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Abstract

This thesis presents the results of a finite element investigation into airgap eccentricity
in three phase induction motors. Airgap eccentricity is an inherent condition in
induction motors which if left undetected can result in motor failure. It is therefore of

interest to detect and quantify the level of airgap eccentricity.

A literature review is presented which covers the research to date on the detection and
guantification of airgap eccentricity using classical and finite element techniques. The
classical approach using the mmf and permeance wave approach calculated specific
frequency components in the line current spectra which are a function of airgap
eccentricity. An attempt was also made using classical techniques to predict the
magnitude of these components as a function of the airgap eccentricity severity.
Agreements between predicted and measured magnitudes were inconsistent. A critical
appraisal of this research is presented to highlight the limitations which resulted in the
poor results and the findings that are applicable to the research programme presented in

this thesis.

The application of finite element analysis overcomes many of the limitations of the
classical mmf and permeance wave approach. The finite element modelling of a motor
to investigate these components in the current and predict their magnitude as a function
of the airgap eccentricity level is a new contribution to knowledge that this thesis puts
forward. The finite element analysis was applied to an IIkW test-rig motor and the
expected frequency components were present and increased in magnitude with
increasing airgap eccentricity, fhe comparisons of calculated current magnitudes and
those obtained from the test-rig motor for given levels of airgap eccentricity were

consistently good. This was an improvement on the classical approach.

The effects of different rotor slot designs and the numbers of rotor bars were also

successfully modelled using the finite element analysis. This provided useful information



in terms of monitoring different motors in industry as these parameters have a
significant effect on the increases observed in the current magnitudes for the same

increase in airgap eccentricity.

To verify the technique in the industrial sense a large 1.45MW industrially based
induction motor was modelled. The prediction of the current component magnitudes as
a function of the airgap eccentricity level had not been previously attempted by classical
or finite element techniques. On-site tests were carried out on two identical motors. The
current component magnitudes in the frequency spectra indicated that one motor had a
higher level of airgap eccentricity than the other. This concurred with the heavy usage
of this motor and the thoughts of on-site personnel which reinforced the application of
on-line current monitoring in the industrial situation. The finite element analysis of the
motor provided good results with the 50Hz component of the correct magnitude and
the airgap eccentricity components being present in the spectra. Although the exact
level of airgap eccentricity in the motors was unknown by modelling the motor with
several diflerent levels of airgap eccentricity it was found that the current components

were in the same region of magnitude as those from the on-site tests.

Conclusions and suggestions for further work are also presented. In summary this thesis
contains details of the successful application of finite element analysis to quantify the

level of airgap eccentricity in a small test-rig and large industrially based motor.
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List of Principal Symbols

Calculation of the frequency components and associated pole-pairs:
fee = frequency components which are a function ofairgap eccentricity (Hz)
fl = supply frequency (Hz)

nj = zero for static and one for dynamic eccentricity

ns3 = saturation integer

Hws  time harmonic of the stator mmf

n* = static eccentricity integer

nd = dynamic eccentricity integer

nos = stator space harmonic integer

p = pole-pairs

s = slip

R = number of rotor slots

S = number of stator slots

Induction Motor Parameters:
Ri - stator resistance
IX| = stator reactance
= core loss resistance
IX,,, = magnetising reactance
R'2 = rotor resistance referred to the stator

/X'2 - rotor reactance referred to the stator

FFT Parameters:

A f= frequency resolution

fs = sampling frequency of data
N = number of points in FFT

T = total record time of data



w(n) = window coefficients

All Other Symbols:

B = flux density

Cc = integer

d = number of slots/pole/phase

D = stator core bore or denoting a diameter
e(t) = time domain emfwaveform (from finite element analysis)
E,, = induced voltage at frequency n

fr = rotor speed frequency

F = magnetic force

In = current flowing at frequency n

kp = coil pitch factor

kd = distribution factor

kW = winding factor

k™ = winding factor for harmonic n

kdn = distribution factor for harmonic n

kon = coil pitch factor for harmonic n

[ = axial length of stator core

m = pole-pair number

n = frequency value

rhc= r'be = effectI\'c rotor bar resistance

re = end-ring resistance

Tph = turns ! phase

Vs = supply voltage

Zn = impedance at frequency n

Xe = Stator end-winding leakage reactance
7sewl  stator end-winding leakage reactance
a = angle

= permeance coefficient



Tp = pole pitch

9 = winding pitch

EX = sum of permeance coefficients
A = permeance

Pn — permeability of free space
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Chapter 1

Introduction

1.1 Induction Motors in Modern Industry

The invention of the polyphase induction motor can be largely attributed to Nikolai
Tesla (1856-1943), his first US patent in 1888 followed by several others resulted in the
induction motor being commercially manufactured by 1896 [1], The principles of the
motor as laid out in his patents are still applied to motors today, over a century later.
The induction motor is often called the ‘workhorse’ of industry. This title is fully
justified as they are used to drive, for example, fans, compressors, conveyors and
hoists. As a result they perform critical duties in areas such as manufacturing industries,
oil and gas production, power stations, agriculture and transportation systems. Fixed
speed applications such as fans and pumps have always been dominated by induction
motors, however, recently, with the advent of reliable, variable frequency inverters they
are now used for controlled speed applications [2]. In the UK it is estimated that there
are 22 million 3-phase induction motors installed which consume approximately 43% of
all the electrical energy generated [1], In the US an estimated 50 million or more are in
use in industry, totalling some 150 million horsepower. Normal yearly production adds
1 million motors to that figure. Another 20 million single-phase fractional horsepower

motors are found in domestic appliances such as fans, refrigerators and washing



machines [3], Clearly the induction motor is destined to play a significant role for many

years in the future both socially and industrially.

1.2 Condition Monitoring of Electrical Machines

Due to the critical duties that induction motors and other electrical machines (e g.
generators) perform, condition monitoring of electrical machines has been extensively
adopted by machine operators. Condition monitoring involves monitoring a machine
over time to gain a picture of its health and to identify the inception of any degradation
processes or failure mechanisms. These systems monitor machine parameters such as
vibration, temperature, current and voltage signals. The parameter monitored depends
on the type of machine and the fault of interest. With the information from condition
monitoring systems it is possible to avoid unexpected failures of machines and planned
maintenance programmes can be developed. This all leads to reduced machine
downtimes and financial savings. Plants are also safer, for example, the sudden failure
of a machine in oil and gas production or a power station could have catastrophic

consequences to personnel and equipment.

| he development of different monitoring techniques, the application of such systems in
industry and the general economic viability of condition monitoring strategies have
become the focus of considerable research over recent years. This section reviews a
selection of the many papers related to general condition monitoring of electrical
machines and the assessment of the economic viability of condition monitoring
strategies. It is interesting to note that the majority of these papers have been written by
people in the front-line of machine operation, electricity generating companies, oil and
gas production and machine manufacture, thus, highlighting the direct relevance of

condition monitoring in the industrial situation.

Tavner et al [4], reviewed the techniques available for monitoring generators and large

motors in an electricity generating company. Motor monitoring techniques discussed



were the sensing of magnetic flux, stator current, rotor current, partial discharges,
vibration, speed fluctuations, temperature, chemical analysis of cooling air and bearing
oil. Techniques reviewed for monitoring generators were partial discharges, shaft
voltages, vibration, gas leakage and chemical techniques to detect insulation
degradation. Some successes with monitoring motors and generators were presented.
They also stress that a condition monitoring system cannot be relied on solely for an
assessment of machine health and that there is still a need for a regular inspection of

machines.

Power station plant is the focus of condition monitoring in [5]. HV rotating plant was
monitored over time and early ‘fingerprint’ tests on machines were compared to results
from regular tests to assess the condition of the plant. Many off-line and on-line
techniques were employed amongst which ‘MotorMonitor [6] was successfully used to

detect rotor bar faults by spectral analysis of the line current to the motor.

The author of [7] from a leading UK oil and gas exploration company describes how
condition monitoring fits into the maintenance programme of an oil company. On
motor/pump sets, vibration and current analysis was used together with some routine
maintenance. Current monitoring for broken rotor bar detection gave a net benefit of
140% of the cost of monitoring The saving was due to the reduced incidence of
damage resulting from failure. This figure did not include additional benefits from

increased production.

| here are clear benefits to be derived from condition monitoring, as its adoption in
industry illustrates, however, a condition monitoring system has to be economically
viable, as highlighted in many of the papers on the subject. The benefits and savings
which would arise from the installation of a system have to be compared with the initial
cost and running. A critical appraisal of these factors was presented in [4] and was the
principal subject of [8]. Various maintenance strategies were reviewed [8], run-to

breakdown, time-based and condition-based. Condition monitoring techniques were



discussed together with the services available from several companies in the field. It
concluded that condition monitoring can save money if failures can result in extensive
damage, if machine downtime is expensive or if a machine is difficult to reach. It
reported the opinion that before installing a system a maintenance audit must be carried

out and for a system to be worthwhile it must pay for itselfwithin two years.

Condition monitoring systems clearly play an important part in industry for the
detection of many different problems before they become more serious and result in
failures for operators. Induction motors, with their critical duties in industry, have been
the focus of considerable research on methods for detecting failure mechanisms. The
next section briefly reviews the problems of interest before focusing on airgap

eccentricity in induction motors.

1.3 Airgap Eccentricity and other Induction Motor Problems

1.3.1 Review of Induction Motor Problems

Induction motors are relatively reliable, largely due to the simplicity of their design and
their rugged construction, however, they are subject to considerable stresses during
their operational lifetime and as a result failures can occur. These stresses can be
generally grouped into electrical, thermal, mechanical and environmental [9], The rotor
IS also subject to dynamic forces due to its rotation and unbalanced magnetic forces due
to airgap eccentricity. These stresses can lead to failures as a result of a motor being
operated beyond the design specification, anomalies in the manufacturing materials and
general wear and tear after years of operation, particularly in hostile environments. As a

result a variety of failures do occur which are briefly reviewed in the following

paragraphs.

The stator winding insulation of high voltage (HV) induction motors can breakdown as

a result of progressive degradation over time [10], The insulation can fail as a result of



surface contamination causing discharges and also movement of the windings due to
electromagnetic forces. The breakdown of insulation in a HV motor can lead to a

phase-phase or phase-earth fault and failure.

Broken rotor bars and end-rings can progressively degrade the condition of a motor [6],
The failure of one bar (open circuit) causes the adjacent bars to carry more current
which in turn can lead to their failure. A Broken rotor bar/bars does not in itself cause a
motor to fail but broken parts of the bars can travel at high velocity and cause stator
winding insulation failure. Broken rotor bars are mainly attributed to a motor operating
on a strenuous duty cycle or poor quality control during manufacture and not to rotor

material faults.

Single-Phasing [11] occurs when one of the supply lines or windings becomes open
circuited, this results in high current and vibration levels in the motor. The high current
results in the windings overheating due to thermal stress and could result in insulation

failure. The vibration levels also damage the insulation around the windings [12].

Bearing failure can be caused by contamination of the bearing lubricant and corrosion of
the bearings themselves, incorrect installation and load problems [13]. Bearing failures
account for a significant percentage of large industrial motor failures as reported in
numerous surveys. Surveys carried out by [14, 15, 16, 17] revealed that as a percentage
of the failures in the motors taking part in the survey bearing failures accounted for
41%, 44 7%, 58.9% and 65% respectively. The surveys reported in [15, 16] were
specifically for large HV induction motors from 425kW to 6.3MW [15] and IOOkW to

over IMW [16], The surveys reported in [14, 17] dealt with large HV machines
(induction, synchronous and DC) with sizes of over 150kW [14] and 300kw to 60MW

[17], The type of bearings in the machines (roller, ball or plain) were not specified. As
the next section explains, airgap eccentricity problems can wear the bearings and lead to
complete failure. Bearing problems, due to other factors, can in turn result in airgap

eccentricity in the motor.



1.3.2 Airgap Eccentricity

Airgap eccentricity is an undesirable condition which is inherently present in induction
motors where the airgap between the stator (stationary part) and the rotor (rotating
part) is not uniform. The condition can take two forms; static airgap eccentricity and
dynamic airgap eccentricity and in practice both types are normally present in a motor.
Static eccentricity results in a minimum airgap which is fixed in both space and time,
whereas, dynamic eccentricity results in the position of the minimum airgap rotating

with the rotor. Figure 1.1 illustrates this variation in the airgap length for the two forms.

Note: In the text when airt’ap eccentricity is mentioned both forms ofthe condition are considered. At

all other times- static or dynamic eccentricity will he specified dependant on the context.

;i) Miiiinuiiu Airgap due to Static Eccentricity

b) Miniinuin Airgap due to Dynamic Ecccntricily

Figure 1.1. Variation in Airgap Length with a) Static and b) Dynamic Eccentricity.



Static eccentricity is caused by a build up of manufacturing tolerances between the
stator and bearing centres or incorrect reassembly after repair. Dynamic eccentricity can
be caused by worn bearings, thermal bow of the rotor or operation at critical speeds
creating rotor whirl. Static eccentricity can also cause dynamic eccentricity due to the
resulting unbalanced magnetic forces present in the motor. If high levels (over 20%) of
airgap eccentricity remain undetected the severity of the problem may increase since it
results in increased vibration and noise from the motor, further wear to the bearings and
possibly bearing failure. In a worst case the rotor can actually be pulled onto the stator
resulting in extensive damage to the stator windings and complete motor failure. It is

this rotor to stator rub which is considered to be a serious failure.

Airgap eccentricity problems are uncommon in new motors due to good designs and
manufacturing procedures, a typical level would be 5% airgap eccentricity for a large
15 MW motor [18], However, the application of on-line current monitoring [19, 20]

has shown that problems can occur after a motor has been in service for a number of

years. Motor operators are therefore interested in being able to determine the level of

airgap eccentricity in their motors.

1.4 Research Objectives

Chapter 2 reviews the published literature on airgap eccentricity in induction motors
and the reasoning for the project objectives to provide an original contribution to
knowledge in this area. However, this section describes what these objectives are and

highlights the new contributions to knowledge so that the reader is aware of how this

work fits into the overall picture when reading Chapter 2.

This research applies finite element analysis to model an induction motor with airgap

eccentricity for predicting specific frequency components and their magnitude in the

current signal as a function of airgap eccentricity. It has already been shown by the



classical mmfand permeance wave approach, that specific frequency components in the
current are a function of rotor slotting and airgap eccentricity [19, 20], The magnitudes
of these components increase with increasing airgap eccentricity. At present in industry
the current spectrum is monitored over time and if these components are clearly visible
in the spectrum and are increasing in magnitude then it can be stated that airgap
eccentricity is present and that the severity of the problem is increasing [21], This really
requires the motor to be monitored from the commissioning stage in order to have a
healthy current spectrum to compare with those from the motor after it has been in
service. What would be of considerable value to motor operators is to be able to
guantify the level of airgap eccentricity. That is, to say a motor has X% airgap
eccentricity from the magnitudes of these current components from a single current
spectrum taken at any time during the motor’s life. This would greatly aid the
development of planned maintenance programmes as discussions with manufacturers

suggest that an airgap eccentricity level of 20% is considered to be unacceptable and a

level of 50% is considered to be serious enough to immediately remove the motor from

service [18].

An attempt was made to predict the fault severity from the current component
magnitudes using classical circuit analysis and the mmf and permeance wave approach

[19,22]. A critical appraisal of this work is presented in Chapter 2. Several good

agreements were obtained between measured and predicted current magnitudes,

however, the drawbacks in the analysis resulted in very poor agreement for some

components. Consequently, it was thought that by applying a finite element analysis to
predict the magnitude of specific current components a better agreement could be
obtained compared to the classical approach without actually requiring any more design
details than for the classical approach. The actual rotor and stator slot shapes are
modelled in the finite element analysis instead of a grossly simplified design with the
classical approach. This realistic slot shape modelling allows the accurate calculation of
all slot passing frequencies. Saturation effects would also be modelled more realistically

using finite element analysis.



There are other factors which may affect the current component magnitudes which

were not possible to model using the classical approach. The current component

magnitudes are a function of rotor slotting which in turn is dependant on the design of

the rotor slots. The finite element analysis accurately models the true rotor slot shape

compared to the classical approach model of a simplified shape. The more realistic

modelling of the motor, for example, the actual slot design instead of a simplified

design, facilitates the investigation of these factors. Consequently, in addition to the

accurate calculation of the slot passing frequencies it was possible to investigate the

effect of rotor slot design and the number of rotor bars.

In brief the objectives of this research work are:

Literature review of the monitoring and diagnosis of airgap eccentricity in induction
motors and the application of finite element analysis to investigate airgap

eccentricity.

Perform a critical appraisal of the mmf and permeance wave analysis to predict the

frequencies and pole-pair numbers of the airgap eccentricity flux waves.

Apply a time stepping finite element analysis to model a 3-phase induction motor

with static eccentricity.

Use the finite element results to calculate the magnitude of the current components
which are a function of static airgap eccentricity, rotor slotting and saturation.
Compare the calculated components (frequency and magnitude) in the current with

experimental results from the test-rig motor being modelled.

Use the finite element results to compare with the predictions from the pole-pair
analysis as to which current components are compatible with the stator winding

harmonic pole-pairs, that is, which frequency components should appear in the



current spectra. This will further investigate the limitations of the mmf permeance

wave analysis.

Repeat the above for dynamic eccentricity and combinations of static and dynamic

eccentricity.

Investigate the effect of open, semi-closed and totally closed rotor slots on the
magnitudes of these current components in comparison to the effect of static
eccentricity using the finite element analysis. Repeat this for models of dynamic and

then combinations of static and dynamic eccentricity.

Investigate the effect of the number of rotor slots on the current components.

Apply the analysis to a large induction motor operating in industry and compare with

on-site test results.

1 hese investigations will lead to the prediction of the level of airgap eccentricity present
in the motor from the magnitudes of these specific components in the current spectrum.
A better understanding of the limitations and application of the classical mmf and
permeance wave analysis will be obtained. They will also determine how much of an
eflect the rotor slot shape and the number of rotor bars have on the magnitudes of these
current components in comparison to the changes in magnitudes observed when the
airgap eccentricity level is increased. This will lead to a better understanding of airgap
eccentricity in relation to current monitoring of different types of motors in industry.
The verification of the technique to a large industrial induction motor is important as a
prediction of the current component magnitudes for a large motor has not previously

been attempted. All these objectives contribute to new knowledge in the area.

10



Chapter 2

Review of Research on Airgap Eccentricity

2.1 Introduction

This chapter reviews the published literature on the analysis of airgap eccentricity in 3-
phase induction motors. A thorough literature search has been undertaken and to the
author’s best knowledge the objectives of this research contribute to new knowledge in
the field. As published literature is reviewed the reasoning behind the development of
the research objectives is explained. In particular, as this research is based on a
combination of the mmf and permeance wave approach to predict the frequency
components in the current and a finite element analysis for the calculation of the
component magnitudes, the advantages and disadvantages of the permeance wave
approach are fully reviewed. The classical approach is used to calculate the frequency
of the current components which are a function of airgap eccentricity and to verify the
finite element predictions. The reasoning and advantages behind pursuing the accurate
prediction of the component magnitudes by finite element analysis are explained
together with a review of published literature on the application of finite element

analysis to airgap eccentricity problems.



2.2 Quantification of the UMP

Early research on airgap eccentricity was not focused on detecting the problem from a
condition monitoring perspective but on the calculation of the forces which result in a
motor with a non-uniform airgap. An unbalanced magnetic pull (UMP) results from the
non-uniformity of the airgap length with airgap eccentricity. The magnetic forces due to
north and south poles on the stator and rotor no longer balance out, consequently, a net
force acts in the direction of the minimum airgap. This is a steady pull for static
eccentricity but is a rotating force wave with dynamic eccentricity. The quantification of
this force is of considerable importance for motor design as it effects the critical speed,

shaft flexibly and length and also the bearing specification.

It is not the purpose of this thesis to calculate the UMP, therefore, only a brief review is
presented of a selection of the key papers in this area. By 1918 sufficient work had been
carried out to allow Gray and Pertsch [23] to review published literature on the analysis
of UMP. In the intervening years many different approaches have been taken in the
analytical and experimental investigation of UMP up to the present day when finite
element techniques have been applied. Before the availability of the computational
power to use finite elements, analysis of the UMP was exclusively carried out using
classical techniques. For instance, B-H curves were used to quantify the imbalance of
airgap flux to calculate the UMP [24, 25]. Space vectors were used [26] to represent
the rotating fields in the airgap and Swann [27] developed a method whereby a motor
with an eccentric rotor and symmetrical windings could be transformed into a motor
with a concentric rotor with asymmetrical windings. Freise and Jordan [28] modelled a
machine representing the airgap permeance by a constant plus a sinusoidal component.
This modulates the fundamental rotating flux and leads to UMP. Osama and Lipo [29]
used an approach based on multiple coupled circuits to calculate all the self and mutual
inductances of the motor to obtain the electromagnetic force expressions. This
technique was verified experimentally and used to study the dependence of UMP on

supply voltage, eccentricity and load. A two-dimensional time-stepping finite element

12



analysis was used by Arkkio and Lindgren [30] to calculate the UMP. The analysis
based on the principle of virtual work was used to calculate the forces acting on the
rotor for a 30kW 2-pole and 15kW 4-pole motor. The effect of supply frequency,

loading and the level of airgap eccentricity on the UMP were investigated.

Although the quantification of the UMP both theoretically and experimentally is
important, it cannot be used as an indication of the presence or the degree of airgap
eccentricity in terms of a condition monitoring system. As the work of [3 1, 32, 33, 34,
35] showed it is not practical to measure the force resulting from UMP in an industrial
situation. Attempts to measure the forces in these references involved the use of either
strain gauges, load cells, or piezoelectric transducers and in all cases specially adapted
test rig motors in a laboratory situation. Consequently, research has been carried out on
the diagnosis of airgap eccentricity using other parameters which are affected by airgap

eccentricity as reviewed in the next section.

2.3 Airgap Eccentricity Diagnosis using Vibration and Flux Signals

The non-uniformity ofthe airgap length with eccentricity distorts the flux, similar to the
effect of slotting and saturation, which results in high frequency fluxes rotating in the
airgap. The magnetic forces which act on the inside of the stator can be determined

from Equation (2.1), [12]:
(2.1)

where F = magnetic force (N/nF), B = llux density and p,, = permeability of free space

Consequently, these high frequency fluxes can be detected as vibrations in the stator
core and frame because they result in forces that act on the inside of the stator which
are then transmitted through the mechanical structure. The magnitude of these
vibrations are dependant on the electromagnetic waves and the mechanical response of

the stator.
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These high frequency flux components can also be detected directly in the motor flux
and they can induce currents at these frequencies in the current signal dependant on the
pole-pairs of the flux components and the stator winding factors. The flux signals that
can be used are: airgap flux, stray flux from the end-windings, leakage flux outside the
motor and axial flux. The following paragraphs review the diagnosis of airgap
eccentricity using vibration and the various flux signals before focusing on the use of

on-line current monitoring in the next section.

Bearing vibration is commonly monitored in the industrial situation to detect bearing
wear and rotor dynamic problems. Airgap eccentricity does cause an increase in the
level of vibration at the bearings, however, the vibration components monitored are not

purely a function of static or dynamic eccentricity. Uncertainty can exist when

interpreting the vibration spectrum, for example, the vibration component at the

rotational speed frequency can increase due to airgap eccentricity, mechanical

imbalance in the rotor or because of load problems [36]. Hence, diagnosing the real

cause of the increase can be difficult.

Rai [33] wverified that low frequency vibratory forces change due to airgap
eccentricity/UMP. However, these components at 50Hz, I00Hz and 200Hz can also be
ertected by dynamic imbalance [20] and the 100Hz 200Hz 300Hz stator core vibration
components are also effected by interturn stator winding faults, single phasing and
voltage supply imbalance [12]. Therefore, these components cannot be used to

unambiguously diagnose airgap eccentricity.

It was not until later that Cameron et al [19, 20] and Thomson et al [37] showed that
the stator core vibration spectrum can be used to diagnose static and dynamic
eccentricity. High frequency vibration components due to rotor slotting increase in

magnitude with increasing static eccentricity and unique components appear due to

dynamic eccentricity. It is very complex to model the electromagnetic forces and the

mechanical response of each motor being monitored so a prediction of the severity of
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the problem has not been attempted. The magnitude of the vibration components also
increase with load adding to the complexity. It can also be difficult to fit the vibration

transducers to the stator core back in an industrial installation.

Ellison and Yang [38] showed that eccentricity causes an increase in the acoustic noise
levels of an induction motor. He predicted, using an analysis of the airgap magnetic
field that the magnitude of the slot passing frequencies would be effected by
eccentricity. Experimental verification of the analysis using an anechonic chamber was
successful. This technique is very difficult to apply in an industrial installation due to the

high background acoustic noise.

Early work by Verma and Natarajan [39] used search coils in the stator to study the
effect on the airgap field with changing eccentricity. Fruchtenicht et al [40] showed that
frequency components in the airgap flux signal can be used to diagnose airgap
eccentricity and Penman et al [41] achieved the same by the use of axial flux signals. In
both cases the magnitude of the components in Webers was not quantified as a function
of the severity of the fault. To fit search coils to detect airgap flux requires a motor to
be removed from service which is not a popular option with motor users. It also
requires design modifications and approval by the insurers of the plant. Access to the
motor is also required to fit axial flux search coils. In order to sense a reliable signal the
coil must be fitted on the shaft inside the steel outer frame because the frame attenuates
the flux signal by acting as a magnetic shunt. This again means removing the motor
Irom service temporally and is not really popular with motor operators. In addition, no
on-site case histories have been presented on the successful application of axial flux

monitoring to detect a serious airgap eccentricity problem.
Although the aforementioned signals can be used to diagnose airgap eccentricity they

are invasive to monitor and therefore not particularly practical to implement in the

industrial situation Motor operators prefer a non-invasive monitoring system that does

15



not disturb the drive. Current monitoring meets this criteria as explained in the next

section.

2.4 On-Line Current Monitoring to Diagnose Airgap Eccentricity

The application of current monitoring, versus other motor signals, to detect induction
motor problems and failure mechanisms is popular within industry. The current is
monitored via a clip-on current transformer around an input line to the motor and as
this can be done from the switchgear room access to the drive is not required. On-line
current monitoring has already been successfully used to detect broken rotor bars [42,
43, 44] and operators are keen that airgap eccentricity can be diagnosed and its level
guantified using the same signal and a current transformer which may already be in

place.

The motor current is also the principal signal being used in the development of
automated condition monitoring systems using artificial neutral networks where an
operator does not have to interpret the information gathered. Scheon et al [45] used

stator current monitoring and a neural network to monitor already established specific
frequency components in the current spectrum which are indicative of airgap
eccentricity, broken rotor bars and bearing problems. The system successfully detected
problems by monitoring the magnitude of specific frequency components compared to
‘learned’ magnitudes from a healthy motor, however, this has not yet been applied in
industry. Penman and Yin [46] used neural networks in the laboratory situation to
identify unbalanced supply conditions, spectral components in the current and frame

vibration signals were monitored. A neutral network was also trained to detect rotor

asymmetries by monitoring the current signal [47].

