimized to make
this method useful for real time application.

This method can be used to alert plant operators to the possibility of

a

stator fault. However some off-line method has to be used before clear
confirmation can be granted.
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Changes in the loading will decrease or increase the motor speed.

This will cause a shift in the NFM frequency. Other than this there
were no major unpredictable impacts on the spectrum due to loading

Figure 29 shows a summary of the amplitude changes due to different
fault set-ups for a 100 hp motor

Figure 29 summary of the amplitude changes for 100 hp motor
7.2 Conclusion
Like any device, induction motors are subject to failure at inopportune
times and for a variety of reasons. In today's industries where operating
conditions are very tight and redundancy of machines

forewarning of a fault

is crucial.

is

limited

Different predictive instruments are

currently available, but most of them are offline method. The offline

instruments are very accurate and most of them are easy to

use.

Moreover they are popular and well trusted by both maintenance and

operation personnel. Handing over the motors for off-line testing is the
main disadvantage and, of course, has inherent hidden financial costs that

management would like to eliminate. Also, certain faults require expert
interpretation of the instrument results.

By using on-line methods, machine downtime is been eliminated. The
monitoring instrument is part of the network and commonly extracts the
input signal from the regular current transformers and

potential

transformers. The new trend for on-line methods is CSA, which has gained

popularity in predicting the bearing and rotor faults which are the most
common type of failures in induction machines. Another common problem

is the stator fault that arises due to insulation degradation. The usual
onset of stator faults is a turn-to-turn short circuit. The short circuit, if not
detected, will generate enough heat to melt the insulation

of the

neighboring turn. To be detected by common industrial protection
devices, the fault has to produce enough ground current or cause a high

unbalance in the supply current. These common protection devices are

eventually activated but not until a later stage, which usually causes
operation interruption.

In this research the possibility of using the CSA to predict the stator
abnormalities of two different induction machines was studied. Both
motors have been subjected to different type of faults and the current

signature was extracted at different loading conditions. Two different
transformation methods were used to analyze the extracted signals (FF1
and PSD). The PSD method was found to be more effective, produce clear

spectrum and easy to execute using MatLab® software. The analysis
revealed that the current spectrum for all cases contains two groups of
frequencies (FM and NFM). Both groups amplitudes change due to fault
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with different amplitude. However, because the FM is sensitive to other

external factors such as unbalance in the power supply, using them to

detect faults

is

inappropriate and reduces prediction accuracy. NFM

frequencies are a few components of what is called rotor slot harmonics.
Those components showed a consistent change due to coil fault and coil

unbalance. The frequency of those components is a function of the
number of bars and speed of the rotor (which in this research was the

squirrel-cage type). The onset of a fault could not be sensed by those
components even when a full load current was passing through the fault
circuit.

In the real world, coil fault is a late stage indicator and the motor at this

stage has to be pulled for complete overhaul. However, alerting the
operator to the occurrence of this fault will help him bring the motor down
safely with minimum interruption.

7.3 Future Work
The effect of ASDs on the NFM and whether the fault signals remain
sound are one of the important additions to this thesis. Also, the minimum
turns that will cause the spectrum to respond may be identified by using a

similar machine but with more leads from each turn rather than from only

the first four turns. The integration of this research finding in the on-line
diagnostics system is a major step and will add value to this research. It is
proposed

that follow-up

work

should

implementing these results into a real

explore

system.

the

possibility

of
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APPENDICES

Appendix 1: 100 hp Name Plate Information

U
U
U

.
.

I

U
U

Rating: 100 HP
Voltage: 460.

Full load current: 120 A
Poles: 4.

SingularcoilA

Main Coil A

ci_!:2_fY.Y_sY
SinCoil

IYYV1

Frame 444U

Main Coil BI

:

Connection: Y
Lap Wound

72 Stator slots

Sin Coil

rm
Main Coil C
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Appendix 1: 5 hp Name Plate Information

Rating: 5HP

Voltage: 230/460

TL

Full load current: 126/6.3A
Poles: 4

Frame:184T
Connection: Y
Lap Wound

72 Stator slots
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