The breakthrough in the application of on-line current monitoring to diagnose airgap

eccentricity in induction motors was a result of the work by Cameron and Thomson
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[19, 20, 22], This work, based on the mmf and permeance wave approach, also
investigated stator core vibration and stray flux signals for detecting airgap eccentricity
as reported in [19] and [20] respectively. The investigation of these signals will not be
discussed in detail as this research is solely concerned with the application of on-line
current monitoring to diagnose airgap eccentricity. The remainder of this section briefly
discusses the work of Cameron and Thomson and other research published after the
work of Cameron and Thomson which is also based on using the current signal as a
means of diagnosing airgap eccentricity. Two successful applications of on-line current
monitoring in an industrial installation are also reviewed. Section 2.5 presents an in-
depth critical review of the analysis developed by Cameron and Thomson as an

appraisal of their work was an objective of this research.

Cameron and Thomson predicted the airgap flux waveform by the mmf and permeance
wave approach which was proposed by Yang [48], The airgap flux distribution is
calculated from the product of the mmf distribution of the windings and the permeance
of the airgap. The expression for the permeance wave takes into account the effect on
the airgap permeance of rotor and stator slotting, static and dynamic eccentricity and
magnetic saturation. The series expression for the mmf includes the fundamental and
stator and rotor mmf harmonics. The resulting flux density distribution varies in both
space and time. From the time components in the airgap flux density expression the
frequency of components which are a function of airgap eccentricity can be predicted as

Equation 2.2 illustrates [19, 20, 48]:

fec=.1\ sa (2.2)
fee frequency components which are a function of airgap eccentricity (Hz)
fl supply frequency (Hz)
R number of rotor slots
nd zero for static and one for dynamic eccentricity
§ slip
P pole-pairs

Hsa 0, 1,2, saturation integer
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tws = 1, 3, 5, 7, time harmonic of the stator mmf (usually taken as ! for the principal
components)

The pole-pairs associated with these frequencies in the airgap flux can be calculated

from the space component, as Equation 2.3 illustrates [19, 20, 48]:

(2.3)

m = pole-pair number of flux waves
R = number of rotor slots

S = number of stator slots

0Os = static eccentricity integer

Hd = dynamic eccentricity integer

p = pole-pairs

Hs, = saturation integer

Hos = Stator space harmonic integer

The high frequency flux waves as predicted by Equation 2.2 move relative to the stator
winding and may induce corresponding currents provided that the pole-pairs of the flux
waves are compatible with the stator winding design harmonic pole-pair numbers.
Consequently, the current spectrum can be used to diagnose airgap eccentricity.
Cameron and Thomson predicted and verified experimentally that these specific
frequency components are present in the current signal and are dependant on the level
of airgap eccentricity in the motor. However, in some of their experimental results
certain components did not increase significantly in magnitude with increasing airgap
eccentricity as expected. Several explanations were proposed for this but it will be
shown later in this thesis that their explanations were only partially valid. Cameron and
Thomson did calculate the pole-pairs of the flux waves at the frequencies they were
investigating but they never calculated the harmonic pole-pair numbers of the stator

winding to check for compatibility. They did not realise that the pole-pairs of certain
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frequency components in the flux waveform which are a function of airgap eccentricity
were incompatible with the stator winding harmonic pole pair numbers. Consequently,
other than by second order effects such as winding asymmetry or saturation (as
explained later) these components could not induce currents at those frequencies in the
stator winding. A detailed review of these problems and the pole-pair analysis carried
out in this work to explain their observations is presented in Section 2,5. The pole-pair
analysis is also taken further to understand the limitations of the approach for predicting
the pole-pairs of frequency components in the flux waveform. In Equation 2.3 Cameron

only considered n, = 1/ nj = | which is a gross simplification of the analysis.

Despite these points, by looking for all the frequencies components predicted by
Equation 2.2 they did include in their investigations the frequency components which

were truly compatible with the stator winding and they did increase in magnitude with

increasing airgap eccentricity. Generally, there are frequency components which are a
function of slotting and static eccentricity (principal slot passing frequencies - PSPF)
and new components appear either side of the principal slot passing frequencies which
are a function of dynamic eccentricity. The magnitude of the dynamic eccentricity

components can also be effected by the level of static eccentricity [21].

The method proposed by Cameron and Thomson has been successfully applied in
industry [20, 211 In industry, at present, the current spectrum is monitored over time
and it these frequency components are clearly visible and increasing in magnitude then
airgap eccentricity is deemed to be present and the level is increasing. This really
requires the motor to be monitored from the commissioning stage. To be able to
guantify the fault severity from a single measurement of the component magnitudes
would be of considerable value to motor operators. In most applications, but
particularly in hazardous environments, it would be valuable to know how close the
airgap eccentricity is to the critical level at which motor failure (rotor to stator rub)

might occur.
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An attempt was made by Cameron and Thomson to predict the fault severity from the
magnitudes of the current components [19, 22]. This approach was based on the mmf
and permeance wave approach, empirical approximations and classical circuit analysis.
In some cases the agreement obtained between measured and calculated magnitudes
was good (difference less than 1.9 dB), this was for components whose pole-pair
numbers were compatible with the stator winding which were not due to any second
order effects like saturation and winding asymmetries. However, when it came to
components due to second order effects the agreement was not good (difference of
13dB). Section 2.5 discusses in detail the analysis developed by Cameron and Thomson
with quantitative results from their work explaining the limitation of the approach and

how the finite element method used in this research overcomes these limitations.

Stavrou and Penman [49] also adopted the rotating wave and permeance approach to
quantify the magnitudes of the high frequency current components due to purely static
eccentricity. The permeance expression for the airgap included slotting and static
eccentricity, however, saturation was not taken into account. The flux density was
again taken as the product of the permeance wave and winding mmfwhich was used to
calculate the resultant flux linking the stator winding. Having determined the
inductances and resistances of the test-rig motor they used a space vector theory to
define a matrix for the voltage equations of the motor from which the current
magnitudes were calculated. By introducing an effective eccentricity level, damping
effects, saturation and airgap fringing were incorporated. The graphical presentation of
the calculated and measured current magnitudes does indicate reasonable agreement,
however, the presentation prevents a numerical comparison of the results to be made.
| hey clearly show from experimental results the increase in magnitude of the current
components with increasing eccentricity as shown by previous work. This technique
was not applied to an industrially based motor. They also attributed the appearance of
rotational speed side-bands (f + f) around the fundamental supply component of

current as being due to equalising currents in the parallel connected stator winding. In
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fact, it has been shown by Dorrell et al [50] and Salon et al [51] that these are due to

the combination of static and dynamic eccentricity.

Toliyat et al [52] used a winding function approach to model the steady state and
dynamic performance of an induction machine with static eccentricity. The method is
based directly on the geometry of the induction machine and the physical layout of all
the windings. The expressions derived for the machine inductances incorporated an
airgap factor in which static eccentricity was included. The model was used to predict
the shaft speed during run-up with zero and 50% static eccentricity, showing that with
eccentricity the run-up time was longer due to the generation of the backward MMF
due to eccentricity. The stator phase current for 0% and 50% static eccentricity was
calculated and the frequency spectrum computed. The high frequency current
components due to slotting and static eccentricity determined by Cameron and
Thomson were investigated. An increase in one of these components was clearly visible
in the modelled current with the 50% increase in static eccentricity. They did not carry
out any experimental work themselves and compared their results with the experimental
results of Cameron et al [20]. The prediction of the current component magnitudes as a

function of the fault severity was not attempted.

Hiroven [53] reviewed the application of on-line condition monitoring to detect faults in
squirrel cage induction motors. The use of current, speed, flux and vibration signals to
detect broken rotor bars and airgap eccentricity were reviewed and experimental
investigations carried out on test-rig motors (with skewed/unskewed rotors) with
broken bars and airgap eccentricity. The equations derived by Cameron to predict the
airgap eccentricity frequency components in the stator current, stator core vibration and
axial flux were used. The level of airgap eccentricity in the test-rig motor had to be
increased to 60% before any significant increase in the current component magnitudes
were observed. It was noted by the authors that this phenomenon was also observed by
Cameron and Thomson. In both cases the pole-pairs of the flux waves at these

frequencies and the stator winding harmonic pole-pairs were not calculated to confirm
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that these components could be induced in the stator winding. This is a possible reason
for the insignificant increase observed until very high levels of airgap eccentricity where
second order effects (saturation) could predominate. This will be discussed in more

detail in Section 2.5.

Cardoso and Saraiva [54] used computer-aided monitoring of the stator current Park’s
Vector to detect static airgap eccentricity. The Park’s Vector describes the machine in
two dimensions by the use of d and q Park’s Vectors. These trace out a circular locus
with time and the effect of eccentricity can been seen in the distortion of this locus. The
splitting ofthe current Park’s VVector provides qualitative information about the severity

of the fault, however, this can be very difficult to interpret and has not been applied in

industry.

In addition to the high frequency current components which are dependant on airgap
eccentricity, low frequency components around the fundamental are a function of both

static and dynamic eccentricity [55, 56] as predicted by Equation 2.4:

fec=fy ~fr (2.4)
fl = supply frequency (Hz)

fr = rotor speed frequency (Hz)

| he original theory on these components [57, 58] assumed that they were only due to
dynamic eccentricity and that the flux waves associated with them had pole-pairs of p =
I These would not induce components in a p pole-pair stator winding. It was first
shown experimentally by Thomson [55] and then theoretically verified by Dorrell et al
[56] that dynamic eccentricity with an inherent level of static eccentricity can result in
these components appearing in the current spectrum. The magnitude of the components
are a function of both static and dynamic eccentricity. An inherent level of static

eccentricity is realistic in an industrial based motor due to manufacturing tolerances and

incorrect reassemble after repair. The analysis presented by Dorrell et al [56] showed
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that flux waves with p pole-pairs can occur at the frequencies given by Equation 2.4
due to airgap modulation of mmf waves caused by both types of airgap eccentricity
being present simultaneously. The magnitude of these components as a function of the
severity of the airgap eccentricity was not predicted and it is difficult to determine
which form of airgap eccentricity is causing the increase in component magnitudes.
However, this work provided new knowledge as to the real cause of the (fl = fl) Hz

components when static and dynamic eccentricity are being modelled.

Monitoring these low frequency airgap eccentricity components in the presence of an
oscillating load torque can be problematic. Torque oscillations at multiples of the
rotational speed can excite the static/dynamic eccentricity frequencies at (fl + fl) [59].
Torque oscillations can also cause problems when monitoring the classical twice slip
frequency sidebands (1 + 2s)fl (Hz) which are a function of broken rotor bars. The
presence of a load torque oscillation can increase the magnitude of the frequency
components of interest giving a false impression of the fault severity. It is possible to
remove arbitrary load effects from the current spectrum by comparing the actual stator
current to a model reference value excluding the load effect. The difference between
these two signals provides a filtered current independent of load variations [60]. The
high frequency current components due to airgap eccentricity investigated by Cameron

and Thomson [19, 20] are unique to airgap eccentricity and are not prone to the effects

of load variations [61].

As mentioned earlier, on-line current monitoring to diagnose airgap eccentricity has
been successfully applied to large high voltage induction motors operating in industry.
Cameron et al [20] applied the technique to two IlIkV, 1.2 MW 3-phase induction
motors in a power station. The high frequency current components predicted by
Equation 2.2 were investigated. Although these motors were identical in design, it was
known that motor B had stator core ovality. This would give rise to a static eccentricity

condition In this case the dynamic eccentricity components in motor B were 7-13 dB

higher than the corresponding components in motor A. This validated the technique
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when applied to large, industrially based motors. As the analysis in this thesis shows it is
important to calculate the pole-pair numbers of the frequencies of interest to check for
compatibility with the stator winding. This ensures that the optimum components in the
current spectrum are monitored and not those dependent on second order effects.
Cameron and Thomson did not do this in the results presented for the large motors. The
magnitude of the principal slot passing frequency, which is a function of static
eccentricity, was only 2.1 dB higher for motor A than for motor B, With stator core
ovality in motor B this suggested that the static eccentricity level in motor B would be
higher, which was not seen from the current spectrum results. It could be the case again
that the pole-pairs of the flux-waves at this frequency were not compatible with the
stator winding and hence showed no difference in magnitude between the two motors.
The fact that the dynamic eccentricity components were higher for motor B suggests
that they were a function of static eccentricity in this motor [19, 20], The pole-pair

analysis could be used to confirm ifthis was the case.

Thomson et al [21], used a combination of monitoring the high frequency components
predicted by Equation 2.2 together with the low frequency sidebands around the
fundamental as described in [56], This approach was applied to three 1.45MW, lIkV
industrially based motors driving pumps in an oil-tank farm. Motor A exhibited high
vibration levels at the bearings which was resulting in overheating of the bearing oil. An
acceptable level of vibration set by a manufacture for this size and speed of motor
would be 1.5mils (pk-pk), however, vibration levels on motor A were 4.8 and 4.4mils at
the drive end for the vertical position displacement and the horizontal position
displacement, respectively. There were obviously very large forces acting on the
bearings but vibration and temperature measurements could not identify the problem.
On-site personnel thought that the problem could be due to broken cage bars or airgap
eccentricity. To determine which or both was the cause required on-line current
monitoring to be applied. On-line current monitoring was applied and motor A was
observed to have high magnitude dynamic eccentricity components around the 1019Hz

rotor slot passing frequency. The dynamic eccentricity component at 1031Hz was 13dB
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down on the 1019Hz for motor A but 40dB down for motor C which was deemed to
have a normal level of airgap eccentricity. For motor A the (fi £ f) components were
also predominant around the 50Hz, 20dB above the noise level compared to motors B
and C where these components were in noise. This suggested that both static and
dynamic eccentricity were present in motor A. The fi(l = 2s) broken bar frequency
components were insignificant being 64dB down on the 50Hz. Motors B and C were
deemed to have a normal inherent level of airgap eccentricity but motor A was removed
from service to realign the airgap. Airgap measurements taken during the realignment
showed that the aigap was non-uniform (35% airgap eccentricity). Motor A was
reinstalled and the vibration levels were normal. The current spectrum also showed that
the high frequency dynamic eccentricity components were 8-10dB smaller in magnitude

and that the (f, £ ) were not present, 25dB smaller than before.

In conclusion, it has been shown that an analysis of the current signal can successfully
diagnose airgap eccentricity in induction motors both in the laboratory and industrial
situation without having to disturb the drive. This is a very advantageous feature of
current monitoring as industry is not interested in a technique that requires special
modifications to a motor or removal of a motor from service to fit transducers etc. The
accurate prediction of the level of airgap eccentricity is most likely to be successfully
achieved by predicting the magnitudes of the current components. This has been only
partially achieved by Cameron et al [22] and the limitations in their approach, which are
explained in the next section, can be overcome by the application of finite element
analysis. A finite element analysis of an induction motor as a function of airgap

eccentricity and the prediction of the current waveform will produce new knowledge

for the reliable on-line detection of airgap eccentricity via current monitoring.
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2.5 Critical Appraisal of Classical Approach to Predict Fault Severity

2.5.1 Introduction

The section presents a critical review of the work of Cameron and Thomson since the
research presented in this thesis is partially based on their analysis. Equation 2.2 is used
to calculate the frequency components in the flux waveform which are a function of
airgap eccentricity. However, in this work the pole-pairs of the flux waves are
recalculated and checked for compatibility with the stator winding harmonic pole-pair
numbers. This is necessary to ascertain whether the flux waves can induce a voltage and
current in the stator winding. Cameron and Thomson did calculate the pole-pairs of the
flux waves at the frequencies of interest but they did not calculate the stator winding
harmonic pole-pair numbers to check for compatibility. As a result they found it difficult
to explain some of their experimental observations. A basic pole-pair analysis is
presented in this section, firstly, to explain some of their experimental results and
secondly, as an introduction to the pole-pair analysis which is presented for the motors
used in this research project. It also assists in the explanation of the limitations in the
approach to calculate the pole-pairs of the frequency components. The analysis method
developed by Cameron and Thomson to predict the current magnitudes as a function of
the airgap eccentricity level will then be discussed highlighting the limitations of the

approach, therefore, accounting for some of the poor agreements that were obtained

between measured and predicted current magnitudes. The advantages of applying a
finite element analysis to investigate the frequency components predicted by Equation
2.2, the prediction of their magnitudes as a function of the airgap eccentricity level and

an investigation of other factors which effect their magnitude are discussed

2.5.2 Critical Appraisal of Experimental Observations of Cameron and Thomson

Cameron carried out extensive experimental tests [19] on a specially designed test-rig

motor, static eccentricity, dynamic eccentricity and then combinations of both forms of
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the problem were investigated and the current component magnitudes, at the
frequencies predicted by Equation 2.2, were observed on a high quality spectrum
analyser (80dB dynamic range). Tests were carried out on a 36 slot stator with a 51 and
then a 28 bar rotor. The 28 bar rotor was of a double cage design and both rotors had
skew. More results were taken using the 51 bar rotor and it was also used in the
analysis to predict the magnitudes of the current components. Therefore, the 51 bar
rotor results will be used to highlight the importance of calculating the pole-pairs of the
flux waves at the frequencies predicted by Equation 2.2. These calculated pole-pairs can
then be compared to the stator winding harmonic pole-pair numbers to check for

compatibility, that is, will the flux waves be able to induce a voltage and current in the

stator.

Firstly the frequency components to be detected in the flux were calculated using
Equation 2.2, Table 2.1 shows the components that Cameron investigated and the

parameters used in Equation 2.2 to calculate them.

Type Frequency fl R < S p
(Hz)
pspf 1178 50 51 0 0.037 2 0 -1
pspf 1278 50 51 0 0.037 2 0 !
pspf 1378 50 51 0 0.037 2 1 (0) 1 (3)
de 1154 50 51 -1 0.037 2 0 -1
de 1202 50 51 ! 0.037 2 0 -1
de 1254 50 51 -1 0.037 2 0 !
de 1302 50 51 ! 0.037 2 0 !

e: dynamic eccentricity component; pspf: principal slot passing frequency also a function of static eccentricity

Table 2.1 Frequency Components Investigated by Cameron [19] for 51 Bar Rotor

In Table 2.1 there are two possible combinations of "™ and s to calculate the

frequency at 1378Hz. Cameron [19, 20] never specified what values he used in
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Equation 2.2. Both combinations are valid as the 1378Hz can be a function of the third
time harmonic of the stator mmf and/or a function of the first time harmonic of stator
mmf with first order saturation present. It can be shown that the pole-pairs associated
with this frequency, calculated from Equation 2.3, are the same for each combination of

n"a and n,s.

Figures 2.1 to 2.6, on pages 31-33, show the changes in magnitude of these
components (Table 2.1) for increasing airgap eccentricity as presented in [19], Mr.

Cameron’s permission was granted to copy these figures from his thesis.

Figure 2.1 illustrates the effect of increasing static eccentricity on the principal slot
passing frequencies (PSPF). These frequencies are a function of rotor slotting and static
eccentricity and therefore should increase in magnitude with increasing static
eccentricity. The components at 1178Hz and 1378Hz substantially increased in
magnitude even at the lower levels of static eccentricity, for example, the 1178Hz
increased from 2.4mA to 4.3mA when the static eccentricity increased from 0% to
40%. The 1278Hz component stayed fairly constant in magnitude (to within 1.2dB up
to 40% static eccentricity) until very high levels of static eccentricity were introduced,
that is, 60% and in particular 80% static eccentricity. Static eccentricity levels of 60%
to 80% are extremely high and in a large, industrial motor this would probably result in
a rotor to stator rub. Ifyou consider a large rotor with an inherent dynamic eccentricity
present and such a high static eccentricity level a rub would be highly likely. At these
high levels of static eccentricity the magnetic circuit would be very unbalanced resulting
>n much increased localised saturation in the region of the minimum airgap. It is justified
to say that the 1278Hz component did not increase significantly with increasing static
eccentricity until extraordinary high levels of static eccentricity. It also has to be
considered that both rotors Cameron investigated were skewed which could reduce the
magnitude of this component. Cameron [19] did not comment on the difference

between the increases in the principal slot passing frequencies for the 51 slot rotor

result, other than saying that the trend in the increase of the frequency components
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between 0% and 60% static eccentricity was considerably different for the 51 bar rotor
compared to the 28 bar rotor. For the 28 bar rotor none ofthe components showed any
increase in magnitude as the static eccentricity increased until 60% to 80% levels were
introduced. This difference was accounted for in the different rotor designs and bar
numbers remembering that the 28 bar rotor was a double cage. The pole-pair analysis
presented after an appraisal of Cameron’s results shows that the pole-pairs of the flux
waves associated with the 1278Hz component are incompatible with the pole-pair
harmonic numbers of the stator winding. Therefore, other than by second order effects
the component should not have induced a current at this frequency. This ties in with the
experimental observations in that only at very high levels of static eccentricity, where
second order effects were probably present, did the component really become visible in

the current spectrum.

A similar trend is noticed with the frequency components which are a function of
dynamic eccentricity, Figure 2.2. Only the 1202Hz component showed a significant
increase with increasing dynamic eccentricity (4.6dB of an increase with the dynamic
eccentricity increasing from 0% to 50% compared to less than 1dB of an increase for
the other components). Cameron did not comment on this. Figure 2.3 shows the effect
on the principal slot passing frequencies of increasing static eccentricity with a fixed
level of dynamic eccentricity of 12.5%. As for the case of purely static eccentricity
increasing, the 1178Hz and the 1378Hz increased in magnitude as expected, however,
the 1278Hz remained at the same level. For a constant level of 12.5% dynamic
eccentricity the dynamic components would not be expected to increase in magnitude
unless they were a function of static eccentricity as well. Figure 2.4 shows that the
dynamic eccentricity components remained steady until a high static eccentricity level of
60% when they did increase (except the 1302Hz). Cameron did not comment on this
other than to say that the high increase in the 1202Hz component at 60% static
eccentricity (Figure 2.4) was due to the combined action of the static and dynamic

eccentricity permeance variations on the current component. These results will be

29



discussed again after the pole-pair analysis is presented which aids in the explanation of

the observations.

Figure 2.5 shows the effect on the principal slot passing frequencies of increasing static
eccentricity with 25% dynamic eccentricity present. These results differ considerably to
those in Figure 2.3 with 12.5% dynamic eccentricity present. The dynamic eccentricity
components in Figure 2.6 showed no overall increase with increasing static eccentricity.
It is possible that they would have increased if Cameron had introduced 60% static, as
in Figure 2.4, however, this would have been too high a level combined with 25%
dynamic eccentricity. Cameron explained the decrease in the 1178Hz and 1378Hz at the
20% static eccentricity level as being due to localised saturation effects in the region of
the minimum airgap. Localised saturation effects partially explain these unusual results,
however, Cameron neglected to consider the effect of skimming the rotor. The rotor
was skimmed to introduce dynamic eccentricity which would alter the magnetic circuit
of the rotor. This would have had more of an effect at 25% dynamic eccentricity
compared to 12.5% dynamic eccentricity, hence, explaining how the principal slot
passing frequencies behaved differently at 25% dynamic eccentricity. When comparing
the results for 12.5% and 25% dynamic eccentricity Cameron was not comparing the

results from the same rotor in magnetic circuit terms.

lests carried out on the 28 slot rotor also yielded some strange observations. For
increasing static eccentricity the principal slot passing frequencies investigated (736Hz
and 936Hz) did not increase until more than 60% static eccentricity was introduced.
This compared with the increase in the corresponding components after 20% static
eccentricity was introduced with the 51 bar rotor. As mentioned earlier, Hiroven [53]
noticed the same effect, of components not increasing until very high values of airgap
eccentricity, on a test rig motor he investigated. Cameron attributed the effect to the
difference in the rotor cage design, the 28 slot being of a double cage design and the 51
bar a single cage design. The pole pair analysis presented after Figures 2.1 to 2.6, for

the 51 bar rotor was also carried out for the 28 bar rotor and it can be shown that the
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pole pairs of the flux waves at 736Hz and 936Hz were not compatible with the pole -
pair numbers of the stator winding. Corresponding currents would not have been
induced other than by second order effects such as saturation, which could become
present with the extraordinary high levels of static airgap eccentricity or by stator

winding asymmetry.

1178 Hz
1278 Hz
1378 Hz

Figure 2.1 Effect on Principal Slot Passing Frequencies of Increasing Static Eccentricity

1154 Hz
1202 Hz
1254 Hz
1302 Hz

Figure 2.2 Effect on Dynamic Eccentricity Components of Increasing Dynamic Eccentricity



°la Static eccentricity

Figure 2.3 Effect on PSPF of Increasing Static Eccentricity with 12.5% Dynamic Eccentricity

1154 Hz
1202 Hz
1254 Hz
-« X- - -1302 Hz

Figure 2.4 Effect on pynamic Eccentricity Components of Increasing Static Eccentricity with

12.5% Dynamic Eccentricity
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Figure 2.5 Effect on PSPF of Increasing Static Eccentricity with 25% Dynamic Eccentricity

- 1154 Hz
----- O--------1202Hz
----- A-----1254 Hz

- X4 -1302 Hz

Figure 2.6 Effect on pynamic Eccentricity Components of Increasing Static Eccentricity with

25% Dynamic Eccentricity

The pole-pair analysis performed as part of this research explains the effects noticed in
Cameron’s results, in that some frequency components are more responsive to changes

in airgap eccentricity levels than others. In the pole-pair analysis the harmonic pole-
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pairs of the stator winding are calculated as shown in Table 2.2. To calculate the first
order harmonic pole pairs for a 3-phase winding layout as shown in Table 2.2, only odd
harmonics of the fundamental are considered which are not divisible by three (1, 5, 7,
11, 13, 17 ..). In a balanced three phase winding only odd harmonics can be present
[62] and triple harmonics do not appear in a normally designed star or delta connected
motor [3] as the winding factors of these harmonics equate to zero so no current can be

induced for flux waves with pole-pairs of 6, 12, 18 etc.

Stator winding data: 4 pole, 36 slot, 8/9 pitch, 3 slots/polc/phasc, star connected.

Harmonic pole-pairs m:  Fundamental - 2 pole-pairs m = p(6¢c + 1) wherec =0, 1, 2, 3...

2 10 14 22 26 34 38 46 50 58 62 70 74 82 86 94 98etc

Table 2.2 Harmonic Pole-Pair Numbers for Stator used by Cameron and Barbour

The pole-pair analysis calculates the pole-pairs of the flux waves at the frequencies

predicted by Equation 2.2. By using Equation 2.3 the pole-pairs are calculated and can

then be compared to the pole-pair harmonic numbers of the stator winding to see if
currents at those particular frequencies will be induced. The harmonic pole-pairs of the
stator winding shown in Table 2.2 are first order harmonic pole-pair numbers. If
Winding asymmetry is present (unbalanced supply) then pole-pairs due to even
harmonics of the fundamental (m = p(6¢c £ 2)) can be present resulting in the stator

winding being compatible to flux waves with pole-pairs of 8, 16, 20 etc.

When calculating the pole-pairs associated with the frequencies calculated by Equation

2 2 the same values for Us , n%a etc. are used in both equations corresponding to a
specific frequency. For instance, for the 1178Hz component nsa = 0 and nos = -1

corresponding to n(os= -1. As already mentioned the 1378Hz component can be a

function of the third time harmonic of the stator mmf or of the first time harmonic of

stator mmf and first order saturation. The pole-pairs calculated are the same for each

case which is expected as the third time harmonic of the stator mmf is a function of
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saturation, this component is clearly a function of saturation. The 1278Hz component is
not a function of saturation and a flux wave at 1278Hz will occur when there are no
saturation effects. However, with saturation present the pole-pairs of the 1278Hz flux
wave could be modified. To calculate the effect of saturation it is possible to apply n“a
=1 to the pole-pairs calculated for the 1278Hz component. These points will become

apparent as the analysis is worked through.

The pole-pair analysis is built up in stages for ease of interpretation, the simplest case of
a perfect motor is assumed first, then static and dynamic are incorporated separately

and finally the two forms of airgap eccentricity are considered together.

Case 1: No static or dynamic eccentricity

-(P£5+x + *

I+

where n,=0, nj=0; na=0, nos=%x 1 p =2,

Which gives 89 and 17 for +2 which corresponds to nos = +1 and component 1278Hz

and also 85 and 13 for -2 which corresponds to no, = -1 and component 1178Hz
Alsom=87+4+2 and 15+ 4 + 2 =93 and 21 which corresponds to nos = +1 and

N, = 1 for component 1378Hz

This result shows that the pole-pairs of the flux waves at the principal slot passing

frequencies are odd and not compatible with the stator winding, Table 2.2. This means
that in an absolutely perfect motor these components should not be present in the

frequency spectrum of the current.
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Case 2: Static eccentricity present hut no dynamic eccentricity

m = [R£S +n" £Hj +2n™pxtHg”*p) where n,==I, nj=0; na=0/1,no, =+ 1 p -2

Giving and 14, 12 pole-pairs for 1178Hz
89+ | and 16 pole-pairs for 1278Hz
93 = | and 20, 22 pole-pairs for 1378Hz

This result shows that the 1278Hz flux component should not be able to induce a
current in the stator winding, however, the 1178Hz and the 1378Hz are compatible

with the stator winding and therefore the magnitude of these components should

increase with static eccentricity.

Case 3: Dynamic eccentricity present but no static eccentricity

-(?xENx  xfir & £n™p) where n,=0, nj=%x1 na=0,n0,=%1p=2

R =51 and S= 36.

From earlier analysis the pole-pairs for the slot passing frequencies were:

85 and 13 forno,=-1 for the 1178Hz component
89 and 17 forno, =+ | for the 1278Hz component

Now with n- =+ 1
for the lower dynamic eccentricity components 1154Hz and 1254Hz

+1 for the upper dynamic eccentricity components 1202Hz and 1302Hz

The pole-pairs associated with these frequencies are:
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1254Hz: 89 -1 and 17 -1 =7> 88, 16
1202Hz: 85+1 and 13 +1 => 14

The above result shows that only the flux waves associated with the 1202Hz
component are compatible with the stator winding. This implies that only this

component should be affected by changes in the dynamic eccentricity level.

Case 4: Both static and dynamic eccentricity present

The pole-pairs of the dynamic eccentricity components with dynamic eccentricity
present were calculated in Case 3, static eccentricity is now included n, = £ | and this is

applied to the pole-pair values obtained in Case 3:

1154Hz: 84 + | and 12+ [ 72> 83,85 and 11, 13
1254Hz: 88 £ | and 16% | 2> 87, 89 and 15, 17
1202Hz: 86 £ 1 and 14+ | => 85, 87 and 13, 15
1302Hz: 90+ | and 18 + | 89, 91 and 17, 19

This result (all odd pole-pairs) indicates that with static and dynamic eccentricity the
dynamic eccentricity components are not a function of static eccentricity in this motor.
A limitation of the pole-pair analysis now becomes apparent, in that with static and
dynamic eccentricity how are the pole-pairs of the principal slot passing frequencies
calculated. The above procedure only calculates the pole-pairs associated with the
dynamic eccentricity components, however, this does not include the principal slot
passing frequencies. It could be argued to return to the pole-pairs calculated in Case 2
for only static eccentricity and then apply the = nj to them to include dynamic
eccentricity. This would result in all odd pole-pairs (87, 91, 17, 19 etc) and would imply
that with static and dynamic eccentricity the principal slot passing frequencies would

not be affected by increases in airgap eccentricity of either form. However, it is known
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from experimental observations that with static and dynamic eccentricity combinations,
the principal slot passing frequencies increase with increasing static eccentricity just as
they did when nominally only static eccentricity was present. This is a limitation in the
mmf and permeance wave analysis that has to be appreciated when applying it to an

induction motor. This will be discussed further later in the thesis.

A summary of the findings of the pole-pair analysis is given below before reviewing

again the experimental observations of Cameron in light of these new findings:

Summary: 1178Hz and 1378Hz should increase with increasing static eccentricity, the
1278F1Z should not show any increase.

With increasing dynamic eccentricity only the 1202Hz should increase with increasing
dynamic eccentricity.

With combinations of static and dynamic eccentricity, the dynamic eccentricity
components should not increase with either form of the fault increasing. As already
mentioned it is ambiguous as to what happens to the pole-pairs of the principal slot

passing frequencies (1178Hz, 1278Flz etc).

Returning to Figure 2.1, it can be seen that the experimental results confirm the pole-
pair analysis. The 1178Hz and 1378Hz increase with increasing static eccentricity. The
1278Hz component does not increase until after 60% static eccentricity. At this high

level of static eccentricity saturation would be more prominent and it can be shown
using the pole-pair analysis that if first order saturation is included for the 1278Hz

component (Case 2) the pole-pairs of the ftux waves at that frequency become: 94. 86.

92, 84 and 22, f4, 20, 12 which makes this component compatible with the stator
winding. This explains the increase in the magnitude of this component with the higher

level of static eccentricity where localised saturation would increase considerably.

The experimental results again agree with the pole-pair analysis, Figure 2.2, in that only

the 1202Hz component increases significantly with increasing dynamic eccentricity. The
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1302Hz component does show more of an increase than the 1154Hz and the 1254Hz
components, although the pole-pairs associated with these frequencies are only
compatible with the stator winding if second order effects are present. In this situation
the winding factors at these frequencies have to be calculated and it can be shown that
the winding factors are larger for certain frequencies. It is these frequencies which are
more prominent in the current when considering second order effects. Winding factors
are calculated for the pole-pair analysis presented later for the motors used in this

research project.

In Figure 2.3 the principal slot passing frequencies increase with increasing static
eccentricity with 12.5% dynamic eccentricity present just as they did in Figure 2.1 with
only static eccentricity present. As already mentioned the pole-pair analysis is limited
when trying to unambiguously decide the pole-pairs of the flux waves at the principal
slot passing frequencies for combinations of static and dynamic eccentricity. The
experimental results suggest that the principal slot passing frequencies are independent
of dynamic eccentricity in this motor. Figure 2.4 confirms the pole-pair analysis that
with static and dynamic eccentricity the dynamic eccentricity components are
independent of increases in static eccentricity as they do not increase in magnitude until
over 40% static eccentricity. The increase in these components at the higher level of
static eccentricity could be due to the interaction of the high static eccentricity with the

distorted field resulting from the skimmed rotor.

rhe results in Figures 2.5 and 2.6 have to be really questioned as it was not truly
dynamic eccentricity present due to for instance a mechanical defect like a bearing
problem but was created by skimming the surface of the actual rotor. It is appreciated
that there will be a very slight ovality of any rotor, however, to introduce 25% dynamic
eccentricity in this fashion involved removing a relatively substantial part of the rotor
core. This would have affected the rotor slots by making them more open at the slot
gap, this affects the premeance due to the rotor slots and also the magnetic circuit. With

less magnetic material at the teeth localised saturation would increase. As explained

39



later dynamic eccentricity was not introduced into the test-rig motor in this research
project by skimming the rotor. Despite the unusual results of Figure 2.5, the dynamic

components behave as predicted in Figure 2.6 with increasing static eccentricity.

In conclusion, in this instance, the basic pole-pair analysis carried out to calculate the
pole-pairs of the flux waves at the frequencies of interest can to a certain degree
provide a more thorough explanation for the experimental observations of Cameron
[19]. However, this basic approach does not provide a fully accurate picture as to the
pole-pairs associated with the frequency components in the flux due to inherent
simplification in the analysis. This is a result of a gross simplification assumed in
Equation 2.3 (n. = 1) and is fully explained towards the end of the next section. The

next section reviews the method developed by Cameron and Thomson [22] to calculate

the severity of airgap eccentricity from the current component magnitudes.

2.5.3 Critical Appraisal of Analysis Technique to Predict Airgap Eccentricity

Level by Cameron and Thomson

Cameron and Thomson used the rotating mmf and permeance wave approach together
with empirical formulae and equivalent circuit analysis to predict the current component

magnitudes as a function of the airgap eccentricity severity. The advantages and

disadvantages of this approach are reviewed in this section together with the gains

expected from applying a finite element analysis to the problem.

Jn this analysis the airgap flux density due to the stator winding was calculated using the
mmf and permeance wave approach where the permeance wave expression took into

account airgap factors, slotting, airgap eccentricity and saturation. The high frequency

flux waves dependent on airgap eccentricity induced emfs in the rotor resulting in

currents flowing in the rotor. The damping effects of these rotor currents were

modelled when evaluating the resultant airgap flux waveform. The resultant high
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frequency airgap flux components which are a function of airgap eccentricity induced
emfs in the stator winding and using an equivalent circuit of the stator, the current
components due to airgap eccentricity were calculated. The flow chart in Figure 2.7 as

presented in [22] illustrates the salient points of the approach.

This method, despite limitations to be expanded upon later, provided some good
agreement between predicted and measured current component magnitudes.
Quantitative examples of the agreement obtained are now presented. Table 2.3 shows
the difference between calculated and measured values for the principal slot passing and

dynamic eccentricity frequencies with different levels of static and dynamic eccentricity

as presented in [19].
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Figure 2.7 Flow Chart for Calculating Current Component Magnitudes
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Frequency % static % dynamic I | measured dB %

(Hz) calculated (dB) difference  difference
(dB)
1178 20 0 28.9 28.4 +0.5 +5.9
Pspf 60 0 40.1 40.3 -0.2 -1.9
1278 20 0 29.3 20.9 +8.4 +163
pspf 60 0 40.6 29.3 +11.3 +266
1378 20 0 29.7 33.1 -34 -32.2
pspf 60 0 40.9 42,2 -1.3 -13.5
1154 0 12,5 - 15 8.4 -9.9 - 684
dynamic 0 25 4.6 12.4 -7.8 -60.0
1202 0 125 24.6 26.5 -19 -20
dynamic 0 50 30.8 30.8 0.0 0
1178 20 12.5 28.9 30.7 -1.8 -18.5
pspf 60 12,5 40.1 40.7 -0.6 -6.4
1278 20 12,5 29.3 244 +4.9 +76.3
pspf 60 12,5 40.6 27.6 +13.0 +346
1378 20 12,5 29.7 27.8 +1.9 +24.7
pspf 60 125 40.9 40.2 +0.7 9.0
1154 20 125 4.6 4.5 +0.1 0.0
dynamic 60 125 154 22.2 -6.8 -53.3
1202 20 125 17.1 27.2 -10.1 -68.5
dynamic 60 125 28.3 32.3 -4.0 -36.6
1254 20 12,5 12.8 2.9 +9.9 +210
dynamic 60 125 23.9 24.2 -0.3 -3.5

Table 2.3 Comparison of calculated and measured current magnitudes for PSPF and dynamic

eccentricity components with different levels of static and dynamic eccentricity [ 19)

It can been seen from the results in Table 2.3 that the analysis developed by Cameron

and Thomson provided good agreement between predicted and measured current
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component magnitudes for some of the frequency components. For static eccentricity
variations with 0% dynamic eccentricity the most consistently close agreement was
obtained for the 1178Hz component (difference less than 0.5dB), followed by the
1378Hz component (difference less than 3.4dB), and finally the 1278Hz component
(difference more than 8.4dB). Cameron attributed the poor agreement for the 1278Hz
component to localised saturation effects at that particular frequency which the analysis
could not take into account. For the 1278Hz the analysis was over predicting the
magnitude of this component, by over 8dB, compared with the experimental result. It
could be that for this component the pole-pairs are not compatible with the stator
winding as the basic (n, = 1) pole-pair analysis suggested. However, as explained later,
this basic pole-pair analysis grossly simplifies the situation and it cannot be relied upon
to calculate the pole-pairs associated with the static frequencies. This component may
very well be compatible, however, the fact remains that these results illustrate that the
classical approach cannot model all the factors accurately enough to provide a

consistent level of agreement between calculated and measured current magnitudes.

Dynamic eccentricity variations with 0% static eccentricity follow the same pattern, the

agreement was consistently good for the 1202Hz component but not for the 1154Hz,

however, in the case (1154Hz) the calculated current was less than the measured

current (by over 7.8dB). Cameron investigated possible reasons for the disagreement
and localised saturation effects were one possible reason suggested which the analysis

could not incorporate. To improve the agreement between calculated and measured

current magnitudes Cameron tried incorporating a low level of static eccentricity into

the analysis based on there being an inherent level of static eccentricity present with the

dynamic eccentricity. Cameron also varied whether saturation effects were modelled or

not to see what combination gave the best agreement. This was really resorting to guess

Work as to selecting the best permeance combination.

Combinations of static and dynamic eccentricity revealed further limitations in the

analysis when both forms of the fault were considered together as the agreement for the
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principal slot passing frequencies and the dynamic eccentricity components was not as
good for when static and dynamic eccentricity were considered separately. The
percentage difference between calculated and measured current magnitudes varied
between 0% to 210%. This suggests that the analysis was predicting current

components that occasionally happened to agree with the measured values.

In spite of the reasonable agreement obtained for certain components the analysis has
several limitations in the representation of motor behaviour and it was never verified by
application to a large, three phase industrial induction motor. The remainder of this
section reviews the disadvantages of the classical analysis and how these can be
overcome with a finite element analysis approach. Firstly, disadvantages effecting the
current magnitude calculation are considered and then secondly factors affecting the

prediction of the pole-pairs associated with the frequencies are considered.

The analysis was based on empirical formulae and techniques to represent the airgap
permeance in terms of rotor and stator slotting, saturation and airgap eccentricity. The
motor impedances for the equivalent circuit, the damping and skin effect factors were
also computed. Locked rotor and no-load tests were performed on the test-rig motor to
determine experimentally the motor parameters. These experimental values were then
compared to calculated values to verify the equations used. The percentage difference
between calculated and experimental values for the motor resistance and reactance was
7% and 14% respectively. This was not considered to introduce a significant error in
the prediction of the current magnitudes. The method for calculating the skin effect
gave good agreement between calculated and experimental tests. The accuracy of the
current magnitude prediction at certain frequencies verified that the techniques used to

model damping and skin effect were reasonably reliable.
When the permeance wave was computed several non-ideal assumptions and

simplifications were made. Most significant of these involved the permeance variation

due to saturation and slotting which will now be discussed. Saturation causes a
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flattening of the airgap waveform in the region of maximum flux density [62], This can
be modelled as a fictitious radial airgap length with twice the number of poles and twice
the frequency of the fundamental flux density. This gives a fully rectified sinusoidal
distribution with an average value corresponding to the product of the radial airgap
length and the saturation factor. The permeance of this fictitious airgap and hence
saturation was derived by Fourier analysis. This model for the permeance due to
saturation is approximate as the fictitious airgap length is not a true sinusoidal
distribution. This is due to the saturation curve being non-linear and the saturation
increasing more significantly as the flux density reaches it peak value [19]. The average

value of the waveform is also dependant on the accuracy of the saturation factor used.

Airgap eccentricity leads to localised saturation in the region of the minimum airgap.

This saturation region is fixed in space for static eccentricity but rotates with dynamic

eccentricity. The classical approach did not take this form of saturation into account

due to the complexity of modelling. A finite element analysis of a motor models the true
B-H curve of the motor and therefore non-linearities are accurately modelled.
Instantaneous flux densities are computed for each element in the mesh, therefore,
localised saturation effects are modelled. This is one of the main advantages of a finite

element approach over classical techniques.

When calculating the permeance terms due to stator and rotor slotting the work of
Heller and flamata [63] was referenced to model the variation in permeance due to the
stator and rotor slots. Heller and Hamata considered the flux density to vary over a slot
as shown in Figure 2.8. For constant mmf the flux density is proportional to the

permeance, therefore, the permeance distribution due to slotting takes the form as that

of the flux density distribution.
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Actual rotor slot shape Actual stator slot shape

It is difficult to show in the diagrams but the edges of
the actual slots arc rather rounded

Figure 2.8 Permeance Variation over a Rotor or Stator Slot

However, the simplified slot shape used in the analysis is considerably different from the
stator and rotor slots in the test-rig motor that was modelled by Cameron and
Thomson. A very square sided totally open slot shape is assumed which differs from the
semi-closed more rounded reality. Therefore, the slotting terms in the overall
permeance wave do not include the permeance variations in the airgap due to the actual
slot designs. A finite element analysis can model the actual permeance variation due to

the true slot shape and not a simplified shape.

The non-representation of the true slot shape is also a drawback in Equation 2.3 for
calculating the pole-pairs of the frequencies. The term n, is the static eccentricity integer
which in the basic analysis shown thus far has been equal to 1. Cameron also considered
It only equal to 1 It is used to describe the permeance variation due to static

eccentricity as Equation 2.4 illustrates [20]:

=00
A ()= XA Iscos (2.4)

e
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Taking n, = 1 (basic analysis) models the permeance variation as if the slots WEre
sinusoidal in shape. As n* approaches infinity the permeance variation becomes mMore
like that due to a square sided totally open slot (square wave shape) which is more
representative of the true slot shape, It is therefore a gross simplification to only
calculate the pole-pairs based on n, =1 as was performed for the basic analysis. If the
analysis is taken further and n. = 2 or 3 etc. it is possible for other frequency
components in the flux waveform to now be compatible with the stator winding
harmonic pole-pair numbers. As an example take the 1278Hz component in Cameron’s
results. With the basic analysis n, = 1, m = 90, 88, 18, 16, which was not compatible
with the stator winding. With saturation also included : m = 94, 92, 86, 84, 22, 20, f4,
12 which makes it compatible. This provided a plausible explanation for his
experimental results as the component did not really increase significantly until very
high static eccentricity levels where saturation might have an effect. However, the fact
remains that the component was present in the spectrum when the basic pole-pair
analysis predicted it was incompatible. It could be said that its presence was a result of
winding asymmetries, however, if the pole-pair analysis is revisited with n, I then

another explanation presents itself.

If n, =2 then the pole-pairs at the 1272Hz component are all odd: 89 + 2 and 17 + 2,
not compatible with the stator winding.

However, ifn, = 3 then the pole-pairs are 92, 86, 20,14 which are compatible with the
stator winding so this component would present in the current.

If saturation is then included with n, = 3 and n,, = | then the pole-pairs are: 92, 86, 20
and 14 all 4 - 96, 90, 88, 82, 24, 18, 16, 10.

So even if saturation is present at high static eccentricity levels the component is still

compatible with the stator. This more in depth analysis also ties in with the experimental

observations.

As discussed later, the basic pole-pair analysis (n. = 1) has predicted that the pole-pairs

of certain flux components would not be compatible with the stator winding when they
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have been clearly present experimentally. This was in another motor which was
considered to be symmetrical, so second order effects would be minimal. This gross
simplification in the pole-pair analysis is a major drawback. There is also the limitation
when trying to calculate the pole-pairs of the static eccentricity components (principal
slot passing frequencies) when static and dynamic eccentricity are considered together.
This is where a finite element analysis has a significant advantage over the classical mmf
and permeance wave approach. The actual slot shape is modelled and it therefore
predicts the true frequency components which will be present in the current. This
completely models what happens experimentally and it can also cope with combinations

of static and dynamic eccentricity.

In addition to these limitations in the representation of saturation effects and actual slot
shape, the classical approach required extensive design details so there is no advantage
over a finite element analysis approach in this respect. The technique was not applied to
a large industrial induction motor to predict the current component magnitudes. The
verification of a technique on a large industrial motor is an important part of the
development process [20, 21]. The finite element approach reported in this thesis has

been applied to a large industrial motor.

2.6 Finite Element Analysis of Airgap Eccentricity

I"ecently with the advent of more powerful computers finite element analysis of
induction motors has become a feasible option and it has been extensively used for

motor design and investigations of various fault conditions. Chapter 3 presents a brief

background to finite element analysis and its application to induction motor analysis.
The finite element analysis technique applied in this research is also discussed,
therefore, the purpose of this section is to review the application of finite element

techniques to the analysis of airgap eccentricity problems in induction motors. The

following paragraphs review published literature in this area, there has not been an
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abundance of work carried out on this topic hence the small number of papers

discussed.

Much ofthe published work has concentrated on the calculation of the forces present in
a motor with airgap eccentricity. As mentioned in the section on UMP a two-
dimensional time-stepping finite element analysis was used by Arkkio and Lindgren [30]
to calculate the UMP due to static eccentricity. The analysis based on the principal of
virtual work was used to calculate the forces acting on the rotor of a 30kW 2-pole and
a 15kW 4-pole motor and was verified by comparing measured and computed forces.
The effects of equalising currents, slotting and saturation were taken into account in the
analysis. The effect of supply frequency, loading and the level of airgap eccentricity on
the UMP were investigated. Lower supply frequency caused the UMP to be larger as
the flux variation was too slow to induce effective equalising currents which tend to
reduce the magnitude of the UMP. The UMP was also found to increase with load and

the level of airgap eccentricity.

Arrkio [64] then extended this analysis to include dynamic eccentricity, however, static
and dynamic eccentricity were considered separately and the forces in the motor due to
the combination of static and dynamic eccentricity were not computed. For both types
of eccentricity parallel connections in the stator winding resulted in a reduction in the
UMP compared to the series connected levels and this reduction was most noticeable
lor dynamic eccentricity. Increases in supply frequency with fixed dynamic eccentricity
showed that, as for static eccentricity, the UMP decreased. An increase in the load with
dynamic eccentricity initially caused the UMP to decrease and then increase slightly
again, showing that the UMP was highest at starting, this was most noticeable for the 4-
pole motor. Investigations into the UMP with closed and semi-open rotor slots revealed
that a motor with closed rotor slots may produce a larger UMP than a motor with semi-

dosed slots.
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Mercier et al [65] used a two-dimensional time-stepping finite element analysis to
calculate the average forces in the airgap due to static or dynamic eccentricity. The
analysis assumed that all the space harmonics vanish in the airgap except the
fundamental. This simplified the complexity of the analysis and lead to a fast solution
time. The justification provided for neglecting the other space harmonics was that
machines are designed to reduce the other space harmonics and another paper by the
authors showed this to be true if the winding and space harmonics are much smaller
than the fundamental. This approach is satisfactory for quickly determining the principal
force within the airgap, however, it could not be used to analyse the high frequency
effects due to higher order harmonics. An industrial 2-pole 900kW motor was modelled
and the electrical parameters obtained validated the analysis. The average airgap forces
were calculated for static and then dynamic eccentricity, computed results were not

compared to experimental measurements.

DeBortoli et al [66] used finite elements to investigate the effect of series and parallel
connections on the airgap flux density and airgap force distribution with static or
dynamic eccentricity. The finite element analysis used included the effects of induced
currents, saturation, circuit coupling, an external power system, rotor motion and
slotting. The classical permeance wave approach was used to predict low frequency
components in the airgap flux density (less than 200Hz) and the airgap force was taken
as the square of the airgap flux density. The low frequency components which they
predicted were found in the FFT of the finite element computed waveform for the
airgap flux density and airgap force wave. Investigations revealed that circulating
currents resulting from parallel connections of the stator reduce the UMP and the
harmonic components associated with it for both static and dynamic eccentricity. This
correlated with the results obtained by Arkkio. The trends were also in good agreement
with experimental results published by the authors in another paper. The study also
showed that a finite element analysis could successfully generate the expected

harmonics in the airgap flux density waveform. An attempt was not made to predict the
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eccentricity level from the magnitude of these flux density or force wave frequency

components.

Salon et al [67], also part of the group with DeBortoli, used the same finite element
analysis technique to investigate the effect of stator and rotor ovality on the airgap flux
density and magnetic force waves. The classical permeance wave approach was used to
modify the airgap permeance taking into account stator or rotor ovality. The flux
density was taken as the product of the mmf and permeance wave and unique
components due to ovality were predicted. The finite element analysis was applied to
models of the motor with a round stator and rotor, an oval rotor and then an oval
stator. These components due to ovality were not present in the FFT of the flux density
computed by the finite element analysis for the round rotor/stator model, however, they
were present when rotor or stator ovality was introduced. A similar trend was observed
with the predicted components in the airgap force waveform. The components in the
airgap flux density and airgap force waveform were primary harmonics of 200Hz or
less. The finite element analysis was used to look at the relative effects of ovality on
induction motor behaviour and an attempt was not made to predict the degree of ovality

from the magnitudes of the components.

'\l Conclusion

The literature review revealed that the presence of airgap eccentricity can be detected
by on-line current monitoring and that by classical techniques it is possible to predict

the magnitude of some of the current components as a function of the airgap

eccentricity severity. However, this analysis has several limitations in terms of further
investigating airgap eccentricity. Specifically, due to simplifications in the classical

analysis, more realistic modelling of the stator winding, saturation and the actual slot

designs is not possible. This limits the application of the analysis to very basic attempts

at predicting the current component magnitudes as a function of the airgap eccentricity.
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A finite element analysis does not have to rely on permeance wave and pole-pair
analysis to predict which frequencies components will induce current in the stator
winding. By detailed modelling of the motor by finite element analysis the pole-pairs of
the flux waves in the airgap are calculated along with the stator winding harmonic pole-
pairs and the stator winding factors. The finite element analysis therefore correctly
predicts which frequency components will appear in the current spectrum. This
overcomes the gross simplifications that the pole-pair analysis makes when calculating

the pole-pairs of the flux waves associated with the airgap eccentricity frequencies.

As explained in the previous section a finite element analysis models saturation effects
more realistically and localised saturation effects can be computed. The actual rotor slot
shape is modelled allowing investigations into the effect of different rotor slot designs
and the numbers of rotor bars on the current components which are a function of airgap
eccentricity. A literature survey revealed that finite elements had been applied to
problems like the optimum rotor slot shape for maximum efficiency, however, they have
not been used to investigate the effect of different rotor slot designs and numbers of
rotor bars on the current components. This work is presented in Chapter 6 where the

papers covered by the literature survey are discussed.

The classical approach will still be used to calculate the frequency components
(Equation 2.2) and the pole-pairs associated with them (Equation 2.3) to compare the
pole-pair analysis results with the finite element analysis. The finite element analysis will
also be used to bring out the limitations of Equation 2.3 for calculating the pole-pairs
associated with the frequency components. This research focuses on the high frequency
current components due to rotor slotting and airgap eccentricity. It was decided not to
investigate the low frequency rotational speed frequency components (25, 75 Hz) which
are more prone to load effects. Thomson [68] showed that these components can also

be affected by shaft misalignment. In addition these components can easily be hidden in

an FFT spectrum due to skirting effects around the high 50Hz component. Although

this is not a problem for a high quality industrial spectrum analyser, it was uncertain at
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the onset of the project if the MATLAB based FFT programs to be written to process
the finite element generated emf/ current signal would be able to achieve this degree of

signal processing.

The literature search has revealed that finite elements have been used to model airgap
eccentricity, however, they have not been used to predict the magnitudes of the
frequency components in the current spectrum which are a function of rotor slotting,
saturation and airgap eccentricity for either a small test-rig motor or a large, industrial
motor. The effects of rotor slot design and rotor bar number on these components have
not been investigated using finite elements. These are the principal objectives of this

research project as outlined in Chapter 1.
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Chapter 3

Finite Element Analysis of the Test-Rig
Motor

3.1 Introduction

This chapter presents a brief background to finite element analysis. The finite element
analysis software used in this research work is discussed together with the two types of
analysis available, fixed mesh and time-stepping. The motor design details and
experimental tests performed to calculate the motor parameters required for the finite
element solution are presented. Initial results using the fixed mesh and then the time-
stepping finite element analysis are presented with a discussion on the relative merits of
each. This research is based on the application of a finite element package to model an
induction motor. A finite element method has not been developed, consequently, an in-
depth discussion of finite element theory in this chapter was deemed to be

inappropriate.

The application of finite element analysis to engineering problems is relatively recent

and can largely be attributed to the aeronautical industry of the 1950’s [69], Finite

elements were applied to structural analysis problems in aircraft and the work of Turner

et al [70] really heralded the start. As explained shortly, finite element analysis involves
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large algebraic problems and hence requires substantial computational power. In the
early days ofthe 1950’s only the large aircraft companies had main frame computers to
work through the solution and the relatively slow spread of such a versatile technique to
other areas can be attributed to the non-availability of fast, economic, computational
power. Today this is increasingly less of a problem with workstations now capable of
running finite element packages. However, for some more complex problems, especially
3-dimensional modelling, the time and money involved in the computational aspect is
still a prohibitive consideration until the next generation of computers arrive. Work by
Zienkiewicz and Cheung [71] introduced finite elements to electrical engineers in the
1960’s. Finite element analysis has been applied to induction motors for the last fifteen
years and over the last five years has been taken on board by motor manufacturers [1].
In today’s highly competitive market the edge provided by finite element analysis to
design more efficient, quieter and more robust motors is considerable and finite element

analysis is seen as a productivity enhancing tool [72].

The basic theory behind finite elements is the assumption that any continuous function
over a global domain can be approximated by a series of functions operating over a
finite number of small sub-domains. These series of functions are piecewise continuous
and approach the exact solution as the number of sub-domains approach infinity [73]
The global domain (e g. cross section through a motor or a mechanical structure) is
divided into sub-domains called elements, the points defining and connecting the
elements are called nodes. The function that exists over the domain is explicitly solved
for all the nodal points and the value of the function inside the elements is defined in
terms of the element’s nodal variables. This makes finite elements particularly useful for
the analysis of fields. Originally these types of problems were described using
differential equations but due to their complexity only simple geometric shapes could be
analysed. However, with finite elements the difficulty of mathematically solving large
complex geometric problems is transformed from a differential equation approach to an
algebraic problem, wherein the finite elements have all the complex equations solved for

their simple shape (e.g. triangle). The differential equations describing the variables

56



within an element are transformed to matrix form and is now a linear algebraic relation
and not a differential equation. The entire problem can be cast as a larger algebraic
equation by assembling the element matrices within a computer in much the same way
that the real problem is built with many simple pieces of material [69]. These basic
concepts can be applied to electromagnetic fields and hence the application of finite

element analysis to electrical machine design and analysis.

In addition to airgap eccentricity analysis, finite elements have been applied to virtually
every other area of motor design and analysis that had once been solely the domain of
classical techniques or impossible to model classically. These areas are not relevant to
the work of this thesis so a very brief resume of selected papers from the literature
review is given to gain an appreciation of the wide spread use of finite element analysis.
Motor faults such as broken rotor bars [74] and phase failure conditions [75] have been
modelled A considerable amount of work has focused on the design aspect of induction
motors. For instance, finite elements have been used to calculate the equivalent circuit
parameters [76], the resistance and inductance of the end rings [77], [78] respectively.
Losses have been estimated including resistive and eddy current loss [79] and saturation
effects have been investigated [80, 81]. Finite elements have also been used to

investigate the optimum rotor slot shape and the effects of slot shape on harmonics,

these papers are reviewed in detail in Chapter 6.

Finite element methods applied to induction motor analysis are based on the same
Fundamental principles. They differ in the way the rotor movement is incorporated and
how the rotor currents are calculated. Basically there are two types of solution
available; fixed mesh where the rotor is fixed in space and time stepping where rotor
movement is incorporated. The rotor currents can be calculated by either an eddy
current or a circuit model for both forms of rotor movement. Williamson [82] presents
an excellent review of the theory behind the different methods available for induction
motor analysis. Two finite element methods were used in this research project. Initially

a fixed mesh model using an eddy current model to calculate the rotor currents was
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used. An early result using this method is presented then the limitations of the method
compared to a time stepping approach are discussed. The results presented in this thesis
are based on a time stepping method using an eddy current model to calculate the rotor

currents.

The finite element packages used in this research have been developed by the
collaborating company. A selection of the papers published on the development of these
methods will be reviewed. It is appreciated that others have taken the fundamental
principles and developed finite element methods. However, the research presented in
this thesis has not involved the development of a finite element method but the
application of methods already developed. Therefore, a review of published literature
on finite element methods was deemed irrelevant. The reader is directed to

Williamson’s review paper [82] for references to other finite element methods.

The methodology behind the fixed mesh analysis that was initially used to model airgap
eccentricity is outlined by Parkin et al [83], The method used was based on a 2-
dimensional finite element current formulation linked to an external circuit to enable the
solution to be driven from a constant voltage source. All functions are assumed to vary
sinusiodally with time. This results in a fixed value of permeability for each element in
the model. To obtain an average reluctance through the time cycle, the permeability of
each element is based on the peak flux density. This value was calculated from an a.c.
B-H curve. End effects are modelled by increasing the conductivity of the rotor bars to
include the effects of temperature and the rotor end-rings. The stator end-winding is
included in the external circuit linked to the finite elements using a value of the stator
end-winding leakage reactance. The stator resistance is also included in this external
circuit. Both these values are per phase. The method was validated by modelling test -
rig motors ranging from a few hundred watts to tens of kilo-watts and good agreement
Was obtained between experimental and modelled values of stator current and
forque/speed. The time stepping method is described in [84]. It was also driven from a

constant voltage source. Rotor movement was incorporated by restitching the rotor and
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stator meshes in the airgap at each new position of the rotor with the stator remaining
stationary. The method was successfully validated on induction motors used in rail
traction applications. There are significant advantages of a time stepping formulation

compared to the fixed mesh approach which will be expanded upon later in this chapter.

3.2 Generation of the Finite Element Model of the Test-Rig Motor

The fixed mesh and the time-stepping formulations both required a 2-dimensional cross
sectional model of the motor. The 2-dimensional cross section was known as the finite
element mesh and in it were defined nodes at positions relating to the motor
dimensions. Other nodes were positioned within the mesh to ensure well shaped
elements between the nodes. The optimum shape was a triangle with sides of equal
lengths and in areas such as the tooth tips and the airgap more nodes and hence
elements were defined to give as accurate a representation of the flux distribution as
possible. The number of nodes used had to be considered in terms of the mesh size and
consequent processing time. Figure 3.1 shows the distribution of nodes in the mesh for
the test-rig motor. The mesh contained 6406 nodes and 11,105 elements. In order to
define the material properties of the various parts of the motor each element was
assigned a label. For instance, all the elements in the airgap were given material label
‘A’ and the magnetic properties of that label were defined in the control files as those of
air Appendix 1, Sections All to Al .4 detail all the motor dimensions used to generate
the finite element mesh The phase bands of the stator winding were also defined in the
niesh using labels R, r, Y, y, B, b, this defined the direction of the current flow in the

stator winding and also the direction of the rotating magnetic field.

The software also required control files which contained motor parameters such as

supply voltage, number of poles, stator and rotor winding design, speed of operation

and the material label properties. The type of solution and program outputs required

~ere also specified. The finite element analysis calculated a program output for each

node and element in the mesh. These outputs, for example, were the magnetic vector
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potential, current density and eddy current loss. Post analysis software allowed these
outputs to be displayed on top of the mesh. For example, as shown later, a flux plot
could be obtained for the motor. In addition to these features the time-stepping analysis
outputted a file containing the data points for the variation in stator current and stator
emfwith time. It was these outputs that were utilised in this research to investigate the
frequency components of interest. Results for this will be shown later. The next section
details the calculations and experimental investigations undertaken to acquire the motor
parameters for the control files. Early results using the fixed mesh and the time-stepping

methods are then presented.

Figure 3.1 Finite Element Mesh of Test-Rig Motor
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3.3 Determination of Test-Rig Motor Parameters

3.3.1 Test-Rig Motor Specification

The complete test-rig motor specification including winding and distribution factors can

be found in Appendix 1, however, the main parameters are shown in Table 3.1.

Parameter Value
Power 11 kW
Frequency 50 Hz
Phase 3
Line Voltage 415 V
Full load current 20 A
Speed 1420 rpm
Poles 4
Connection delta
Airgap length 22 thou = 2 thou

(0.56mm = 0.05mm)

Number of stator slots 36
Number of rotor slots 51
Skew none

Table 3.1 Test- Rig Motor Specification

The motor was rated at 415V line for a delta connection of the phases, however, the

vast majority of large high voltage induction motors are connected in star hence the

laboratory test-rig motor was connected for this mode of operation. This resulted in the

motor operating at reduced voltage and power, however, the results were perfectly

valid as the full load current was still being circulated. The test-rig motor had 240V
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phase (415V line to line) applied in a star connected configuration which resulted in a
full-load current of 11.5A at a speed of 1322 rpm. An unskewed rotor was used, again
to model as closely as possible the configuration of larger motors. The rotors used by
Cameron were both skewed so his results would have been affected as skew is
introduced in a motor to reduce the magnitude of high frequency fluxes. The specially
fabricated unskewed copper rotor had been previously designed and fabricated in house
as reported in [85]. The rest of the test-rig had been constructed using parts provided
by a manufacturer, e g. the stator core assembly, 51 slot rotor laminations, rotor shaft
etc. The stator in this motor was exactly the same as that used by Cameron, hence,
values of stator parameters he calculated were referenced. The airgap length was
nominally 22 thou, however, a £ 2 thou tolerance existed when the rotor was in the
motor. The gap was measured using feeler gauges at both the drive and non drive end
of the test-rig and at N, S, E and W positions. The airgap length measured varied from
21-22 thou, therefore, including an error in measurement of at least { thou the resultant
tolerance was = 2 thou The copper rotor was also found to expand in diameter with
prolonged running especially with high airgap eccentricity levels adding to the heating
effect. This further reduced the airgap length and did effect the magnitudes of the

current components, this is discussed later.

Static and dynamic eccentricity were introduced into the test-rig motor in a controlled
fashion. Shims of known thickness (11 thou for 50% static) were inserted between
blocks on the base plate and the feet of the stator frame. This offset the stator core by a
certain amount therefore introducing static eccentricity. Dynamic eccentricity was
introduced by fitting heat shrink collars to the rotor shaft where it sat in the bearings.

These collars were then skimmed on one side so that when rolling in the bearings the
offset introduced caused the rotor to trace out a path which resulted in a rotating
minimum airgap. This modelled dynamic eccentricity due to a mechanical problem, for

instance bearing wear. This was a more realistic modelling of the condition compared to

skimming the actual rotor as performed by Cameron which would effect the magnetic

symmetry of the rotor.
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3.3.2 Locked Rotor and Open Circuit Tests

This section presents the results of locked rotor and open circuit tests to calculate the
motor parameters required for the finite element solution. Reference [86] was used for
calculating the parameters from the test results. (The individual equations in this
process have not been assigned numbers as they were too numerous and were not
referenced again. Non standard equations which were referenced within the thesis such
as for the referred rotor resistance and the stator end-winding leakage reactance have
been assigned numbers). The locked rotor and open circuit tests and the performance
tests carried out to validate the equivalent circuit developed were carried out for the
motor in delta connection with 415 V line to line. The parameters derived are no
different from those if the tests had been carried out in star as the full load current was

circulated in each case.

No-Load Test Results

The exact equivalent circuit on no-load was used since the stator resistance R| and the
stator reactance jX, were obtained experimentally and calculated from design details
respectively. An accurate stator resistance measurement was made when the motor was

at normal operating temperature (80°C £ 2°C). Values of motor resistance required by

the finite element analysis had to be the resistance value at operating temperature, not
21 °C, as the finite element analysis could not incorporate temperature effects, The value
of stator resistance was 2Q = 0.01Q. The value of the stator inductance had been
calculated from design details by Cameron [19] using well established empirical
methods. The value obtained was j2.27Q. Cameron validated all his calculated
equivalent circuit parameters by experimental investigations. He found that calculated
and experimentally derived resistances differed by 7% and calculated and experimentally
derived reactances differed by 14%. Also taking into account the accuracy of certain

predicted current component magnitudes these factors suggested that Cameron’s

calculated values for the required parameters such as jX| could be used with reasonable

63



confidence. Appendix 2, Section A2.l details of the calculation performed to acquire
the no-load equivalent circuit parameters. Values obtained were R, = 2Q,yX, = 2.27Q,

Rc = 513.14Q and /X,,, = 63.86Q.

Locked Rotor Test Results

A locked rotor test was performed with measurements taken per phase and the results
are shown in Appendix 2, Section A2.2. The motor was known to be slightly
unbalanced between phases hence the reason for testing each phase. The temperature of
the motor during these tests was normal operating temperature 80°C + 2°C. This meant
that the value of effective rotor bar conductivity calculated from R'2 incorporated the
effects of temperature. This conductivity is calculated in the next subsection. Appendix
2, Section A2.2 details the calculations performed to acquire the locked rotor

equivalent circuit parameters. Values obtained were R'2 = 2.254Q, yX'2 = 1.615Q.

3.3.3 Performance Tests for Equivalent Circuit Validation

To verify the accuracy of the above equivalent circuit, performance tests were carried
out at different loads and the measured values of parameters like the input power,
current and power factor were compared to calculated values using the equivalent
circuit. The calculation for full load using the equivalent circuit is presented in
Appendix 2, Section A2.3. The calculated values were then compared to the measured
values. A summary of calculated and measured values for full load is shown in Table
3 2. The same process was carried out at different loads and the comparison of
calculated and measured results for input power, current and power factor are shown in

Figures 3.2 to 3.4.
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Parameter Calculated from

Equivalent
Circuit

Input Power 11.94kwW
Input | (phase) 115 A
Input | (line) 19.92 A
power factor 0.834 lag

Measured

Experimental

11.775 kW
11.05 A
19.14 A

0.86 lag

Difference

165 W
0.45 A
0.78 A

0.026

% Difference

14
3.9

Table 3.2 Summary of calculated and measured values for full load condition

The results calculated using the equivalent circuit are reasonably accurate with the

percentage differences between calculated and measured values relatively low (below

4%) in comparison to experimental uncertainties in reading meters and meter accuracy.

For example, the measured phase current was 11.05A. A combined meter and reading

error of 0.25A was present which was 2.3%.

Indeed, later experimental results

measured 11.5A for the full load current using the same meter. The validation of the

equivalent circuit was important as the value of referred rotor resistance R'j was used

to calculate a value of effective rotor bar conductivity for the finite element analysis.

Calculated
Measured

Figure 3.2 Comparison of Calculated and Measured Input Power
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Calculated
—O— Measured

Figure 3.3 Comparison of Calculated and Measured Input Phase Current

Calculated
Measured

Figure 3.4 Comparison of Calculated and Measured Input Power Factor
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3.3.4 Rotor Bar Conductivity Calculation

The finite element analysis required a value for the effective rotor bar conductivity. This
had to include the 3-dimensional effects of the end-rings as only a 2-dimensional finite
element analysis was performed. The value of rotor bar conductivity entered into the
analysis had to be increased to give an effective value for rotor bar conductivity taking
into account the end-rings. The value entered also had to relate to the value at the
operating temperature of the motor. As explained earlier that was the reason for
performing the locked rotor tests with the motor at normal full load operating
temperature. Equation 3.1 [88] was used to calculate the effective rotor bar

conductivity.

Ji 1
3.1
o o212 J (3.1)

where k,, = coil pitch factor = 0.9848
k,, = distribution factor = 0.96
Tpi, = turns / phase = 180
R = number of rotor bars = 5!
rbe= r'be = effective rotor bar resistance
p = pole pairs = 2
re = end-ring resistance

1<2 = referred rotor resistance = 2.254 Q from locked rotor test

By equating the end-ring resistance to zero in this equation the value of rbe calculated
included the resistance of the end-ring. From this effective bar resistance the effective

totor bar conductivity was calculated taking account of end-ring effects as required by

the finite element analysis. This calculation is shown in Appendix 2, Section A2.4.
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The value obtained was 1.115x10’ S/m and was the value used for the effective rotor
bar conductivity in the finite element analysis. Originally the standard science data book
value of conductivity for copper was used with temperature effects taken into account.
At that stage a method to accurately include the effects of the end-ring into the rotor
bar conductivity had not been decided upon. It was not thought that the end-winding
would make a huge difference so for the first run the standard value of conductivity of
copper (5.8x10 S/m), recalculated at 80°C (4.42x10’ S/m) was used. The first run
would confirm if the high frequency components were being modelled and that the
mains current was not of a ridiculous value, the current calculation could then be
refined. This value of conductivity resulted in the phase current calculated by the finite
element analysis being too high. It was discovered that the main cause of the problem
was that soft soldered joints at the joints between the bar ends and the end-rings were
increasing the resistance of the rotor considerably. This is discussed in more detail in

Section 3.5 which details early problems and results using the time-stepping model.

3.3.5 Stator End-Winding Leakage Reactance

The stator end-winding leakage reactance was required for the finite element analysis in
order to calculate the stator current resulting from the airgap emf A circuit diagram

explaining where this parameter was used is presented in Section 3.5. The section solely

details the calculations performed. To obtain as realistic a value as possible was very
important as it had direct bearing on the magnitude of the current components. This
was particularly the case at the high airgap eccentricity frequencies where the inductive
reactance X. was larger. As mentioned earlier this test-rig stator was the same
as that used by Cameron, therefore, his calculations could be referenced. He calculated
the stator slot and stator end-winding leakage reactance using a method developed by
Kostenko and Piotrovsky [89]. This approach calculated the permeance of the stator
slots and the stator end-winding as seen by the leakage flux. These permeance
coefficients were then summed and applied to another Kostenko and Piotrovsky

equation to calculate the total reactance for the stator slot and stator end-winding. This

68



method was reapplied to confirm Cameron’s value for the permeance term for the stator
end-winding and then to calculate the reactance for only the stator end-winding. As
Cameron showed [19] the permeance coefficient for the stator end-winding can be

calculated from Equation 3.2:

2/9
A, =057 where _ (3.2)

where:
Zes = permeance coefficient
d = number of slots/pole/phase = 3
ip = pole pitch
tp = winding pitch = 8/9
| = axial length of stator core = 0.146m
p = pole pairs = 2
D = stator core bore = 0.1662m

Substituting these values gives a value of the permeance coefficient for the stator end-

winding ofXe,= 1.27.

The reactance is obtained from Equation 3.3:

od es (3.3)

K - Stator end-winding leakage reactance
T~ frequency = 50Hz

T = turns/phase = 180

+ = axial length of stator = 0.146m

P = pole pairs =2

d number of slots/pole/phase = 3
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EX = sum of permeance coefficients (Only the stator end-winding was of interest Xes -

1.27)

Substituting these values gives X, = 0.78Q as Xe = 2?”. then the stator end-winding
leakage inductance = 2.5mH. Reasonable confidence could be assumed with this value
as mentioned earlier as Cameron did verify the accuracy of his calculated motor
parameters experimentally. However, it was decided to investigate another method to
calculate the stator end-winding leakage reactance as a comparison. The Kostenko and
Piotrovsky method is a simplified approach which had the advantage of not requiring
extensive design details. The stator flux was solely considered and no account was
taken of rotor end-ring to stator end-winding mutual flux. The finite element software
did not model the interaction of flux between the stator and the rotor end-rings,
therefore, to include this effect in the value of the stator end-winding leakage reactance
used in the finite element analysis would model the end-winding leakage effects more

accurately.

A review was carried out of techniques to calculate the stator end-winding leakage
reactance. The calculation of this parameter has been the focus of considerable
research. The majority of early methods, pre-finite elements, used classical techniques
and empirical approximations, Barnes [90] presents a review of these traditional
techniques as does Lloyd et al [91]. These techniques are all based on a permeance
expression approach along the same principles as the Kostenko and Piotrovsky
technique. Honsinger [92] adopted a different approach in that the inductance of the

end-winding was computed directly. The end-winding field was defined in three

dimensions with boundaries representing the frame etc. Volume integrals were used to
relate the inductance to the potential within the boundaries. More recently finite
elements have been used to calculate the end-winding inductance (stator and rotor). A
3-dimensional model of the entire end region was developed by De Weerdt [93] and the

inductance calculated by evaluating the stored energy in the model.
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A finite element analysis approach to calculate the stator end-winding leakage reactance
was not a practical option as a 2-dimensional or 3-dimensional finite element study
would be a project within itself. Therefore, the classical techniques were considered. It
was decided to use the method proposed by Alger, the derivation of which is presented
in [62]. This method is often used by electrical machine designers in industry. This
approach also took into account the mutual flux between the stator and rotor end-rings,
however, the disadvantage was that extensive end-winding design details were required.
The end-winding leakage flux was resolved into axial and radially directed components
in order to simplify the analysis. The two components were then summed to compute
the resultant field. The reactance was then calculated from the current and induced

voltage in the end-winding. The equation proposed by Alger is shown below (Equation
3.4):

| Dlog ™~ T - H

where

1 = depth of stator slot

| he motor dimensions described in this equation can be found in Appendix 1, Section

A15. The only new terms not prevoiusly defined are: g = number of phases = 3 and

P = pitch factor = 8/9. In this equation P = pole-pairs. The term on the left hand side of

the plus sign is the peripheral end-winding leakage reactance and the term on the right
IS the end-winding leakage reactance produced by axial end currents. The disadvantage
in Alger’s analysis was in the definition of the angle a used in determining the stator

end-winding leakage reactance. This angle defined the angle at which the coil bends

towards the coil end. Alger’s analysis was based on a coil shape that differed somewhat

from the actual coil shape in the test-rig motor end-winding as shown in Figure 3.5. The

shape of the test-rig motor coil was obtained by tracing out the path of a coil with a

71



length of wire and then marking out the bend of the wire on paper. The diamond shape
end-winding assumed by Alger clearly defined a. The value chosen for this angle had a

considerable effect on the reactance value calculated.

Actual coil
shape

Figure 3.5 Definition ofthe Angle of Bend a of the Stator End-Winding Coils

With reference to Figure 3.6 the angle is important in the calculation as it determined

the proportion of axial and radially directed flux at each point along the coil. For

enstance in the region marked X in Figure 3.6 the angle a = 0 there was no axial flux

component in this region. By using a protractor to measure the angle of bend of the
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test-rig motor coil it was decided that a value of a = 30° was a reasonable estimate of
the average angle of bend. It is appreciated that this introduces an error into the

calculation of the end-winding leakage inductance.

Actual coil
shape

Figure 3.6 Selection ofthe Angle of Bend a for the Test-Rig Motor Coil

Table 3.3 shows the inductance value calculated for the chosen value of a and other

values to provide an idea of the error introduced by the selection of the angle.
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Value of ot (°) Les (mH)

20 1.22
25 1.33
30 1.45
35 1.60
40 1.90

Table 3.3 Effect ofot on the Value of Les

As can be seen from Table 3.3 that the value of stator end-winding leakage inductance
was considerably less than was calculated by Kostenko and Piotrovsky method, 1.45
mH compared to 2.5 mH. The lower value obtained via Alger’s method was attributed
to the difference in the test-rig motor coil shape compared to that assumed by Alger. In
addition to the uncertainty for the best value for ot an error was also introduced as the
straight part of the test-rig motor coil (region x = 0.017m in Figure 3.6) was not
included in the analysis. In this region an additional flux due to peripherally directed
components of the end-winding current was present and there was no axial flux in this
region. The peripherally directed flux in this region increased the value of the stator
end-winding inductance, however, by not including it the calculated inductance value
was lower. It was decided to use 2.5mH as calculated by the Kostenko and Piotrovsky
method in the finite element analysis. This value could be assumed to be reasonably
accurate as Cameron verified by experimental tests that the difference between the
calculated and measured total motor reactance was 14%. If the unrealistic scenario of
all this error being associated with the stator end-winding leakage reactance was taken
then the value of inductance was 2.5mH + 3.5 x 10" mH which was a relatively small

error.
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3.4 Initial Finite Element Result using the Fixed Mesh Model

Initially a fixed mesh solution was performed. Rotor movement was not incorporated
during the analysis so the solution obtained was for one position of the rotor and one
instance in time. Two meshes of the motor were created, one for a concentric motor
(uniform airgap) and a second for the test-rig motor with 40% static eccentricity. The
static eccentricity was introduced into the model by moving the stator away from the
centre axis of the motor. Figures 3.7 and 3.8 show the plots of the variation in magnetic
vector potential for a concentric airgap and the motor with 40% static eccentricity,
respectively. The plots were interpreted, in that where there were more lines of
magnetic vector potential and they are closer together then the flux density was greater
Therefore, in Figure 3.7 with the uniform airgap the flux was distributed uniformly over
the four poles of the motor. Flowever, in Figure 3.8 where the minimum airgap was at
the 3 o’clock position there was clearly more flux flowing. This is expected as the side
of the minimum airgap offers the path of least reluctance to the flux. This was a very
early result which confirmed that the finite element software was capable of modelling

the effects of static airgap eccentricity on the motor.

Figure 3.7 Distribution of Flux for the Figure 3.8 Distribution of Flux for the

Motor with 0% Static Eccentricity Motor with 40% Static Eccentricity
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These investigations also showed that the fixed mesh analysis was not capable of
modelling the motor to the sophistication required to properly investigate airgap
eccentricity. In reality this fact was already known without carrying out these
investigations, however, at that point in time the University had not received the time-
stepping package. There were considerable advantages with a time-stepping finite
element analysis in comparison to a fixed mesh solution. The most important of these
was the automatic incorporation of rotor movement in the solution. In this research
work the objective was to produce a frequency spectrum of the airgap emf and motor
current signals generated by the finite element analysis. This required a continuous time
series of points to make up a waveform to perform an FFT. The only practical method
of doing this was by a time-stepping formulation with each point in the waveform
relating to a new position of the rotor. There was of course the penalty of the CPU time
to perform a full finite element analysis at each time-step, however, there were other

significant advantages as outlined below [82].

With a fixed mesh model in order to incorporate rotor movement via slip frequency
transformations, variables (e g. flux) are assumed to vary in time sinusoidally. The
drawback of this is that magnetic saturation is accounted for using localised values of
reluctivity that are time averaged. By redoing the finite element analysis at each position
of the rotor sinusoidal variation of the field quantities does not have to be assumed.
Therefore, instantaneous values of reluctivity are used rather than time averaged values.
Airgap permeance variations due to slotting, the movement of the rotor teeth past the
stator teeth, are included in the time-stepping field model. This was of considerable

miportance in this work as the frequency components of interest were a function of

both static eccentricity and rotor slotting. The next section details the time-stepping

analysis of the test-rig motor.
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3.5 Initial Time Stepping Analysis of the Test-Rig Motor

3.5.1 Procedure

A time stepping analysis of the test-rig motor resulted in two time domain waveforms,
the motor phase current and the induced stator emf. The induced stator emf is the
voltage across the stator as if the winding was open circuited. For both signals the
stator winding factors have been taken into account. The current can be calculated from
the stator emf by applying it to an equivalent circuit modelling the stator resistance and
end-winding leakage inductance. An FFT algorithm in a mathematical package was the
basis of software developed to produce the frequency spectrums of the finite element
generated time domain phase current and induced emf. The induced emf was used to
calculate the magnitude of the fundamental and airgap eccentricity current components
and the current signal was used to verify the magnitude of the 50Hz component
calculated from the emf signal. The procedures for these calculations are now

explained.

( urrent Spectrum:

In Figure 3.9, similar to that presented in reference [84], the procedure to obtain the
current spectrum is shown. The finite element analysis computes the airgap emfwhich is
then applied to the equivalent circuit modelling the stator resistance and the stator end-
winding leakage reactance to calculate the current. Software was developed by the
author based on MATLAB to perform and display the current spectrum. The frequency
and dB scaling were set to exactly model the spectrum produced on the test-rig motor
current by the calibrated laboratory spectrum analyser. This resulted in the dB current
niagnitudes of the finite element current being directly comparable with the dB

'‘Magnitude of the test-rig motor current components. The development and testing of

this software is described in Chapter 4. The software was thoroughly tested using

MATLAB to ensure that the magnitudes and frequencies displayed in the spectrum
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were representative of the original time domain signal. This testing eliminated the FFT

software as a potential problem if the finite element results were not as expected and

was therefore very important.

Finite Element Paekage

Rs

i(h

MATLAB

Figure 3.9 Procedure to Obtain the Current Spectrum from the Finite Element Analysis

Spectrum and Calculation of Current Component Magnitudes

in this case the stator emf spectrum was obtained from an FFT of the time domain emf

Signal generated by the finite element analysis, Figure 3.10. To calculate the magnitude

of the current at any of the frequencies of interest the specific components were
identified in the emf spectrum. The emf magnitude in volts was then applied to the

equivalent circuit modelling the stator to calculate the magnitude of the current at those
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frequencies. The principle of superposition was used to calculate the current magnitude
for each frequency component in turn. At the high frequencies of interest the supply
voltage source was effectively a short circuit and it was only the stator emf which drove
a current at the frequencies due to airgap eccentricity. An example of this calculation is

presented later.

The time domain stator emf signal was scaled down by a factor of 2000 and a reference
of 10® applied to display the spectrum in dB. To compute the magnitude of any
component in volts the reverse process was applied. This scaling was chosen only on
the bases of displaying the spectrum on a sensible scale. Unlike the current the emf
spectrum from the finite element analysis was not being compared to experimental

results from the test-rig motor.

Resulting current for component n (amps)
Impedance at that frequency n (ohms)
relevant frequency component

Vih (50Hz)

n
Figure 3.10 Procedure to Obtain the EMF Spectrum from the Finite Element Analysis

and Calculate the Current Component Magnitudes
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3.5.2 Initial Time Stepping Analysis, Problems and Conclusion

The purpose of initial solutions using the time stepping analysis was to get the
calculated fundamental current at the same value as measured on the test-rig motor.
The current and the emf were also checked to ensure that the expected airgap
eccentricity components were present in the spectrums predicted by equations 2.1 and
2.2. They also provided an opportunity to fine tune the spectrum analysis software for
the best spectrum possible. The length of the timestep, that is, the time between each
finite element solution and hence the number of points making up a cycle of current or
emf in the time domain was investigated. The value used was important and a
compromise between a short enough timestep to model the high frequency permeance

effects and CPU time had to be reached.

For a more conventional analysis where only stator quantities would be of interest a
timestep of 0.002s was recommended by the package developers. This would result in
each cycle of emf/current having ten points. However, to include high frequency effects
like permeance variations a much shorter timestep was required. A value of 7.843 x 10’
s was initially used resulting in each cycle of emf/current containing 255 points, that is,
5 solutions per rotor slot tooth. This was less than a suggested value of approximately
15 solutions per rotor tooth. However, these early runs were mainly to check that the
finite element analysis was modelling the motor correctly (correct 50Hz magnitude)
Without taking too long to solve. Investigations with shortening the timestep length, as
described later, were performed after the analysis was confirmed to be working. Five
timesteps per rotor tooth was considered more than adequate initially to model the

permeance variations. It must be mentioned that the developers of the finite element

software (GEC Alstom, Engineering Research Centre) had not used the package to
model an induction motor in this way. Therefore, there was no predetermined optimum
finiestep length already established other than less than 0.002s. This meant that to a

certain degree it was only as the runs were performed that information was obtained to

decide on the best timestep length.
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The first time stepping solution was of a mesh of the test-rig motor with 5% airgap
eccentricity. A good result was obtained with the frequency components predicted by
equation 2.1 present in the emf. The magnitude of the fundamental 50Hz in the current
spectrum was equivalent to 15.8A, higher than the 11.48A measured on the test-rig
motor spectrum. Investigations led to the main cause of the difference being due to the
value of conductivity used for the rotor bars. This had a significant effect on the value
of the current. The value of the stator resistance and the stator end-winding leakage
reactance were also important in determining the current magnitude, especially the
inductance at the high frequencies which were a function of airgap eccentricity.
However, as explained earlier reasonable confidence was had with the values calculated
for these parameters and at 50Hz the stator end-winding leakage inductance was
relatively small. For instance, as Us = 2.5mH then at 50Hz, Xies = 0.78 Q whereas at
1072Hz, Xie = 16.8 Q The focus of investigation was therefore the rotor bar

conductivity.

The copper cage had been fabricated in house some years previously from copper bars
and end-rings. Investigations discovered that the bars had been joined onto the end-
rings by using soft solder joints. It had not been possible to apply enough heat to use
hard solder. These soft solder joints were effectively increasing the resistance of the
rotor cage. Initially the standard data book wvalue for the conductivity of copper
corrected for temperature effects had been used in the finite element analysis. This value
was not a true reflection of the conductivity of the rotor bars as the effect of the soft
solder joints on the conductivity was not taken into account. The resistivity of soft
solder is 15x10® Q/m this is significantly higher than 1.7x10& Q/m for copper. By using
the value of referred rotor resistance from the locked rotor test and Equation 3.1 it was
possible to recalculate a value for the conductivity of the rotor bars taking into account
the effect of the soft solder joints, temperature and the end-ring. This calculation was
explained in Section 3.3.4.

The recalculated value of effective conductivity for the rotor bars was 1.115 xIO’ S/m,

considerable less than the 4.42x10’ S/m originally used. This explained how the
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calculated 50Hz component of current was larger than the experimental. The original
higher value of conductivity resulted in the resistivity being lower and therefore the
rotor resistance being lower. For the same supply voltage this resulted in the higher
current flowing. The analysis was rerun with the new value of conductivity and the
magnitude of the 50Hz component was now 11.3 A (121dB) which was deemed to be in
agreement, within experimental errors, with the experimental value of 11.48A
(121.2dB). Note: These figures are for the 50Hz component in the current spectrum
and cannot be directly compared to the current meter readings as the meter measured

the magnitude of the harmonic current components in addition to the 50Hz.

To further investigate how inaccurate the standard value of conductivity of copper was,
the referred rotor resistance was calculated using design details and the standard value
for the conductivity of copper. Using the rotor dimensions shown in Appendix 1,
Section A 1.3 the resistance of the bars and the end-ring were calculated using the
resistivity value obtained from the standard value of conductivity for copper. This
calculation is shown in Appendix 2, Section A2.5. The value obtained was 0.79Q at
21°C, by using Equation A2.2 [94] this was transferred to 80°C to be comparable with
the value from the locked rotor test. This resulted in a value of 1.04Q. By using the
standard value for the conductivity of copper the referred rotor resistance of 1.04Q was
considerably less than the 2.254Q obtained from the locked rotor test, therefore,

confirming that the soft solder joints were dramatically increasing the rotor resistance.

During these investigations the same procedure was repeated for the 51 bar cast
aluminium rotor that was also used within the Department. The referred rotor resistance
measured from a locked rotor test was 1.9Q. This was obtained from another test-rig
motor with the aluminium rotor. Using the rotor dimensions and the standard
conductivity value for aluminium the bar and end-ring resistance was calculated. The
referred rotor resistance was then calculated using Equation 3.1 and found to be 2.14Q.
Both values were at 80°C. This investigation increased confidence in the equation to

calculate the referred rotor resistance and also confirmed the effect of the soft solder
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joints on the copper rotor, that is, with a cast aluminium rotor (no joints) the standard

conductivity value for aluminium can be used.

After the mains current was of the correct magnitude it was decided that the motor
parameters entered in the finite element analysis were sufficiently representative of the
test-rig motor and with the 50Hz component at the expected level the airgap
eccentricity components would also come into line. The only parameter in which
accuracy would be more apparent at the higher frequencies was the stator end-winding
leakage reactance which resulted in a higher inductance value at the higher frequencies
compared to at 50Hz. The accuracy of this was investigated as various finite element
solutions were performed with different levels of static/dynamic eccentricity and the
calculated current magnitudes compared to the magnitudes obtained experimentally. It
was found that the value used was accurate as good agreement was obtained between

experimental and predicted current magnitudes.

The timestep length and the length of continuous data (continuous cycles of I/emf) were
investigated to optimise the quality of the FFT whist minimising the CPU time required
to complete a solution. CPU power and time were limited so after the initial runs to
verify the mains current it was decided to only halve the timestep to 3.952x10" s, that
IS, 510 solutions per cycle or 10 solutions per rotor tooth. The timestep of 7.843x10"” s
provided a reasonable spectrum and all the expected high frequency components were
modelled However, it was thought that by halving the timestep again that the resulting

spectrum would be much sharper as a result of the improved sampling frequency. This

did result in excellent spectrum quality as seen in the results sections. To decrease the
timestep further was deemed unnecessary in terms of spectrum quality and would have
resulted in runs having taken more than the approximate two weeks already. Reducing

the timestep from 7.843x10” s to 3.952x10” s did not affect the magnitude of the

components displayed in the spectrums.

Investigations were also carried out on how to further reduce CPU time by taking x

cycles of continuous current/emf and then copying the x cycles and adding them into
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the end of the first x cycles. The same record length as before could be obtained
without the same CPU time penalty. Intensive tests were carried out using MATLAB to
ensure that the accuracy (frequency and magnitude) of the FFT spectrums were not

adversely affected by this procedure. Chapter 4 details the FFT software development

and testing.

These early results confirmed that the parameters inputted to the finite element analysis
were correct, that the airgap eccentricity components were being modelled and they
provided an opportunity to fine tune the FFT software. After this the finite element
analysis was used to model the test-rig motor with varying degrees of static and/or
dynamic eccentricity. These results were then compared to the magnitude of the
components measured experimentally. The limitations of the pole-pair analysis for
predicting the pole-pairs associated with the frequencies were also further investigated

using these results. This part of the research is presented in Chapter 5.
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Chapter 4

Signal Processing Software Development

4.1 Introduction and Specification of Spectrum Plot

1 his chapter summarises the work carried out to develop an accurate procedure for the
spectrum analysis of the induced airgap emf or phase current signal produced by the
time stepping finite element analysis. This software was based on the FFT algorithms in
Matlab, a computer based mathematical package. At the time this software was
developed it was unknown if the finite element analysis would model the frequency
components of interest, this would only be discovered after a complete run of the test-
ng motor had been performed and the FFT software had been written. It was therefore
irnportant that the software based FFT process was capable of accurately processing all
the possible components that should appear. This would eliminate Matlab as being the
problem if these components did not appear in the emf/current spectrums or if their
magnitudes were not at the expected level. Consequently, the signal processing
software was thoroughly tested to ensure its correct operation by processing Matlab
generated signals composed of known frequency and magnitude. At the time of
developing this software, before the finite element package was fully investigated, it
Nas thought that the FFT would be applied to only the current signal. In the

explanations in this Chapter the current signal is considered, however, the emf had the

85



same FFT procedure applied to it other than the pre-FFT scaling which did differ from

the current. The processing of both signals was thoroughly tested.

To allow the resulting spectrum plots for the experimental and modelled currents to be
directly compared, the plot produced by Matlab had to be the same as that produced by
the laboratory spectrum analyser in terms of the range of frequency components shown
and the magnitude (rms values on a dB scale). The following sections describe how this
was achieved. As explained in Chapter 3, the induced airgap emf spectrum was
displayed on an arbitrary but sensible scale as a direct comparison with the airgap emf
from the test-rig motor was not required. As the development stages progressed various
limitations of the FFT algorithm became apparent. The FFT algorithm distorted the
magnitude of components in the spectrum and skirting effects severely affected the
performance. The investigations into these problems and their solutions are also

presented.

The FFT had to be capable of displaying components up to 2000Hz with a resolution of
0.25Hz to reproduce the specification of the laboratory spectrum analyser. In reality
such a fine resolution was not required as the components of interest were never closer
than « 25Hz apart. The FFT also had to process components which could be up to
80dB down on the fundamental component, that is, possess a dynamic range of 80dB.
| he spectrum had to be displayed on a dB scale to allow the small airgap eccentricity
components to be visible on the same spectrum as the 50Hz component. The test-rig
motor current was monitored via a clip on current transformer (CT) with a linear output
of 0.1 V/A. Therefore, a 15A phase current produced an output voltage of 1.5V from
the CT. A reference voltage of IOOmV = 100dB was applied to display these voltages
on a dB scale. The software in Matlab also had to process the current signal in this
manner by multiplying it by 0.1, converting each peak value to rms and applying the
same reference voltage. This process led to a direct comparison of the experimental and

modelled current spectrums. The emf values were divided by 2000, converted from
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peak to rms and then the same reference of IOOmV = I00dB was applied. This resulted

in the dB display scale as shown on the emf spectrums later in the thesis.

4.2 Investigation of the Matlab FFT Function

Matlab had a built in function that performed a Fast Fourier Transform [96], The FFT
function employed a radix-2 fast Fourier Transform algorithm if the length of the data
sequence was a power of two, and a slower mixed-radix algorithm if it was not. The
number of points (N) in the FFT could be specified using y = fft(x,N). If the data
sequence x was less than N, the FFT padded x with trailing zeros to length N. If the
length of X was greater than N, the FFT truncated the sequence x. As described below,
it was advantageous to be able to set N to a specific value, so it was decided to use the
above form of FFT compared with y = ffl(x) in which Matlab set the value of N. To
avoid the data being truncated the number of points in the FFT was always greater than
the number of data samples. The frequency resolution of the spectrum, i.e. the

frequency between each line in the plot was defined by the Equation 4.1, [97].

Al = —
N T

where A f= frequency resolution
fs = sampling frequency of data
N = number of points in FFT

T = total record time of data

From this equation it can be seen that if the sampling frequency of the data was
predefined (due to the time-stepping software), then the ability to control N was vital if

a specific resolution was required. If the FFT function had to add zeros to the end of

the data then the total record time also increased thus the above equation always

remained true.
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The operation of the FFT function and the presentation of the resulting spectrum plots
were investigated. A simple sine wave was generated and an FFT applied to it. A
frequency axis was produced and the magnitude of the frequency components graphed.
This procedure is explained in more detail with the program code shown in Appendix 3,

Section A3.1. The spectrum generated by this code is shown in Figure 4.1.

Figure 4.1. Spectrum ofa 50 Hz Sine Wave with Peak Mag. of 100 (A f« | Hz)

Only the first half of the spectrum was displayed (up to 500 Hz) this was because the
FF r algorithm produced an amplitude spectrum which was symmetrical about harmonic
N/2 [98]. All the signal components were fully represented in an amplitude spectrum

plotted up to harmonic N/2 and it was unnecessary to plot further points.

At this point it was observed that the FFT was distorting the magnitude of the
frequency components displayed by defaulting to a large linear scale. The magnitude
scaling of the components produced by Matlab was meaningless, the magnitudes being

much larger than the magnitude of the original signal. The next section discusses the
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effects noticed and the software written to compensate for the distortion of the

component magnitudes.

4.3 Correction of Component Magnitudes in the Spectrum

4.3.1 Investigation of Magnitude Distortion by Matlab FFT

As Figure 4.1 shows, the original magnitude of 100 was increased by the FFT
algorithm. The signal (50 Flz sine wave peak magnitude 100) was transformed using
FFTs of various lengths N. This revealed that the magnitude of the component in the
resulting spectra depended on the number of points in the FFT. The number of points
(N) in the FFT was then kept constant and signals of the same frequency but different
magnitudes were transformed. It was noted that the multiplying factor applied to the

magnitude of the signal was constant as Table 4.1 illustrates.

Mag. of Original Mag. Displayed on Multiplying
Signal Plot Factor
100 10,000 100
200 20,000 100
300 30,000 100
400 40,000 100

Table 4 1. Estimation of Multiplying Factor at Constant Frequency & Different

Magnitudes

Several signals of different frequencies but constant magnitude were then transformed.

The effect on the magnitude was not constant as Table 4.2 illustrates.
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Magnitude = 200

Frequency of Mag. Displayed on Multiplying
Signal Plot Factor
50 20,000 100
500 19,500 97.5
1000 18,500 92.5
1500 17,000 85

Table 4.2. Estimation of Multiplying Factor at Constant Magnitude & Different

Frequencies

These investigations showed that if the multiplying factors could be calculated then the
magnitudes obtained in the plot could be divided by these factors to return them to their
original size. This would therefore provide a proper spectral display, i.e. for a 50 Hz
sine wave of peak magnitude 100 one would expect to see a peak in the spectrum at 50
Hz and magnitude 100 as a rms conversion was not performed. These conversion
factors would operate for that size of FFT (N). They would have to be recalculated if N

changed as earlier investigations revealed that the magnitudes in the plot were affected

by the length of FFT used.

4.3.2 Development of Program to Calculate Factors for Component Magnitude

Correction

The aforementioned investigations revealed that the conversion factor changed with
frequency but stayed constant for any magnitude at any one frequency. With this in
mind a program was written which calculated the conversion factors for each frequency
of interest in the spectrum plot. Since the set of conversion factors was different for
different lengths of FFT, at this point a value of N was selected for experimental
purposes. It was decided to process a data sequence sampled at fs = 5000 Hz, A f=

025 Hz N =20,000 Itwas thought that 0.25 Hz was more than adequate resolution
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considering the closest components would be 25 Hz apart and initially it was thought
that 5000 samples in the emf/current signals from the finite element analysis was

realistic

The methodology behind the program for calculating the factors is now explained
before the code is presented. When a sine wave of a certain frequency was Fast Fourier
Transformed then the resulting spectrum plot had one peak at that frequency as Figure
4.1 illustrated. By finding the value of that peak and dividing it by the original
magnitude the conversion factor was found. It was then possible to change the
frequency of the wave, Fast Fourier Transform it, find the size of the peak in the
spectrum plot at this new frequency and calculate the conversion factor for this
frequency. By doing this for all the frequencies of interest the conversion factors were
calculated and stored in a matrix. They could then be applied to the magnitude values in

the plot to return them to the correct size.

| he values could be calculated for the range of frequencies displayed in the spectrum
and at the intervals defined by Af For this case the range would be 0 - 2000Hz at
0.25Hz intervals. Therefore, a conversion factor was calculated for each line in the

spectrum, so the values of magnitude due to the analysis of any signal could be divided
by the corresponding factor for that line to calculate the original magnitude which was

then displayed.

st had to be remembered when applying an FFT to the signal of interest to have the

same sampling frequency for the data and the same number of points N so that A fwas

the same as that used for calculating the conversion factors. This ensured that the

conversion factors consecutively corresponded to each line in the plot therefore

allowing the data to be divided by the conversion factors point by point.

The code shown in Appendix 3, Section A3.2 generates the conversion factors for a

spectrum where N = 20,000, f, = 5000 Hz and A f= 0.25. This resulted in a matrix of
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length 8001 x | containing the conversion factors. Another short program was written
to apply the conversion factors to the magnitudes of a spectrum plot (contained in
matrix ‘Plot’) to return them to their original values and display the spectrum on the

correct frequency scale. This code is shown in Appendix 3, Section A3.3.

Tests were performed to verify the correct operation of the program. The original signal
of Figure 4.1 was transformed and the correct plot displayed (peak of magnitude 100 at
50 Flz as expected). At this point signals were generated which modelled the type of
signal that the test-rig motor and hopefully the finite element analysis would generate.
The expected frequencies and magnitudes appeared in the spectrum which verified that
the program for generating and applying the conversion factors was working. These
signals contained components of high magnitude with sidebands which were of low
magnitude in comparison; a factor of 100 or more down on the magnitude of the larger
components. With the spectrum shown on a linear scale it was impossible to display
such a plot in a manner similar to the commercial analyser which was clear to see. To
check the magnitude of the smaller high frequency test components the linear scale was
zoomed into, 'fhe next section describes how the linear plot was converted to a dB
display There also seemed to be considerable skirting in the plot It was decided to

investigate this after the dB conversion had been performed in case this might reduce it.

4.4 Display of Spectrum on a dB Scale

As mentioned in Section 4.1, the current signal was multiplied by 0.1 (CT output
0 1V/A), converted to rms and the reference chosen for the dB scale was selected to be

the same as the analyser, i.e. 100dB = 100OmV. After the signal was FFT and the

corrected magnitudes for the plot calculated they were transformed to a dB scale using

Equation 4.2.

Since 100dB = IOOmV
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|
1006/B = 2010gi Q- (4.2)

When Vrcf was known the equation could be used to calculate the dB magnitude of any
linear component. A small program was written to implement this equation on the
values in the matrix containing the magnitudes as shown in Appendix 3, Section A3.4.
This was applied initially to a simple sinewave and the correct magnitude at 50Hz was
displayed However, there were still the degrading effects due to excessive skirting

(picket fence effect), as Figure 4.2 illustrates.

Figure 4.2. Spectrum of 50 Hz Sine Wave Magnitude 10A
A huge skirt was present around the component which extended up the frequency range

which would have affected the display of components in this region. Smaller

components due to slotting and airgap eccentricity could have been hidden by the skirt.
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A procedure was required to remove the skirting to allow components to be displayed

with minimum interference. The next section describes the solution obtained.

4.5 Application of Windows to Reduce Skirting Effects

Signal processing techniques were investigated [97, 98, 99] which highlighted that the
skirting could be reduced by applying a window to the data in the time domain before
the FFT The sampled data values were multiplied point by point by the sampled values
of the selected window function. The skirting or picket fence effect was an unavoidable
limitation of FFT analysis. It occurs when a component in the signal falls between two
adjacent frequency lines in the spectrum. Its energy is shared between neighbouring

harmonics and nearby spectral amplitudes are distorted.

Various types of windows exist, each applying a weighting to different parts of the time
data dependant on the shape of the window, they effectively filter the data.
Consequently, each window when applied to data, will give a slightly different
spectrum The shape of a window can be adjusted by varying the value of a particular
parameter a, part of the technique of windowing is to select by experimentation the
value of a which gives the best results for a particular application. The variation of a
changes the width of the main lobe and the sidelobe fall-off rate, thus emphasising parts

of the signal in different ways.

Matlab had built in window functions, Hanning, Hamming, Rectangular and Kaiser, that
could be applied to the data. Each window had different characteristics and as a result
Were more suited for some applications than others. Research revealed that the Kaiser
Window is favoured for trying to identify between components that are close together
With large differences in magnitudes (similar to those found in the motor current). Due
to its good selectivity it can fully separate two components over a dynamic range of

over 60 dB Adjusting a (increasing it) increases the definition between frequencies, i.e.
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the level of skirting reduces. A Kaiser window was generated using Matlab. The length
of the window generated was equal to the length of the time data to be processed and
the values were multiplied point by point. The value of a was experimented with and

for the skirting to reduce sufficiently required a = 9.

During these investigations it was noticed that the magnitudes of the components were

reduced. The higher the value of a the more the components decreased from the

expected value as Table 4.3 shows.

Window Expected Magnitude from
Applied Magnitude plot
a = window

correction factor

no window 100 100.0

40 40.0

a=4 100 96.9

40 36.4

a=29 100 92.5
40 32.02

Table 4.3 Effects of Windowing on Plot Magnitudes

The reduction in magnitude of the components could not be avoided when the window

applied [98], This was caused by the window reducing the signal energy which was
to be expected as it acted rather like a filter. From [98] a formula (Equation 4.3) could

be used which calculated a factor which the data could be multiplied by. The derivation
of this formula can be found in [98], This factor restored the signal power to the

original level and was applied to the data prior to windowing. The formula for the

factor is:
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X = 4.3)

where N = Number of data points

w(n) = window coefficients

A program was written to generate this factor x as shown in Appendix 3, Section A3.5.
The operation of the program was verified using a smaller matrix with numbers that
allowed the result produced by the program to be checked manually. Running the
program generated a value of x = 1.832 for window data where a = 9. The data was
multiplied by this value before the window was applied. A signal was generated with
several components and the spectral analysis process applied. Applying x greatly
improved the magnitude of the components, increasing them to just below the levels
they should be. The value of x was experimented with until the magnitudes were closer
to their expected values. Table 4.4 shows a summary of the results of this. The ideal

magnitudes of the components are: 25, 75, 760 and 780 Hz - 40 dB, 50 and 750 Hz -
100 dB.

Magnitude (dB) of Various Frequency Components (Hz)

X 25 50 75 750 760 780
1.832 37.52 97.7 37.52 97.38 37.2 37.5
2.3 39.15 99.97 39.47 99.65 38.8 39.15
2.5 40.76 100.62 40.76 100.62 40.11 40.11

Table 4.4 Effect on Magnitudes due to Different Values of x
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It was concluded that 2.3 brought the values to within close enough range of the ideal
magnitudes. The compensation for the reduction in energy levels due to windowing had
worked successfully, the figure from the formula gave an initial value from which to

adjust the data Table 4.5 shows the results of the FFT of another test waveform.

Freqg Component Voltage Mag. (V) Expected dB Mag. Spectrum dB Mag.

25 0.0001 40 39.47
50 0.1 100 99.97
75 0.01 80 79.91
750 0.1 100 99,65
760 0.001 60 59.85
780 0.01 80 79.91

Table 4,5 Magnitude Values from Spectrum of Test Signal

4.6 Final Tests

fo finally test the software a complex signal was generated that modelled all the
components that would be expected in a signal from the finite element analysis
modelling a real motor. This contained ‘real motor’ components at 50 Hz, odd and even

harmonics of the fundamental and high frequency components due to eccentricity at the

rotor slot passing frequencies. The magnitude of the components were also realistic as

obtained from experimental tests.

Before this signal was processed the data values were converted to rms and to volts
(x0. 1) as performed by the commercial analyser, together with multiplying the data by
2.3 to compensate for the reduction due to windowing, this was equivalent to

multiplying the data by 16.263455976.
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All the small programs were combined to create one large program. To generate a
spectrum all that was required was for the data samples to be in a matrix (y) and to
have generated the window coefficients (wl) and the conversion factors (Conv). The
final program is shown in Appendix 3, Section A3.6. A flow chart of the entire

processing procedure is presented in Figure 4.3.

Convert current to volts by xO. ! and from peak to RMS and apply
factor to compensate for reduction in component magnitude due to
windowing

I"Apply window

Figure 4.3 Flow Chart of Spectrum Analysis Process

This was run several times with different data and worked successfully, one set of
results is shown below in Table 4.6 and Figure 4.4. The magnitudes of the components

"vere found using the command: [f,K] = ginput(i); This positioned a cursor on the

plot and allowed any point to be selected, it then displayed the frequency and magnitude
of that point. There was a small degree of inaccuracy in the positioning of the cursor on

the peak ofa component but not enough to be of concern.
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Frequency Magnitude  Frequency % Calculated  Spectrum % difference

comp. (Hz)  (volts) of cursoron difference  ideal RMS  RMS mag. ideal RMS
plot ideal freq, mag. (dB) (dB) mag. Vers,
vers, plot plot mag.
freq.
50 0.1 50.46 0.92 96.98 96.73 0.25
100 3.162E-06 99.88 0.12 6.98 6.80 2.57
150 1.778E-04 150.11 0.07 41.98 4141 135
200 3.162E-06 200.46 0.23 6.98 6.79 2.72
250 0.0001 249.88 0.05 36.98 .36.88 0.27
300 3.162E-06 .300.36 0.12 6.98 6.47 7.31
350 5.623E-05 349.88 0.0.3 .31.98 .32.03 0.16
400 3.162E-06 399.76 0.06 6.98 6.47 7.31
450 3.162E-05 449.88 0.02 26.98 26.5.3 1.67
500 3.162E-06 500.46 6.98 6.47 7.31
550 1.778E-05 549.88 0.18 21.98 21.68 1.36
600 3.162E-06 600.46 0.07 6.98 7.31
650 0.00001 649.88 0.02 16.98 16.82 0.94
1050 3.162E-05 1050.10 9.5E-03 26.98 26.52 1.70
1074 0.0001 1074.20 0.02 36.98 .36.88 0.27
1098 3.162E-0.5 1098.40 0.04 26.98 1.70
1150 3.162E-05 1150,10 8.7E-03 26.98 26.52 1.70
1174 0.0001 1174.20 0.02 36.98 36.88 0.27
1198 3.162E-0.5 1198.40 0.0.3 26.98 26.52 1.70
1250 3.162E-05 1250.10 8.0E-0.3 26.98 26.52 1.70
1274 0.0001 1274.20 0.01 36.98 36.88 0.27
1298 3 162E-05 1298 40 0.0.3 26.98 1.70

Table 4.6 Spectrum Results for a FFT of a Signal Modelling Real Motor Components

The following spectrum in Figure 4.4 corresponds to the results in Table 4.6.
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Figure 4.4 Spectrum of Modelled Machine Signal

4.7 Experiment with Increasing the Number of Samples Processed

Up to this point, data where f = 5000 Hz, was being processed, this was increased to
10000 Hz. 'Phis was to check the operation of the procedure for processing increased

numbers of data samples. To maintain A f= 0.25Hz, N had to increase from 20,000 to

40,000. The programs for calculating the conversion factors and producing the plot
‘vere modified, modified values are shown in bold in the two programs presented in
4<ppendix 3, Section A3.7. A longer window had to be generated since increasing fs
increased the number of samples to process. It was thought and proved correct that as

~ = 9 was staying constant then 2.3 would still work as the correction factor despite the

longer data length.
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A waveform was generated, successfully transformed and the spectrum accurately

displayed as shown in Table 4.7.

Frequency Magnitude Freq, defined in  Calculated RMS  Spcctnim mag.
Component (Hz) (Volts) plot (Hz) magnitude (dB) (dB)
25 0.0001 25.29 36.98 36.88
50 0.1 50.1 1 96.98 96.73
75 0.001 74.94 56.98 56.62
1050 0.0001 1049.70 36.98 36.88

Table 4.7 Results from Spectrum using Increased Number of Samples

This verified that the alterations that had been made for increasing the sampling
frequency (i.e. more data points) had worked successfully. At that point in time this was
important to ensure changes in the number of data points (sampling frequency) as a
result of the initial runs using the time-stepping analysis could easily be handled. As
Chapter 3 explained two timesteps were used, initially 7.843x10'5 s for testing and
finally 3.9215x10'5 s for all the analysis results. In both cases the aforementioned
procedure was carried out to thoroughly test the programs with the new sampling rates.
As good agreement as shown in Tables 4.6 and 4.7 was obtained in both cases. The
final programs for calculating the conversion factors and displaying the emf and the

current spectrums for the timestep of 3.9215x 105 s Appendix 3, Section
A3.8.

As explained in Chapter 3, experiments were carried out after initial runs had been

performed using the time-stepping analysis to see if it was possible to block cycles of
emf or current together as Figure 4.5 illustrates. This would reduce the CPU time

iieeded to produce the required data length.
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12 cvclcs of current or 24 cycles of current or emf

emf from FEA copy 12 cycles and add onto

the start of the original 12

24 cycles of current 48 cvclcs of current or cnif
or cinf 5,

copy 24 cycles and add onto
the start of the original 24

Figure 4.5 Blocking of Data to Reduce Computation Time

The actual execution of this process was easy as the finite element signal was read from
an UNIX text file into a matrix in Matlab. Using Matlab matrix manipulation functions
the data was blocked as shown above. Investigations focused on the minimum number
of continuous cycles required from the finite element analysis, the number of times the
data could then be blocked and also the effect, if any, on the spectrum quality in terms
of skirting and distortion of the component magnitudes displayed. The testing was
performed in Matlab by generating signals of 12 cycles and then blocking that to 24/48
or generating 24 cycles and blocking that to 48. These spectra were then compared to

one produced from a waveform of 48 continuous cycles.

It was found that it was possible to take 12 cycles of continuous data from the finite
element analysis and block that up to 48 cycles without affecting the magnitude of the
components displayed. The only drawback was a slight increase in the skirting around
each rotor slot passing frequency but this was not large enough to hide, for instance,

smaller dynamic eccentricity components. Any less than 12 cycles of continuous data

began to effect the spectrum quality too much with skirting effects. The skirting was
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occurring as a result of the join between the blocks of data. There was a slight step
between the last point in the first block and the first point in the start of the copied
block. Adding together too many blocks increased the number of steps present and

hence the level of skirting.

These investigations were performed both in Matlab and then on the current and emf
from the finite element analysis. The predictions from Matlab were proved to be correct
as it was found that trying to block too few continuous cycles of data resulted in a very
poor spectrum This verified Matlab as a very powerful and accurate testing tool. In
relation of the 50Hz component, the rotor slot passing frequencies, even with high
airgap eccentricity levels were relatively small compared to the 50Hz magnitude for the
51 slot rotor. However, a finite element analysis on a 44 bar rotor revealed that the
combination of 36 stator slots with 44 rotor slots result in very high magnitude rotor
slot passing frequencies. In this instant the skirting present round these components was
so large that smaller dynamic eccentricity components either side were being lost. In
this case 24 continuous cycles were blocked to 48 (instead of 12 to 48 as before) to

remove the skirting. This allowed all components of interest to be visible.

4.8 Conclusion

Software was successfully developed based on Matlab that allowed a spectral analysis
to be performed on the emf and the current produced by the time-stepping finite
element analysis. The software was written to produce a spectrum as close to that
generated by the commercial analyser thus facilitating the comparison of spectra from
experimental and modelled data. The length of the data sequence to be processed could
be easily increased as could the frequency resolution, if required. Testing the software
xvith a signal similar to that generated by the test-rig motor and the finite element
analysis showed that it was capable of processing a more complex signal in terms of the

number of components and proximity of components to one another. It also
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successfully processed and displayed the large differences in magnitude between

components.

Various limitations ofthe FFT and windowing became apparent during the development
of the software These were due to the inherent limitations of the FFT itself and the
effects of windowing the data to reduce skirting. These drawbacks, which affected the
magnitude of the components, were successfully overcome by original ideas and

techniques developed from the references.
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Chapter 5

Analysis and Experimental Results for
51 Bar Unskewed Rotor

5.1 Introduction

This chapter presents the results of both an experimental and a finite element analysis
study of airgap eccentricity in the 51 bar test-rig motor. An in-depth pole-pair analysis
is presented for this motor based on Equation 2.3 and the limitations of the approach as
suggested in Chapter 2 arc expanded upon with the aid of the experimental results and
the finite element analysis. The Chapter is composed, firstly, of a basic pole-pair
analysis which is developed further both within that section and as the experimental and
finite element results are discussed. The experimental and finite element results are then
presented together in sections relating to the type of fault modelled. For instance, static
eccentricity variations and then another section for static and dynamic eccentricity
variations. Comparisons between the finite element and experimental results and
discussions are presented. There is also a section on purely finite element results, for
instance, a truly concentric motor, to which no experimental comparison could be

made.
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The main objective of this part of the research was to compare the modelled and
experimental current frequency spectra (frequency and magnitude of components) for
the 51 bar test-rig motor for varying levels of static and/or dynamic eccentricity. The
experimental and finite element results were also used to further expand on the pole-
pair analysis and its limitations. In the ideal case for a perfectly symmetrical motor
(supply, windings and magnetic circuit) the frequency components present in the test-
rig motor current should be in total agreement with those in the finite element analysis
current as the finite element analysis models a perfectly symmetrical motor. However,
as previously discussed the test-rig motor was considerably unbalanced and this had to
be considered when investigating the results. In practice the three-phase line voltages
differed by 1% to 2% and the third, fifth, seventh and ninth harmonics were each 1% of

the actual supply frequency voltage to the test-rig.

The processing of the finite element results was explained in Chapter 3, the test-rig
motor set-up will now be explained. The phase current was monitored via a clip on
current transformer (CT) whose voltage output (0.1 V/A via an internal shunt) was fed
directly into the laboratory spectrum analyser as Figure 5.1 illustrates. The linearity of

the CT was + 5% over 0 to 2kHz.

Figure 5.1 Experimental Set-Up
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Photographs of the test-rig motor, CT and spectrum analyser and the copper fabricated

rotor are shown in Photographs 5.1, 5.2 and 5.3 respectively.

The majority of tests were performed at full-load (1322 rpm), however, as motors often
operate at less than full-load, current spectra were obtained for 25% static eccentricity
at lighter loads to compare with finite element analysis results at lighter loads. This
provided an opportunity to investigate the finite element analysis ability to model the
components at lighter loads. The test-rig motor was loaded via a dynamometer (de

generator) whose output was fed into a bank of resistors.

Photograph 5.1 Test-Rig Motor
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15*

Photograph 5.2 Current Transformer and Spectrum Analyser with Plotter

Photograph 5.3 51 Bar Copper Fabricated Rotor used in Tests
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Various levels of static and/or dynamic eccentricity were introduced into the test-rig.
The test-rig motor had an inherent degree of airgap eccentricity of approximately 5 % -
10% static and 5% dynamic eccentricity. Therefore, this combination was the lowest
airgap eccentricity level that was investigated. For safety reasons a maximum value of
50% airgap eccentricity was introduced, this could be as 50% static eccentricity or 25%
static and 25% dynamic. In the finite element analysis it was decided not to attempt to
include in the model the inherent level of static and/or dynamic eccentricity. It was
known that after the test-rig had been adjusted, for instance, taking the rotor in and out,
that this inherent level could change slightly (- + 5%). This contributes to the tolerance
on the experimental results in terms of the exact level of airgap eccentricity present.
Therefore, when the motor is said to have 10% static and 25% dynamic eccentricity,
these are the introduced levels in addition to the variable inherent level. With the finite
element analysis, 10% static and 25% dynamic eccentricity means 10% static and 25%
dynamic in the model and in general the finite element analysis was modelling slightly

ess airgap eccentricity than was present experimentally which had to be taken into

account when discussing the results
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5.2 Pole-Pair Analysis

The frequency components which were observed in the test-rig current spectra were

calculated from Equation 2.2 and are shown in Table 5.1.

Type Frequency fl R nj S p Osa e
(Hz)

pspf 1072 50 51 0 0.1187 2 0 1

pspf 1172 50 51 0 0.1187 2 0 1

pspf 1272 50 51 0 0.1187 2 ! !
de 1050 50 51 -1 0.1 187 2 0 -1
de 1094 50 51 1 0.1187 2 0 -1
de 1150 50 51 -1 0.1187 2 0 !
de 1194 50 51 1 0.1187 2 0 1
de 1250 50 51 -1 0.1187 2 1 l
de 1294 50 51 ! 0.1187 2 ! !

de: dyluiinie eccentricity component; pspf: principal slot passing frequency also a function of static eccentricity

Table 5.1 Frequency Components Investigated by Barbour for 51 Bar Rotor

| he pole-pairs of the dux waves associated with these frequencies for different
combinations of airgap eccentricity were calculated using Equation 2.3. As for the
example in Chapter 2 the analysis is presented in stages for ease of interpretation and
will be further added to as the results are discussed. Table 5.2 shows the stator winding
harmonic pole-pair numbers including some higher ones compared to those shown in

Table 2.2
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Stator winding data; 4 pole, 36 slot, 8/9 pitch, 3 slots/polc/phase, star connected.

Harmonic pole-pairs m:  Fundamental - 2 pole-pairs m = p(6¢c + 1) wherec =0, 1, 2 ..
2 10 14 22 26 34 38 46 50 58 62 70 74 82 86 94 98 106
110 118 122 130 134....etc.

Table 5.2 Harmonic Pole-Pair Numbers for Stator used by Cameron and Barbour

Case I: No static or dynamic eccentricity

+5+ £l +2n™p +/ftlo) where n,=0, nj=0; ng=0,n;,=x1 p=2,

R =51 and S= 36.
mM=R*S+2

Which gives 89 and 17 for +2 which corresponds to nos = +1 and component 1172Hz

and also 85 and 13 for -2 which corresponds to no, = -1 and component 1072Hz

For the 1272Hz component:
m=51+36 (4+2=87+6and 15 +6

Which gives 93 and 21 which corresponds to n"a = 1, nos = | and component 1272Hz

This result showed that the pole-pairs of the flux waves at the principal slot passing

frequencies were odd and not compatible with the stator winding. In actual fact the coil

pitch factor for the 1272Hz component was 0 since the pole-pairs associated with it are
divisible by three. This meant that in an absolutely perfect motor (0% airgap

eccentricity) these components should not be present in the current frequency spectrum.

The finite element analysis was used to model this condition and a result is presented

later. The condition could never be achieved experimentally due to the inherent

eccentricity levels in the motor.



Case 2: Static eccentricity present hut no dynamic eccentricity

m = (/?£5x/z™ £11" £2n™pxng”p] where ns==xI, Uj=0; n, = 0/1, nos - £ 1,

Giving and 14, 12 pole-pairs for 1072Hz
and pole-pairs for 1172Hz
and 20, 22 pole-pairs for 1272Hz

This result showed that the 1172Hz should not be able to induce a current in the stator
winding, however, the pole-pairs of the flux waves for the 1072Hz and the 1272Hz are
compatible with the stator winding and therefore the magnitude of these components
should increase with static eccentricity. It should be noted that if saturation effects are
included for the | 172Hz component then the pole-pairs become; 94, 86, 84, 92 and 14,

22, 12, 20. The pole-pairs at this frequency are now compatible with the stator winding.

As explained in Chapter 2.5.3 this basic analysis (n, = 1) is a gross simplification of the
actual situation where the permeance variation is being modelled as if the slots were
sinusoidal in shape. If for example n, = 3 (with or without saturation included) the pole-
pairs associated with the 1172Hz component are now compatible with the stator
winding, (86 and 14 with no saturation or 88 with saturation). It can be seen from the
experimental and finite element results that this component was actually the largest in

maiagnitude of the three principal slot passing frequencies. This is further discussed later.

Ta.ve 3; Dynamic eccentricity present hut no static eccentricity

I
—_
o
-+
Ul
I+
I+
L
+
-+

where n,=0, nj=x 1 n¢,=0,n0s==% 1 p =2,

From earlier analysis the pole-pairs for the slot passing frequencies were:
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85 and for n,s - 1 for the 1072Hz component
89 and 17 forn,s+ | for the 1172Hz component

93 and for nys + 3 for the 1272Hz component

Now with nji==+ 1,
-1 for the lower dynamic eccentricity components 1050Hz, 1150Hz and 1250Hz
+1 for the upper dynamic eccentricity components 1094Hz, 1194Hz and 1294Hz

The pole-pairs associated with these frequencies are:

1050Hz: 85 -1 and 13 -1 => 84, 12
1150Hz: 89 -1 and 17-1 88, 16
1250Hz: 93 - | and 21 - | 92, 20

1094Hz: 85 + | and 13 + | 86,14
1194Hz: 89 + | and 17 + | ~9O0, 18
1294Hz: 93 + | and 21 + | ~94, 22

file above result shows that only the flux waves associated with the 1094Hz and the
1294Hz component are compatible with the stator winding. This implies that only these
components should be affected by changes in the dynamic eccentricity level. Again the
analysis is grossly simplified when n, = 1 Purely dynamic eccentricity was modelled
using the finite element analysis and this result, discussed later, differs from the

predictions shown above.

Case 4: Both static and dynamic eccentricity present

The pole-pairs of the dynamic eccentricity components with dynamic eccentricity
present were calculated in Case 3, with static eccentricity now included (n, = + 1) this

was applied to the pole-pair values obtained in Case 3;
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1050Hz:
1150Hz:
1250Hz:
1094Hz:
1194Hz:
1294Hz:

This basic result (all odd pole-pairs) indicated that with static and dynamic eccentricity
the dynamic eccentricity components were not a function of static eccentricity in this
motor As explained in Chapter 2 there is the limitation with this analysis in that the
pole-pairs of the static eccentricity components cannot be predicted with static and
dynamic eccentricity combined

do not follow the predictions as all the upper dynamic eccentricity components

and 12+ 1 =>83,85 and 11, 13
and 16% | 72> 87, 89 and 15, 17
and 20+ 1 =>93,91 and 21, 19
and 14 + | => 85, 87 and 13, 15
and 18 + 1 =>89, 91 and 17, 19
and 22 =1 =>095,93 and 23, 21

(1094Hz etc.) were clearly visible.

This analysis will be further developed and referred to as the experimental and finite

element results are presented.
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5.3 Static Eccentricity Variations

5.3.1 Experimental Results

In these experimental investigations the level of static eccentricity introduced into the
test-rig was varied from 10% to 50%. On average the inherent dynamic eccentricity
level was approximately 5% so these investigations focused on the effects of static
eccentricity variations. The current spectra from the motor with 10% and then 50%
static eccentricity are shown in Figures 5.2 and 5.3 on the next page. This was for the
lull load condition of 11.5A at 1322 rpm. The components which are a function of
static eccentricity (principal rotor slot passing frequencies) are at 1072Hz, 1172Hz and
1272Hz as predicted by Equation 2.2. The increase in the magnitude of the components

with increasing static eccentricity is illustrated in Figure 5.4.

Figure 5.2 Current Spectnini from Test-Rig for 10% Static and 5% Dynamic Eccentricity,

Full-Load, 1322 rpm



Figure 5.3 Current Spectrum from Test-Rig for 50% Static and 5% Dynamic Eccentricity,
Full-Load, 1322 rpm

Figure 5.4 Magnitude oFCurrent Components versus Static Eccentricity in Test-Rig
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With reference to Figures 5.2 and 5.3, each component increased in magnitude by more
than 10dB (a range of 12.2dB to 13.2dB) which is a linear increase of more than 3.16
times the original magnitude. This illustrated that these components were clearly a
function of static eccentricity and could be used to quantify the degree of static

eccentricity.

The dynamic eccentricity components were present in the spectra due to the inherent
level of dynamic eccentricity in the test-rig motor. Table 5.6 in the next section on static
and dynamic combinations shows the magnitude that they occurred at for 10% static
and the estimated 5% inherent dynamic eccentricity level. Their magnitude was checked
at 10% and then 50% static eccentricity and the upper dynamic eccentricity components
(1194Hz etc.) did not increase in magnitude with the increase in static eccentricity
(stayed constant to within 1dB). As explained in the next section the lower dynamic
eccentricity components (1050Hz etc.) behaved very erratically. This showed that the
upper dynamic eccentricity components, at least, were independent of the level of static
eccentricity In a motor with a long shaft the high static eccentricity, hence, the
unbalanced forces, could result in dynamic eccentricity increasing due to mechanical
problems with the shaft Hexing or bearing wear. This was not happening in the

experimental case primarily because the motor was not allowed to run for long enough

lor problems to develop and because the shaft was short.

from these results it can be seen that the 1172Hz component was consistently the
largest in magnitude, generally 3dB higher at each static eccentricity level than the next
largest at 1072Hz. The basic pole-pair analysis predicted that the pole-pairs associated
with this frequency were incompatible with the stator winding harmonic pole-pair
numbers compared to those for 1072Hz and 1272Hz. This prediction was based on only

considering the simplified case of static eccentricity (n, = 1) and dynamic eccentricity

Was not incorporated.



These results clearly show the presence of the 1172Hz component in the spectra. Its
presence could have been due to the pole-pairs actually being compatible. This was
possible due to the limitations of Equation 2.3 in considering the actual slot shape and
when trying to consider static and dynamic eccentricity together. The other reason was
that even modelling the true motor behaviour the pole-pairs at this frequency were not
compatible with the stator. In this case the component was only appearing because
second order effects such as winding asymmetry or supply imbalance meant that the
stator winding was receptive to frequencies with pole-pairs at, for example, 88 and 16
The test-rig motor winding and supply were not perfect so second order effects would
be present. Stator winding factors now had to be considered. If the winding factors
associated with second order pole-pairs were larger than those associated with first
order pole-pairs then components with second order pole-pairs would be noticeably
present. As shown in Appendix 4.1, Section A4.1, the winding factors were calculated
for the above situation using the pole-pairs predicted by the basic analysis as an
example.

First order pole-pairs at 14 and 86 possibly associated with the 1072Hz k,, = 0.06
Second order pole-pairs at 16 and 88 possibly associated with the 1172Hz k,, = -0.263

| he winding factor for the second order pole-pairs is 4.4 times larger than that for the
first order pole-pairs. This shows that when second order effects (winding asymn.etry)
are present the pole-pairs associated with the 1172Hz are compatible with the stator
winding The larger winding factor (4.4 times) for the 1172Hz compared to the 1072Flz

winding factor confirms why the current component at 11721 1z is higher (« 3dB).

1 he result of this discussion is that it becomes evident when only the basic pole-pair
analysis was used together with experimental results it could not be unambiguously
predicted or explained which components were really compatible with the stator and
therefore the best to track from a condition monitoring perspective. By including a
finite element analysis into the investigation a better understanding was possible. For
example, Equation 2.3 cannot reliably predict the pole-pairs of the frequency

components in the flux waveform so this leads to one area of uncertainty. In addition.
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because second order effects were present in the motor, components could appear in

the current spectrum which would not otherwise be compatible with the stator.

However, a finite element analysis should accurately predict the pole-pairs of the
frequency components even with static and dynamic eccentricity together and because a
perfect motor was modelled, second order effects were removed from the equation. Ifa
finite element analysis revealed that the 1172Hz component was clearly present in the
spectrum then it can be assumed that the pole-pairs associated with this frequency were

indeed compatible with the stator and that the pole-pair analysis was very limited.

Figure 5,5 shows the effect of load variation on the magnitudes of the components for a
fixed value of 25% static and nominal 5% dynamic eccentricity. The components
change in frequency with load so they are referred to as the components calculated with

Hv.= 1, n,,=-1 and nfy = 1, i\,, = L

Load Decreasing (rpm) (experimental)

Figure 5.5 Effect of Load on Static Eccentricity Components in the Test-Rig Motor
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As expected, with reduced current flowing in the rotor winding the magnitude of the
components decreased, however, the initial rate of decrease was low between 1322rpm
to 1372 rpm. This result was important as motors do not always operate at full-load in

industry. A comparison is made later with finite element results for lighter loads.

5.3.2 Finite Element Analysis Results, Comparison and Discussion

The finite element analysis was used to model variations of 10, 25 37 and 50% static
eccentricity and 0% dynamic eccentricity. The small level of inherent dynamic
eccentricity was not included in these models as later results focussed on combinations
of static and dynamic eccentricity. It was not thought that this would make a great deal
of difference and it provided an opportunity to model purely static eccentricity which is
impossible to achieve experimentally, that is, only one variable parameter. Also, at the
time these results were obtained the collaborating company was modifying the time
stepping program to incorporate dynamic eccentricity. The analysis was performed for
the full-load speed of 1322rpm. The time domain waveforms of the induced stator emf

lor 10% and then 50% static eccentricity are shown in Figures 5.6 and 5.7 respectively.
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Figure 5.6 Time Domain Representation of Induced EMF for 10% Static Eccentricity

Figure 5.7 Time Domain Representation of Induced EMF for 50% Static Eccentricity

Since a purely sinusoidal voltage supply was applied to the finite element model the

harmonic content was minimal, however, the effect of increased static eccentricity is

clearly visible In terms of saturation, with either waveform there was no visible
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flattening of the peaks or a change in the slope in between the peaks which are
indications of saturation being present due to the third harmonic in the flux [100, 101],
However, it is reasonable to say that with 50% static eccentricity some localised

saturation would be present.

The induced stator emf spectra for 10% and then 50% static eccentricity are shown in
Figures 5.8 and 5.9 respectively. With regard to the previously mentioned imbalance of
supply to the test-rig motor, it can be seen in the finite element spectra that the fifth,
seventh .. harmonics are negligible in the finite element analysis compared to the
magnitudes of the components due to static eccentricity. This was due to the pure

sinusoidal and perfectly symmetrical voltage modelled in the finite element analysis.

| here was more skirting in the spectrum for 50% static eccentricity as a result of the
blocking of data as explained in Chapter 4. With the higher harmonic content in the
50% static eccentricity waveform there was a larger step between each point on the
waveform. As a result of this there was a larger glitch at the zero crossing line when
continuous cycles of data were blocked onto each other. This resulted in more spectrum
noise being present, however, thorough testing revealed that this did not affect the

magnitude of the components displayed.
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Figure 5.8 EMF Spectrum from FE Analysis for 10% Static, Full-Load, 1322 rpm

Frequency (Hz)

Figure 5.9 EMF Spectrum from FE Analysis for 50% Static, Full-Load, 1322 rpm



The components predicted by Equation 2.2 and obtained experimentally were present in
the spectra and they clearly increased in magnitude with the 40% rise in static
eccentricity. The dynamic eccentricity components were not present in the spectra as
dynamic eccentricity was not modelled. The current magnitude of each component of
interest was calculated from the emf spectrum using the equivalent circuit explained in
Chapter 3. An example of the calculation for the 50Hz and the 1072Hz component IS
shown in Appendix 4, Section A4.2. The comparison between measured and predicted
magnitudes of the current components which are a function of static eccentricity is

shown in Table 5.3 at the end ofthis subsection, page 130.

Inspection of Table 5.3 reveals that the difference between the experimental and
predicted fundamental 50Hz component was only 0.2dB (0.28A) which confirmed the
finite element analysis of the test-rig motor. The differences between the magnitudes for
the static eccentricity components varied from 2.6dB to 6.2dB. This could still be
thought of as a considerable difference in real current terms, however, the agreement
was consistently closer than was obtained using the mmfand permeance wave approach
and in terms of on-line current monitoring to predict the severity of the fault was a
good agreement. It also has to be remembered that there is a =ldB tolerance on the
experimental results and a *IdB tolerance on the finite element results from a
measurement perspective. The range of increase for the components with a 40%
increase in static eccentricity was similar. For the experimental components this range

was 12.0 to 13.2dB and was 9.2 to 14. IdB for the finite element results.

The finite element results followed a similar pattern to the experimental results in that
the 1172Hz component was largest in the spectra followed by the 1072Hz and then the
1272Hz. As the finite element model of the motor had a symmetrical winding and
supply then second order effects could not have been resulting in the 1172Hz
component appearing in the spectra which was a possibility in the test-rig motor due to
asymmetries. This result suggested that the pole-pairs in the flux waveform associated

with the 1172Hz component were after all compatible with the stator winding which the
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basic pole-pair analysis failed to predict. The only factor still to be discussed is
saturation. It could be that the pole-pairs for the 1172Hz component were compatible
whether saturation was present or not. If saturation was present it could alter the pole-
pair numbers and make them compatible. It could equally be said that saturation could
result in the pole-pairs being incompatible. It was impossible to isolate which of the
aforementioned possibilities was resulting in the 1172Hz appearing. The finite element
analysis accurately models saturation effects including localised saturation due to high
airgap eccentricity, therefore, for this non-ideality, the modelled and real motor cases
were the same. It was possible that in both the finite element analysis and the test-rig
motor that saturation was affecting the pole-pairs associated with the 1172Hz
component and this was how it was compatible with the stator. This cannot be
determined other than to say that for normal operation the flux density in the motor was
not in the saturation region. Localised saturation due to airgap eccentricity, although
undoubtedly present at 50% static eccentricity, would be insignificant at 10% static
eccentricity where the 1172Hz component was still clearly visible in the spectrum. This
suggested that saturation did not play a part in the 1172Hz component appearing in the
current spectra. 'Fhese discussions tend to indicate that the pole-pairs associated with
the 1172Hz component were actually compatible with the stator. If the pole-pair
analysis (pg. 112) is revisited and by taking the analysis further and not assuming the
simple case of n* = | then the pole-pairs ofthe | 172Flz can become compatible with the
harmonic pole-pairs of the stator winding. Ifn* = 3 the pole-pairs become 92, 86. 20, f4
which are compatible with the stator winding. This is the major advantage of the finite
element analysis in that the true rotor slot shape is modelled and therefore takes into

account second order and third order static eccentricity (n, = 2, 3 etc.).

The fact the finite element analysis with no dynamic eccentricity was agreeing with the
experimental result with inherent dynamic eccentricity present also suggested that the
presence of dynamic eccentricity was not affecting the static eccentricity components.
This was confirmed with a finite element result for 10% static with 5% dynamic

eccentricity presented in the next section. For this condition the dynamic eccentricity
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components appeared in the spectrum but the static eccentricity components stayed at

their purely static eccentricity levels to within 0.9dB (within the IdB tolerance).

It is interesting to note that in comparing modelled with experimental results the relative
difference between the 1072Hz and the 1172Hz was slightly different. At 10% static
eccentricity the measured 1172Hz component was 3dB larger than the 1072Hz whereas
the predicted 1172Hz component was only 0.1 dB larger. At 50% static eccentricity the
measured 1172Hz component was 2.8dB larger than the 1072Hz whereas the predicted
1172Hz component was now 5dB larger. An initial thought was that the presence of
dynamic eccentricity in the test-rig was causing this, although the aforementioned result

removed this possibility.

Although the finite element analysis was providing consistently closer agreement
between measured and predicted current component magnitudes reasons were still
investigated for the remaining discrepancy between the current magnitudes. It had to be
taken into account that there was a slightly higher level of static eccentricity present in
the test-rig motor compared to the finite element model due to the inherent level of
static eccentricity. This was estimated at 5 to 10%, therefore, the measured magnitudes
would always be slightly higher than predicted. From Table 5.3 it can be estimated that

the experimental results would be | to 2dB higher due to the extra static eccentricity.

Initial investigations into the remaining difierence in the components focused on the
motor parameters inputted into the finite element analysis, in particular the stator
resistance and stator end-winding leakage reactance. As explained in Chapter 3
considerable care was taken to ensure the most accurate values were obtained. The fact
that the agreements for the 50Hz component and many of the high frequency
components were good, further increased confidence in these values and it was not
thought that these could be realistically improved upon. The main cause of the

difference was later found to be associated with the test-rig motor. Further experimental
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investigations revealed that temperature effects were causing the rotor structure to

expand which was affecting the magnitudes of the current components measured.

The experimental results shown in Figures 5.2, 5.3, 5.4 and in Table 5.3 were taken
after a 3 hour run up of the test-rig motor (continuous operating conditions). During
another set of experiments it was observed that as the motor was left to run the
magnitude of the static eccentricity components increased. The motor was stopped and
feeler gauges used to measure the airgap which was found to have reduced in length
from 22 thou to approximately 20 thou. This reduction in the airgap length was
effectively increasing the static eccentricity level in the motor. Investigations revealed
that the dynamic eccentricity components were unaffected. It was thought that the
copper fabricated rotor was expanding in diameter with prolonged heat. The current
component magnitudes were measured again after the motor was up to operating
temperature (80°C). This was after 20 minutes running as it was a small motor (1 IkW).
Table 5.4 shows the effect that these different conditions had on the magnitude of the

current components at 10% static eccentricity.

Frequency Measured magnitude Measured magnitude Calculated magnitude
component after 3 hour run up after 20 minutes (motor from the FEA
(80°C) up to temperature 80°C))
(Hz) (dB) (dB) (dB)
1072 71.1 67.0 68.5
1172 74.1 70.8 68.6
1272 56.6 55.6 52.9

Table 5.4 Improvement in Agreement between Measured and Predicted Results for

10% Static Eccentricity after the Over Heating Problem was Identified

In summary, the temperature of the copper rotor was the same after 20 minutes and 3

hours but in the latter the iron infrastructure had risen to the same temperature. This
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resulted in the expansion of the rotor and an increase in static airgap eccentricity
(decrease in minimum airgap length). This is the reason for the higher levels after 3

hours.

It can be seen from these results that the measured current magnitudes were now
significantly closer to the predicted levels, 1072Hz now only 1.5dB different compared
to 4. 1dB before. The differences shown in Table 5,3 are actually less than shown for the
static eccentricity variations at 10, 25, 37 and 50% eccentricity. All results from this
point forward (static and dynamic eccentricity combinations) were taken after a 20

minute run up.

Finally, a finite element analysis was performed at 25% static eccentricity for lighter
loads to compare with the experimental results and to investigate the ability of the
analysis to model the components. The component magnitudes decreased in magnitude
as the speed increased. Tests were performed at 1372, 1422 and 1472rpm. A
comparison between measured and modelled current magnitudes for 1372rpm is shown
in Table 5.5 and the decrease in magnitude for the component calculated with n.,, = -1
with increasing speed (lighter load) is shown in Figure 5.10. (The experimental results
shown are higher than actual as they were taken after the 3 hour run up). These results
further confirmed the finite element analysis ability to model the motor accurately under

a wide variety of conditions.
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Frequency Measured Calculated Difference (dB)

Component (Hz) Magnitude (dB) Magnitude (dB)
50 117.8 118.2 0.4
1116 76.7 74.7 2.0
1216 80.3 76.0 4.3
1316 60.7 54.4 6.3

Table 5.5 Comparison of Measured and Predicted Current Component Magnitudes at

1372rpm (s = 0.085)

Figure 5.10 Decrease in Magnitude of the Current Component Calculated with n,;s = -1 with

Load for the Measured (Test-Rig) and Calculated (FEA) Cases
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5.4 Static and Dynamic Eccentricity Variations

5.4.1 Experimental Results

This section investigates the effects of combinations of static and dynamic eccentricity
on the current spectra. The static eccentricity results were for an inherent level of 5%
dynamic eccentricity, for these investigations this level was increased to 25% dynamic
eccentricity and two levels of static eccentricity (10% and 25%) were investigated. As
previously mentioned all results now presented were taken after a 20 minute run-up by
which time the motor was at its operating temperature of 80°C Dynamic eccentricity
was introduced into the test-rig by eccentrically machining heat shrink collars where the
rotor runs in the bearing housing. This procedure was more valid than machining the
actual rotor as was the case with Cameron’s work [19] which would affect the
magnetic circuit of the rotor. When the rotor collars were machined to introduce 25%
dynamic eccentricity it was possible that the inherent level of 5% dynamic eccentricity
could be affected (reduced) by this procedure. Consequently, the results for dynamic
eccentricity at 25% could be at 25% dynamic eccentricity or at a slightly higher level.
When discussing the results the inherent level is taken as 5% and results for introduced

dynamic eccentricity are taken at 25%.

When dynamic eccentricity was present (n, = *1 in Equation 2.2) additional
components appeared either side of the components which are a function of static
eccentricity In the previous results with 5% dynamic eccentricity these components
were present although they were not prominent enough to be highlighted in the spectra.
The magnitude of the dynamic components for 10% static eccentricity and 5% dynamic

eccentricity are shown in Table 5.6, these will be further discussed shortly.
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Frequency Hws “sa Magnitude Magnitude Magnitude
Component Equation 2.2 (dB) (dB) (dB)
(Hz) 10% se 10% se 25% se
5% de 25% de 25% de

50 - 121.0 121.0 121.0
de 1050 -1 0 -1 50.8 44.4 41.8
se 1072 -10 0 67.0 66.4 75.9
de 1094 -1 0 +1 54.6 75.0 74.3
de 1150 +1 0 -1 40.4 39.7 42.8
se 1172 +10 0 70.8 69.0 78.8
de 1194 +1 0 +1 59.0 77.0 76.5
de 1250 +3 1 -1 311 44.6 37.7
se 1272 +3 1 0 55.6 52.4 61.8
de 1294 +3 1 +1 51.2 59.3 60.4

Table 5.6 Magnitudes of the Current Components from the Test-Rig Motor for

Combinations of Static (se) and Dynamic (de) Eccentricity

Table 5.6 shows the increase in the dynamic eccentricity components with the change
from 5% to 25% dynamic eccentricity (fixed static of 10%) in the test-rig motor. These
components, in particular those with nj = 1, were clearly dependant on the dynamic
eccentricity level, for instance, the component at 1094 Hz increased by 20.4dB and the
1194Hz component increased by 18.4dB for a 20% increase in dynamic eccentricity,
fhis was clear evidence of the effect of dynamic eccentricity (20dB = 10 times linear).
(The lower dynamic eccentricity components (1050Hz etc.) were present in the spectra
but they were too small to be clearly highlighted). The effect on the components with a
fixed level of dynamic (25%) with increasing static was investigated. Figures 5.11 and
5.12 and Table 5.6 show the spectra of the current for 10% static with 25% dynamic
and 25% static with 25% dynamic respectively. With a 15% increase in static and a
fixed dynamic of 25% the static eccentricity components increased in magnitude and the
dynamic components remained approximately at the same level. For instance, the 1172
Hz (static component) increased by 9.8dB and the 1194Hz decreased by 0.5dB,
whereas the 1194Hz component increased by 18.0dB when dynamic eccentricity was

increased from 5% to 25%.
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Figure 5.11 Current Spectrum from Test-Rig for 10% Static and 25% Dynamic Eccentricity,
Full- Load, 1322 rpm

Figure 5.12 Current Spectrum from Test-Rig for 25% Static and 25% Dynamic Eccentricity,
Full-Load, 1322 rpm
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These results indicated that the static and dynamic eccentricity components in the test-
rig motor were not a function of each other. For instance, increasing the static
eccentricity with fixed dynamic eccentricity (25%) did not result in the dynamic
eccentricity components increasing nor did increasing the dynamic with fixed static
result in the static eccentricity components increasing. The basic pole-pair analysis
predicted that the dynamic eccentricity components would not be compatible with the
stator winding. In terms of the lower dynamic eccentricity components this appears to
be correct as these components are not immediately visible in the spectrum and at a
level of 40 to 50dB are 70 to 80dB down on the magnitude of the fundamental
component, tn this region they are just about at noise level. From Table 5.6 it can be
seen that unlike the higher dynamic eccentricity components, these lower frequency
components did not clearly increase in magnitude with the jump from 5% to 25%
dynamic with a fixed static level of 10% or stay constant in magnitude with the change
in static eccentricity with fixed dynamic eccentricity. For instance, with the change from
10% static and 5% dynamic to 10% static and 25% dynamic, the 1050Hz decreased
6 4dB, the 1150Hz decreased 0.7dB, only the 1250Hz increased by 13.5dB. However,
with constant dynamic eccentricity and an increase in the static eccentricity the 1250Hz

decreased 6.9dB

Contrary to the pole-pair analysis prediction, all the upper dynamic components were
clearly present in the spectra. As explained for the 1172Hz component for the static
eccentricity variations, their presence could be due to them actually being compatible
with the stator which the basic pole-pair analysis failed to predict or to second order
elTects (winding asymmetry) in the test-rig motor. The finite element analysis leads to
turther understanding of this result. The basic pole-pair analysis could not predict the
pole-pairs associated with the static eccentricity components when dynamic and static
eccentricity were present together, however, each static eccentricity component was
clearly present in the spectra for the test-rig motor. The pole-pair analysis is further

investigated as the finite element results are discussed.
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The effect of load variations on the components, which at 1322 rpm occured at

1150Hz, 1172Hz and 1194Hz, for fixed static (25%) and dynamic (25%)) eccentricity

level is shown in Figure 5.13.

Load Decreasing (rpni)

Figure 5.13 Effect of Load on Static (se) and Dynamic (de) Eccentricity Components

As expected the current component magnitudes decreased with lighter loads. A similar
trend as for the static eccentricity components was noticed in that the fall off was least
between 1322 and 1372rpm (the 1150Hz actually increased slightly). A finite element
analysis was not performed for static and dynamic eccentricity combinations at reduced
load. This was partly a CPU time consideration and also the results for lighter loads
with static eccentricity at 25% had proved that the analysis was capable of modelling
the motor on lighter load, there was no reason to presume that it could not do the same

for the dynamic eccentricity components.
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5.4.2 Finite Element Analysis Results, Comparison and Discussion

Initially purely dynamic eccentricity was modelled at 1322rpm using the finite element
analysis to confirm that the condition was being modelled correctly. Also, the effects of
purely dynamic eccentricity were investigated to see if the components behaved
differently from when static and dynamic eccentricity were considered together. The
results for 5% and then 25% dynamic eccentricity are presented in the next section,
“Purely Finite Element Analysis Results.” In brief, the dynamic eccentricity components
were present in the spectra and at the same level as when static eccentricity was also
present, 'fhis confirmed the independence of the static and dynamic eccentricity

components on each other.

A finite element analysis was performed at 10% static and 5% dynamic, 10% static and
25% dynamic and finally 25% static and 25% dynamic eccentricity for the full load
condition, 1322rpm. Figures 5.14 and 5.15 show the induced stator emf for 10% static
with 25% dynamic and 25% static with 25% dynamic eccentricity, respectively. The
frequencies of the components were the same as predicted by Equation 2.2 and
obtained experimentally. The same trend was followed, with the static eccentricity
components clearly present and increasing with the 15% increase in static eccentricity.
The upper dynamic components were clearly present and remained approximately
constant in magnitude. Similarly, the lower dynamic components, although present,
were not immediately visible in the spectra. (The author apologies for the poor quality

of the y axis label in Figure 5 15)



Figure 5.14 EMF Spectrum from FE Analysis for 10% Static and 25% Dynamic Eccentricity,
Full-Load, 1322 rpm

Figure 5.15 EMF Spectrum from FE Analysis for 25% Static and 25% Dynamic Eccentricity,
Full-Load, 1322 rpm



The finite element analysis current magnitudes for the three modelled fault conditions
are shown in Table 5.7. Direct comparisons with the test-rig motor current magnitudes

will be made later.

Frequency Hws llsa nd Magnitude Magnitude Magnitude
Component Equation 2.2 (dB) (dB) (dB)
(Hz) 10% se 10% se 25% se
5% de 25% de 25% de
50 - 120.7 120.7 120.7
de 1050 1 0 -1 45.1 46.6 52.2
se 1072 -1 0 0 67.6 67.0 72.9
de 1094 -1 0+ 57.7 724 724
de 1150 +1 0 -1 40.5 39.9 48.7
se 1172 +1 0 0 68.3 68.9 77.4
de 1194 +1 0 +1 63.7 78.7 78.7
de 1250 +3 1 -1 331 311 46.8
se 1272 +3 1 0 53.5 53.5 62.3
l

de 1294 +3 +1 48.0 63.7 63.9

Table 5.7 Magnitudes of the Current Components from the Finite Element Analysis for

Combinations of Static (se) and Dynamic (de) Eccentricity

In relative terms this table illustrates a favourable comparison with the trends exhibited
by the test-rig motor components (Table 5.6). For instance, the 1094Hz component
increased by 20.4dB in the test-rig when the eccentricity levels were changed from 10%
static with 5% dynamic to 10% static with 25% dynamic, in comparison the calculated
component increased by 14.7dB. The 1194Hz increased 18.4dB experimentally and
15dB calculated for the same change. The finite element analysis was clearly modelling
the effect of increasing dynamic eccentricity. As for the experimental results the static
eccentricity components remained steady in magnitude with constant 10% static despite
the 25% increase in dynamic eccentricity. When the dynamic eccentricity remained at
25% and the static eccentricity increased from 10% to 25%, the static eccentricity
component at 1172Hz increased by 8.5dB which is a favourable comparison with the

measured increase of 9.8dB. The upper dynamic eccentricity components remained
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steady, less than 0 2dB of a change, however, as for the test-rig motor the lower

dynamic eccentricity components exhibited a very random pattern.

Tables 5.8, 5.9 and 5.10 present comparisons for the measured and calculated current
magnitudes for 10% static with 5% dynamic, 10% static with 25% dynamic and 25%
static with 25% dynamic eccentricity, respectively. Inspection of these tables reveal
excellent agreement between the measured and calculated current magnitudes for all
frequencies the only exception being some of the lower dynamic eccentricity
components. The range of differences for the static eccentricity components was 0.6dB
to 3dB, for the upper dynamic components | 7dB to 4.7dB and finally for the lower
dynamic eccentricity components O.ldB to 13.5dB. The finite element results agreed
with the experimental results and once again these results differed from the basic pole-

pair analysis predictions.

Frequency Current Magnitude  Current Magnitude dB

Component from Test-Rig from FEA Difference
(Hz) (dB) (dB) (dB)
50 121.0 120.7 0.7
1050 50.8 45.1 5.7
1072 67.0 67.6 0.6
1094 54.6 57.7 3.1
1 150 40.4 40.5 0.1
1172 70.8 68.3 25
1194 59.0 63.7 4.7
1250 311 33.1 2.0
1272 55.6 53.5 2.1
1294 51.2 48.0 3.2

Table 5.8 Comparison between the Measured (test-rig) and Calculated (FEA) Current
Components for 10% Static and 5% Dynamic Eccentricity, Full-Load 1322rpm
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Frequency

Component

(Hz)
50
1050
1072
1094
1150
1172
1194
1250
1272
1294

Current Magnitude
from Test-Rig
(dB)
121.0
44.4
66.4
75.0
39.7
69.0
77.0
44.6
52.4

59.3

Current Magnitude

from FEA
(dB)
120.7
46.6
67.0
72.4
39.9
68.9
78.7
311
53.5
63.7

dB
Difference
(dB)
0.3
2.2
0.6
2.6
0.2
0.1
1.7
13.5
11
4.4

Table 5.9 Comparison between the Measured (test-rig) and Calculated (FEA) Current

Components for 10% Static and 25% Dynamic Eccentricity, Full-Load 1322rpm
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Frequency Current Magnitude  Current Magnitude dB

Component from Test-Rig from FEA Difference
(Hz) (dB) (dB) (dB)
50 121.0 120.7 0.3
1050 41.8 52.2 10.4
1072 75.9 72.9 3.0
1094 74.3 72.4 1.9
1150 42.8 48.7 5.9
1172 78.8 7.4 14
1194 76.5 78.7 2.2
1250 37.7 46.8 9.1
1272 61.8 62.3 0.5
1294 60.4 63.9 3.5

Table 5.10 Comparison between the Measured (test-rig) and Calculated (FEA) Current

Components for 25% Static and 25% Dynamic Eccentricity, Full-Load 1322rpm

These results with regard to the pole-pair analysis will now be discussed. In terms of the
static eccentricity components with static and dynamic eccentricity together the basic
pole-pair analysis could not predict the pole-pairs of the static eccentricity components
Both the experimental and the finite element results indicate that they are indeed
compatible with the harmonic pole-pairs of the stator winding. The basic analysis
predicted that with static and dynamic eccentricity the pole-pairs associated with the
dynamic eccentricity components were all odd and therefore not compatible with the
stator winding. The upper dynamic eccentricity components were clearly present in both
the experimental and finite element spectra with the lower dynamic components 70 to

80dB down on the fundamental.

Similar reasoning as applied to the 1172Hz static eccentricity component can be used

for the appearance of the upper dynamic eccentricity components. In the test-rig motor
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their presence could have been put down to second order effects such as winding
asymmetry but this could not be the reason for their presence in the finite element
results as a perfectly symmetrical winding is modelled. It is fair to assume that these
components are actually compatible with the stator (first order harmonic pole-pairs). If
the basic pole-pair analysis is extended and nynj is not just assumed to be one then
compatibility can occur. The only other factor to be considered is saturation. As
explained earlier the effect or not of saturation on the pole-pairs of the components
cannot be determined. However, they were clearly present at 10% static with 5%
dynamic where localised saturation would be low if at all present. Generally good

agreement was obtained for the upper dynamic eccentricity components.

The lower dynamic eccentricity components presented a slightly different picture. The
basic pole-pair analysis predicted that they would not be compatible with the stator,
n/nj = 1 The experimental and the finite element results agreed with this as they were
very low in magnitude (at noise level) for both cases. In the comparison between finite
element and experimental results there was no consistent trend, for instance, the
experimental magnitudes always being larger than the finite element current magnitudes.
If that were the case then the large disagreements could be attributed to the components
appearing experimentally due to second order effects (supply imbalance, winding
asymmetry) which were not modelled in the finite element analysis. The agreement is
generally good at 10% static with 5% dynamic but with 25% dynamic and 10% or 25%
static eccentricity some poor results were obtained. For instance, at 10% static with
25% dynamic the 1250Hz component was 13.5dB larger experimentally and at 25%
static with 25% dynamic it was 9.1dB larger in the finite element results. This could
perhaps have been an effect of the higher dynamic eccentricity level. An explanation for
this was difficult to find especially as there was no trend to the differences for the lower
dynamic eccentricity components and the good agreement obtained for the upper

dynamic components.
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The next section presents the results of finite element investigations into models of
purely dynamic eccentricity, a concentric motor and an extremely high level of static
eccentricity. The analyses were based on the model of the test-rig motor, however, no
experimental comparisons could be made as the situations modelled could not be
attained in the test-rig motor. Conclusions on the results presented in this Chapter will

then follow.

5.5 Purely Finite Element Investigations

5.5.1 Purely Dynamic Eccentricity

The finite element analysis was performed on a model of the test-rig motor for 5% and
then 25% dynamic eccentricity (no static present). This was to check that the modified
version of the finite element analysis program was correctly modelling dynamic
eccentricity. It also provided an opportunity to investigate the effect, if any, of purely
dynamic eccentricity on the frequency components in the motor. This could not be
performed experimentally as there was an inherent level of static eccentricity present.
The stator induced emf spectra for 5% and then 25% dynamic eccentricity are shown in

Figures 5 16 and 5 17, respectively.
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Figure 5.16 EMF Spectrum from FE Analysis for 5% Dynamic Eccentricity, Full-Load.

Frequency (Hz)

Figure 5.17 EMF Spectrum from FE Analysis for 25% Dynamic Eccentricity, Full-Load.
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The current magnitudes of these components were calculated from the emf spectra and
are shown in Table 5.11, the current component magnitudes from the finite element
analysis for combinations of static and dynamic eccentricity as shown in Table 5.7 are

also presented for comparison.

Dynamic Dynamic EMF Calculated Current Mag.
Eccentricity Eccentricity Magnitude from Current shown in Tabic
Frequency Level FEA Magnitude 5.7
Component (%) (dB) (dB) (% de / % sc)
(H2) (dB)
1094 5 36.5 57.7 57.7 (5/10)
1194 5 43.8 64.3 63.7 (5/10)
1294 5 30.0 49.8 48.0 (5/10)
1094 25 50.3 71.6 72.4 (25/10)
1194 25 58.5 79.0 78.7 (25/10)
1294 25 43.8 64.3 63.7 (25/10)

fable 5 11 Current Magnitudes of the Dynamic Eccentricity Components from the

Finite Element Analysis with 5% and then 25% Dynamic Eccentricity.

These results clearly showed that the modifications to the finite element analysis
program were correctly modelling dynamic eccentricity. The components were
occurring at the correct frequencies as predicted by the Equation 2.2 and obtained
experimentally. They also clearly increased in magnitude with a 20% increase in
dynamic eccentricity. The basic pole-pair analysis predicted that only the 1094Hz and
the 1294Hz components would be compatible with the first order harmonic pole-pair
numbers of the stator winding. The 1194Hz was clearly present in the spectra once
again revealing the limitations of the analysis. For this component with Uj = | the pole-

pairs were 89 + | and 17 + | = 90 and 18 which were not compatible with the stator
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However, if the dynamic eccentricity integer is taken as 5 then the pole-pairs become 94

and 22, both of which are compatible.

The magnitude of the upper dynamic eccentricity components remained at the same
level (to within processing tolerances) whether static eccentricity was present of not.
Even the higher level of static eccentricity had no effect. For instance the 1194Hz had a
magnitude of 79.0dB for 25% dynamic eccentricity, and 78.7dB for both 10% static
with 25% dynamic and 25% static with 25% dynamic. This was confirmation of the
independence of the upper dynamic eccentricity components on the level of static

eccentricity.

fhe lower dynamic eccentricity components were not present in the spectra. For
combinations of static and dynamic eccentricity they occurred at induced emf levels of
26 to 30dB, however, for purely dynamic eccentricity even when the spectra was
displayed from OdB to | I0dB they were still not visible. In linear terms OdB compared
to 100dB is 100,000 times less in magnitude. For the case of the lower dynamic
eccentricity components the presence of static eccentricity did have an effect as only
with static eccentricity present did they appear in the frequency spectra. This was a very
interesting result that could not have been predicted experimentally or by the pole-pair
analysis. It is also further evidence that tracking the lower dynamic eccentricity

components from a condition monitoring perspective is not advisable.

The principal slot passing frequencies which are a function of static eccentricity and
slotting were not present in the spectra. This suggested that the pole-pairs associated
with these frequencies were incompatible with the stator winding. It could be that the
presence of dynamic eccentricity was affecting the pole-pairs of the principal slot
passing frequencies or that they were not compatible unless static eccentricity was

present. This will be further discussed in the next subsection.
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5.5.2 A Concentric Motor

A finite element analysis was performed on the test-rig motor model for a totally
concentric rotor, that is, 0% static and 0% dynamic eccentricity. The static or dynamic
eccentricity components were not present in the spectrum for the induced stator emf.
The non-appearance of the dynamic eccentricity components was expected as they are
only a function of dynamic eccentricity. The principal slot passing frequencies could
have been present due to slotting effects, however, as they were not present, the pole-
pairs associated with these frequencies were obviously not compatible with the first
order harmonic pole-pair numbers of the stator winding. In this case the basic pole-pair
analysis predicted this outcome correctly. The pole-pairs for the principal slot passing

frequencies are always odd: m=R+ S x£no,p

The presence of saturation would not result in the pole-pairs of these frequencies being
compatible as they would always remain odd. The combination of 51 rotor bars with 36
stator slots reduced the harmonic content of the stator emf which from a motor design
point of view is desirable. The next chapter presents the results of a finite element study
into the effects of different numbers of rotor bars on the principal slot passing
frequencies which revealed that some combinations of stator and rotor slots are

particularly undesirable.
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5.5.3 70% Static Eccentricity

The highest level of introduced airgap eccentricity into the test-rig motor was 50%
either as 50% static or 25% static and 25% dynamic. This limited the investigation of
the effects of very high airgap eccentricity on the motor due to safety reasons.
However, the finite element analysis could be used to model the effects of high airgap
eccentricity in an electrical and magnetic sense. It was found that in order to still create
decent shaped elements in the airgap that a maximum level of 70% airgap eccentricity
could be modelled As computation time was only available to perform one solution in
this area it was decided to introduce this as static eccentricity in the model as in reality a
higher static eccentricity level would be more likely to develop than a high dynamic
eccentricity level due to very severe bearing wear and noise. Even with the test-rig
motor, 50% static was noticeable but not as noticeable as the noise and vibration from

25% static with 25% dynamic eccentricity.

The main focus of interest was if the high static eccentricity resulted in the components
behaving differently from at 10% to 50% static eccentricity. Saturation effects could
play a part in this as localised saturation around the minimum airgap would be
significantly higher than before. The time domain waveform for the induced stator emf

is shown in Figure 5.18.
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Figure 5.18 Time Domain Representation of Induced EMF at 70% Static Eccentricity

Inspection of this signal reveals a higher harmonic content than was present in the time
domain signal for 50% static eccentricity. Saturation is also more visibly present with

the form of the waveform either side of the mid cycle zero crossing. The spectrum of

the signal is shown in Figure 5.19.
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The components increased again in magnitude from their levels at 50% static
eccentricity: the 1072Hz by 2.9dB, the 1172Hz by 3.0dB and the 1272Hz by 4.5dB.
I'hey still took on the same trend in that the 1172Hz was largest then the 1072Hz and
finally the 1272Hz. It is interesting to note that the 1272Hz component showed the
biggest increase from 50% to 70% static eccentricity. This component was a function of
the third stator mmf harmonic (n,,. = 3) which is predominantly produced by saturation
effects [100, 101], Hence, the 1272Hz component was more dependant on saturation
than the 1072Hz ii:,. = -1) or the 1172Hz (n»s = 1). Table 5.12 shows the percentage of
the 1272Hz magnitude as part of the magnitude of the 1172Hz component at 10%,
50% and 70% static eccentricity. These are based on the current component magnitudes

calculated from the emf magnitudes shown in the spectra.
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Static Eccentricity % ofthe 1172Hz

(%) Current Magnitude
10 76.7

50 84.4

70 83.2

Table 5.12 Percentage of the 1272Hz Magnitude with Respect to the 1172Hz Magnitude for

10%, 50% and 70% Static Eccentricity (Finite Element)

This table indicates that as the eccentricity level increased the 1272Hz not only
increased in general terms with the others but also became more prominent in the
spectrum relative to the other components. This can be attributed to the increase in
saturation present at the higher levels of static eccentricity. This was also borne out by
the experimental results at 10% static and then 50% static with nominal 5% dynamic
eccentricity as 'fable 5.13 illustrates. (These magnitudes were obtained after a 20

minute run-up).

Frequency (Hz) Current Magnitude at ~ Current Magnitude  1272Hz magnitude
10% static (dB) at 50% static (dB) as a % ofthe
1172Hz (%)
1172 70.8 84.8 78.5 at 10%
1272 55.6 69.1 81.5 at 50%

Table 5.13 Percentage of the 1272Hz Magnitude with Respect to the 1172Hz Magnitude for

10% and 50% Static Eccentricitx' with Nominal 5% Dynamic for the Test-Rig Motor

With the higher level of static eccentricity the 1272Hz component became slightly more
prominent as a percentage of the 1172Hz component in the spectrum. The percentages
shown above were also in close agreement with those calculated for the finite element

analysis which suggested that the modelling of saturation in the finite element analysis



was close to that in the test-rig motor. Overall, this result showed that saturation
definitely increased with the higher levels of airgap eccentricity but not to the point
where the general form of the spectra changed, for instance, the 1272Hz became the

largest present.

5.6 Conclusion

The results presented in this Chapter have illustrated the successful application of a
finite element analysis to model a three-phase induction motor with airgap eccentricity.
The frequency and magnitude of the components which are a function of static and
dynamic eccentricity have been successfully modelled and are in good agreement with
those obtained experimentally. Consistently closer agreement has been obtained
between measured and calculated current component magnitudes than was achieved
using classical methods. The successful modelling of combinations of static and
dynamic eccentricity is particularly significant as the two forms of the condition are

present in all industrially based motors.

Although there is still a difference in absolute terms between the measured and
calculated current component magnitudes, in terms of the increase in the magnitude of
the components with increasing airgap eccentricity the relative difference is negligible.
For instance, the experimental results showed that the dynamic eccentricity component
at 1194Hz increased by 18dB when the dynamic eccentricity was increased by 20%
with a fixed static of 10%. The finite element analysis predicted that the 1194Hz
dynamic eccentricity component was 78.7dB compared to the measured value of 77dB.
Hence, the difference of 1.7dB between experimental and calculated absolute values for
a given static and dynamic combination was negligible compared to the increase of
18dB due to the increase in dynamic eccentricity. In terms of a monitoring strategy this

is an excellent agreement.



In addition to the reliable prediction of the current components which are a function of
airgap eccentricity the purpose of this research was also to use the finite element
analysis to further the understanding of the fault mechanism and investigate the
limitations of the classical mmf and permeance wave approach. These objectives have
been achieved as fault conditions such as purely static or dynamic eccentricity, a
concentric motor and very high static eccentricity have been modelled using the finite
element analysis. These conditions could not be obtained in reality, however, the finite
element analysis provided some interesting information which could not have been
obtained experimentally or by the classical approach. For instance, the lower dynamic
eccentricity components only become more prominent if static eccentricity is also
present. This result and other observations both experimentally and from the finite
element analysis revealed that the monitoring of the lower dynamic eccentricity

components for airgap eccentricity detection is not recommended.

The limitations of the basic pole-pair analysis were confirmed by the finite element
results which agreed with the experimental results. The basic pole-pair analysis has its
place to give an approximation of the pole-pairs associated with the frequency
components, however, as these results have shown it is the finite element analysis which

provided the explanations for the experimental observations.

Overall, the test-rig motor was successfully modelled and the application of finite
element analysis to model airgap eccentricity was verified. This was a good foundation
for applying the finite element analysis to a large (over a | MW) industrially based
motor to predict the magnitude of the current components as a function of airgap
eccentricity. The prediction of the magnitude of the current components for a large
motor had not been previously attempted either by classical techniques or by a finite
element analysis approach. This was performed as part of this research, details of which
are presented in Chapter 7. Chapter 6 details finite element investigations into the effect

on the current components of the number of rotor bars and the rotor slot design.
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Chapter 6

Finite Element Analysis of the Effects of
Rotor Design on the Airgap Eccentricity

Frequency Components

6.1 Introduction

I'nis chapter presents a finite element investigation into the effects of the rotor design
on the frequency components in the current which are a function of airgap eccentricity.
This was based on the finite element model of the test-rig motor and the number of
rotor bars were varied for the 36 slot stator. The rotor slot design was altered for the
51 bar rotor with the 36 slot stator. The finite element analysis and experimental tests
for the test-rig motor and the large industrial based motor were the main focus of this
research. However, these investigations were worthwhile to further increase knowledge
of the factors affecting the components which are a function of airgap eccentricity. The
information gained would be valuable in terms of the on-line monitoring of different
motors in industry. For instance, in comparison to the overall increase in the magnitude

of the components with increasing airgap eccentricity, how significant are the
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magnitude differences of components for different slot designs at a given level of airgap

eccentricity.

These investigations could only be carried out using a finite element analysis as classical
methods were limited in their modelling of the actual motor design, for instance, the
true rotor slot design, hence the effects of different slot designs could not be modelled
This work further contributes to new knowledge in the area as these investigations have

not been previously performed.

6.2 Number of Rotor Bars Investigation

6.2.1 Introduction

fhe effect of rotor/stator slot number combinations has been well documented in terms
of induction motor behaviour: crawling, cogging, stray losses, noise and vibration [62,
63, 88] and certain rotor/stator combinations have been proven to be very undesirable.
For instance, if the number of rotor bars equals the number of stator slots a motor may
refuse to start due to cogging, whereby the slot harmonic fluxes give rise to strong
alignment forces when the machine is at rest which may exceed the tangential
accelerating forces. The effect of different number of rotors bars on the magnitude of
the UMP was also investigated by Arkkio [102] using a finite element analysis of a
motor The findings concurred with the knowledge that odd numbers of rotor bars tend

to increase the UMP more than an even number of rotor bars [62, 63].

Ferrah et al [103] carried out an experimental investigation of the effect of rotor design
on the magnitude of the rotor slot passing frequencies. This was in connection with
non-invasive speed estimation by tracking the rotor slot passing frequencies. The

number of rotor bars, skew and the rotor slot design were investigated for a nominally

healthy 30kW motor, airgap eccentricity was not introduced. The rotor slot passing



frequencies and associated pole-pairs were calculated using the same classical approach
as explained in this research, but only the components with n.,, = £ | were investigated
and a basic concentric rotor pole-pair analysis performed to calculate the associated
pole-pairs. The experimental results obtained clearly showed the effect of the number of
rotor bars on the magnitude of the rotor slot passing frequencies. The appearance of
frequency components whose pole-pairs were otherwise not compatible with the stator
winding was attributed to inherent static eccentricity and third order effects. The results
also confirmed the fact the skew reduces the magnitude of the rotor slot passing
frequencies. Of interest to the next part of this Chapter were the results for semi-closed
and open slot designs. The magnitude of the current components were higher for the
semi-closed slot than for the open slot (tunnel slot). As explained later this experimental
result was in line with other finite element work and the results obtained in this

research.

The aforementioned literature was reviewed and a selection of the different rotor bar
numbers to be investigated was made in conjunction with a pole-pair analysis for each
rotor. In addition to investigating the introduction of static and dynamic eccentricity
with different rotors these investigations also provided an opportunity to further
investigate the limitations of the basic pole-pair analysis and the ability of the finite
element analysis to over come these limitations. With respect to these objectives three
difi'erent rotors were investigated: 50, 43 and then 44 bars, with the 44 bar rotor
forming the main focus of the airgap eccentricity variations. The reasons for the
selection of these rotors are explained in the following sections, each dedicated to one

particular rotor.

The 36 slot model of the test-rig motor stator was used and rotors were investigated
with 50, 43 and 44 bars. The overall conductor area for the 51 bar rotor was calculated
and this was kept constant with each rotor. Therefore the 44 bar rotor had bars of
diameter 7.54mm compared to 7.0mm for the 51 bar rotor. All other rotor parameters

such as the conductivity, slot opening width and end-ring dimensions remained the

156



same Only the slot diameter and the number of rotor bars were changed. A relative
comparison could be made between the magnitudes of the current components for the
different rotors as the permeance and hence their magnitude would alter dependant on

the number of rotor bars.

6.2.2 50 Bar Rotor

The 50 bar rotor was modelled to further investigate the pole-pair and the finite element
analysis. A concentric 50 bar rotor was modelled at full load (1322rpm) and a pole-pair
analysis performed for this case. The rotor slot passing frequencies occurred at 1052Hz,

1152Hz and 1252Hz and the associated pole-pairs occurred at:

m=(?+£S+ * +#

I+

where n,=0, n,=0, n,=0,nes==+ 1 p =2,

R =50 and S= 36.

m = 50+36+2
=86 2 and 14 £2
Which gives 84 and 12 which corresponds to na, = -1 and component 1052Hz

and also 88 and 16 which corresponds to no, = -1 and component 1152Hz

For the 1252Hz component; n,. = 1, no, = 1,

m =50 36+ (2x1x2)+ 2=88 +4 and 16 + 4
Which gives 92, and 20 for component 1272Hz

For the 51 bar rotor the basic pole-pair analysis predicted that the pole-pairs for the
concentric case were all odd and/or divisible by three and therefore not compatible with
the stator winding. The result was confirmed by the finite element analysis in that the
components were not present in the spectrum. With the 50 bar rotor the components
again were predicted to be incompatible. In a balanced winding pole-pairs of harmonic

numbers which are even or triplen (2, 3, 6, 8 etc.) should not occur and consequently
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for the 50 bar rotor the components should not appear in the stator current. Obviously
in a practical motor asymmetries are present allowing the possibility of components
with otherwise non-compatible pole-pairs to induce an emf, however, the finite element
analysis modelled a perfectly symmetrical winding and supply. Figure 6.1 shows the

induced emf spectrum for a concentric 50 bar rotor at 1322rpm.

EME Spectrum from EE Analysis for a 50 Bar Concentric Rotor, 1322 rpm

Inspection of the spectrum reveals that the predicted frequency components were not
present. The dB display scale was reduced from the normal 30dB to 20dB and they
were still not present. Below 20dB was considered to be in the noise region as 20dB is

10,000 times less than the 100dB level or fundamental emfin linear terms.

Further investigations were not carried out for the 50 bar rotor as CPU time was limited

and the 43 and 44 bar rotors provided the opportunity for more interesting

investigations when static and dynamic eccentricity were included.
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6.2.3 43 Bar Rotor

It is generally considered that a rotor with an even number of bars (for all but some
combinations of stator and rotor slot numbers) is preferable to using a rotor with an
odd number of bars [63], This is due to the possible occurrence of one sided rotating
forces with an odd number of bars. However, experimental investigations by Muller
[63] showed that motors with odd numbers of rotor slots operated satisfactorily. For
instance, 36 stator slots with 43 rotor bars or 48 stator slots with 19 or 33 rotor bars
for a four pole motor. The test-rig motor with 36 stator slots and 51 rotor bars was
another example of designers using an odd number of rotor bars successfully.
Consequently, a 43 bar rotor was modelled with a concentric rotor and then 25% static
with 25% dynamic eccentricity was introduced. This provided an opportunity to
investigate the behaviour of the frequency components with airgap eccentricity for the

43 bar rotor compared to the 51 bar and to further investigate the pole-pair analysis.

The frequency components which were are a function of slotting and static eccentricity
(principal slot passing frequencies) and dynamic eccentricity are shown in Table 6.1 for
the 43 bar rotor. Additional components which were not prominent in the spectrum for
the 51 bar rotor are highlighted in bold. These components were clearly visible in the

emf spectrum for 25% static with 25% dynamic eccentricity with the 43 bar rotor.
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Type Frequency f, R nd s P Hsa s

(Hz)
pspf 797 50 43 0 0.1187 2 -1 -1
pspf 897 50 43 0 0.1187 2 0 -1
pspf 997 50 43 0 0.1187 2 0 !
pspf 1097 50 43 0 0.1187 2 1 !
pspf 1197 50 43 0 0.1187 2 2 1
de 775 50 43 1 0.1187 2 1 1
de 819 50 43 1 0.1187 2 1 1
de 875 50 43 1 0.1187 2 0 -
de 919 50 43 | 0.1187 2 0 -1
de 975 50 43 1 0.1187 2 0 1
de 1019 50 43 ! 0.1187 2 0 !
de 1075 50 43 1 0.1187 2 ! 1
de 1119 50 43 ! 0.1187 2 ! 1
de 1175 50 43 -1 0.1187 2 2 1
de 1219 50 43 1 0.1187 2 2 1

de: dynamic eccentricity component; pspf: principal slot passing frequency also a function of static eccentricity

Table 6.1 Frequency Components Investigated for the 43 Bar Rotor

Before the results for the concentric and combination of static and dynamic eccentricity
are discussed a summary of the pole-pair analysis for the 43 bar rotor is presented. For
the concentric rotor the pole-pairs associated with the frequencies were always odd as

was obtained for the 51 bar rotor:

For the 897Flz and the 997Hz components: nta =0, nos = £ 1,
m = 43 +36 +(2x1)

Which gives 5, 77 for component 897Hz (nos = -1)

and 9, 81 for component 997Hz (n..=1)
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For the 797Hz and the 1097Hz components: i+, =+ 1, n.. =+ 1,
- 43 + 36 + (2x1x2)+ 2

Which gives | and 73 for component 797Hz (wa = -1, ii;,, = -1)

and 13 and 85 for component 1097Flz (na= 1, no, = 1)

For the 1197Hz component: n,, = 2, no, = + |
m =43 £ 36 + (2x2x2) + 2

Which gives | and 89 for component 1197Hz

Therefore, for the concentric case none of these frequency components should appear.
A finite element analysis was performed for a concentric rotor and these components
were not present in the spectrum even reducing the dB display to 20dB as explained
earlier. This result again confirmed the finite element analysis method and the usefulness
of the pole-pair analysis for very basic situations. However, when static and dynamic
eccentricity were considered the limitations of the pole-pair analysis once again became

apparent.

When the pole-pair analysis was extended to incorporate static eccentricity (n"* = 1 on to
the aforementioned pole-pair numbers) the associated pole-pairs were even, some of
which were compatible with the stator winding. If the pole-pairs associated with
dynamic eccentricity were then calculated by applying nj = | onto the even static
eccentricity pole-pairs then the associated dynamic eccentricity pole-pairs when both
forms of the condition are present were odd and therefore not compatible with the
stator. However, as the spectrum in Figure 6.2 illustrates, with static and dynamic
eccentricity, the upper dynamic components were clearly present which the basic
analysis failed to predict. This is a similar situation as to the analysis for the 51 bar
rotor. Assuming n, and n* to be ! is a gross simplification and it can be shown that if n*
= | and then second order dynamic eccentricity nj = 2 is considered that the majority of

the dynamic eccentricity components become compatible and nj = 4 for the remainder
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to be compatible. It is in this type of situation that the results of the pole-pair analysis

had to be treated with caution.

Inspection of Figure 6.2 reveals that the 43 bar rotor responded differently to 25%
static and 25% dynamic eccentricity compared to the 51 bar rotor. As a comparison
with experimental data was not being made the current components magnitudes were
not calculated, comparisons were made based on the emf magnitudes. The static and
upper dynamic eccentricity components were clearly visible in the spectrum. The pole-
pairs associated with the lower dynamic eccentricity components were compatible but
they were not clear in the spectrum. It is possible that they were present and like the 51
bar rotor were low in magnitude and therefore did not appear above the spectral noise.
As explained in Chapter 5, spectral noise due to blocking the cycles of continuous data

was more pronounced as the components were larger in magnitude.

Figure 6.2 EMF Spectrum from FE Analysis for a 43 Bar Rotor with 25% Static and
25% Dynamic Eccentricity, 1322 rpm
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Generally the component magnitudes for the 43 bar rotor were higher than for the 51
bar rotor with the same level of airgap eccentricity. For instance, the largest static and
dynamic components in the induced emf spectrum for 25% static with 25% dynamic
eccentricity for the 51 bar rotor were 1172Hz - 56.8dB and 1194Hz - 58 2dB
respectively. The largest static and dynamic components for the 43 bar were 897Hz -
66.7dB and 921 Hz - 68.2dB which were 9.9dB up for the static component and 10.0dB
up for the dynamic eccentricity component. In linear terms the largest 43 bar rotor
components were 3 times greater than the 51 bar rotor for the same airgap eccentricity
level. This was a very clear indication of the effect of the rotor bar number and slot
design combined with airgap eccentricity remembering that for both the 51 and 43 bar

rotors the components were not present in the spectra for the concentric cases.

For the 51 bar rotor only three principal rotor slot passing frequencies and their
associated dynamic eccentricity components were clearly present (1072Hz (n.., = -1, n,,
=0), 1172Hz (n,s = 1, na = 0) and 1272Hz ( n«, = 1, n., = 1). However, for the 43 bar
rotor in addition to the equivalent components above (897Ffz, 997Hz, 1097Hz) two
other principal rotor slot passing frequencies became prominent at 797Hz (n"s = -1 , n,,
=1) and 1197Hz ™" = 1, n,, = 2). It is also interesting to note that 1172Hz (n,* = 1, n,,
= 0) was the largest for the 5! bar rotor but 897Hz = -1, n,, = 0) was the largest for

the 43 bar rotor. This again illustrated the effect on the permeance of a different number

of rotor slots.

6.2.4 44 Bar Rotor

A 44 bar rotor with a 36 slot stator has been documented as being an unfavourable
combination in terms of large synchronous parasitic torques [63], The pole-pair analysis
also predicted that the pole-pairs for the rotor slot passing frequencies would be
compatible with the stator winding for the concentric case unlike for the other rotors
investigated in which they were not compatible. Consequently, an investigation into the

effects of airgap eccentricity on a motor with a 44 bar rotor would be interesting. Four
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different cases were investigated: concentric, 10% static eccentricity, 25% dynamic
eccentricity and finally 10% static with 25% dynamic eccentricity. A summary of the
pole-pair analysis for this rotor is presented as each result is discussed and the

frequencies of interest are shown in Table 6.2.

Type Frequency fl R nj S P Hsa Hws
(Hz)

pspf 819 50 44 0 0.1187 2 -1 -1

pspf 919 50 44 0 0.1187 2 0 1

pspf 1019 50 44 0 0.1187 2 0 !
de 797 50 44 -1 0.1187 2 -1 -1
de 841 50 44 ! 0,1187 2 -1 -1
de 897 50 44 -1 0.1187 2 0 -1
de 941 50 44 ! 0.1187 2 0 -1
de 997 50 44 -1 0.1187 2 0 !
de 1041 50 44 ! 0.1187 2 0 !

de: dynamic eccentricity component; pspf: principal slot passing frequency also a function of static eccentricity

Table 6.2 Frequency Components of Interest for the 44 Bar Rotor

As explained in Chapter 4, due to the large magnitude of the rotor slot passing
frequencies the data points processed comprised of a longer period of continuous cycles
to remove the problem of spectral noise obscuring smaller frequency components. This
resulted in reduced skirting around the 50Hz component and for the 10% static with
25% dynamic eccentricity the components at approximately 25Hz and 75Hz became
visible. It was not the focus of the work to investigate these components, suffice to say

that the finite element analysis was capable of modelling them.

The time domain waveform of the induced emf for the 44 bar concentric rotor is shown

in Figure 6.3. The harmonic content is visibly high.
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Figure 6.3 Time Domain Representation of Indueed EMF for a Coneentrie 44 Bar Rotor

The induced emf spectrum for the concentric case is presented in Figure 6.4. It can be
seen that the rotor slot passing frequencies at 819Hz, 91914z and 1019Hz were very
prominent Other frequencies at 719Hz, 1119Hz etc. (marked with a *) were also
visible, however, discussion will be focused on the aforementioned three. The
component magnitudes were significantly larger than for any of the other rotors
investigated. For example, the largest rotor slot passing frequency (919Hz - 87.1dB)
was 20.dB higher than the largest rotor slot passing frequency for the 43 bar (897Hz -
66.7dB). The basic pole-pair analysis predictions were not entirely accurate. The pole-
pairs associated with the 8I19Hz (2, 74) and the 1019Hz (W, 82) were compatible with
the stator winding harmonic pole-pairs. The finite element result tied in with this
prediction. However, the pole-pair analysis predicted the 919Hz component to have
pole-pairs at 6 and 78 which were not compatible. This component was clearly present
in the spectrum which questioned the accuracy of the pole-pair analysis bearing in mind
that the finite element and the experimental results tied up for the 51 bar rotor.
Components were present in the experimental and finite element results that the pole-

pair analysis predicted would not appear.
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Figure 6.4 EMF Spectrum from FE Analysis for a 44 Bar Concentric Rotor, 1322 rpm

Static eccentricity was then introduced at 10% and the emf spectra investigated. It was
found that the magnitudes of the rotor slot passing frequencies which are a function of
static eccentricity were the same to within processing tolerances as those obtained for

the concentric case. This is shown in Table 6.3

Frequency FMF Magnitude EMF Magnitude dB Difference
Component (Hz) Concentric (dB) 10% Static (dB)
819 65.6 65.6 0.0
919 87.1 87.0 0.1
1019 72.7 72.6 0.1

Table 6.3 Difference between EMF Magnitudes for 44 Bar Rotor with Concentric and
10% Static Eccentricity
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The presence of static eccentricity was not having any effect on the magnitudes of the
principal slot passing frequencies. This suggested that the pole-pairs associated with the
principal slot passing frequencies with static eccentricity present were not compatible
with the stator winding or the components would have increased in magnitude. The
pole-pair analysis predicted this up to a point in that ifik = 1, 2 or 3 the pole-pairs were
not compatible. However, if Us was taken as 4 then the pole-pairs became compatible
which suggested that the magnitudes should have increased with the 10% static
eccentricity. A possible explanation for the magnitudes not increasing was that in this
instance the effect of fourth order static eccentricity was negligible or that it was not
until a higher static eccentricity level that the components would show any increase
This could be a result of the effects of the already high magnitude rotor slot passing
frequencies for the concentric case. Time did not permit an analysis at a higher level of
static eccentricity to be performed and it was thought that the other solutions would aid

in the explanation of this observation.

An analysis at 25% dynamic eccentricity was performed and the induced emf spectrum

is shown in Figure 6.5.
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Figure 6.5 EMF Spectrum from FE Analysis for a 44 Bar Rotor with 25% Dynamic
Eccentricity, 1322 rpm

The rotor slot passing frequencies remained at the same magnitude as for the concentric
and 10% static eccentricity cases. The dynamic eccentricity components did appear in
the spectra but at very low magnitudes. The scale was reduced to 10dB to show them.
At this magnitude they were considered to be at noise level being over 80dB down on
the fundamental component. For the concentric cases components were totally not
present at 20dB or below, however, here they were visible although small in magnitude.
Dynamic eccentricity of 25% was a high level of airgap eccentricity which for the other
rotors results in the components being clearly present (over 50dB). If the pole-pairs
associated with the dynamic eccentricity components for the 44 bar rotor were
calculated then it was found that they were incompatible for nj = 1, 2, or 3 but
compatibility existed when nj = 4. This could suggest that fourth order dynamic

eccentricity was resulting in the components appearing but at negligible magnitude.
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The final solution performed was at 10% static eccentricity with 25% dynamic

eccentricity the spectrum ofwhich is shown in Figure 6.6.

Figure 6.6 EMF Spectrum from FE Analysis for a 44 Bar Rotor with 10% Static and

25% Dynamic Eccentricity, 1322 rpm

rhe rotor slot passing frequencies were again at the same level, however, the dynamic
eccentricity components clearly increased in magnitude from their purely 25% dynamic
eccentricity levels. They were all now over 30dB in magnitude, for example, the 841 Hz
increased from 21.9dB to 30.9dEi and the 897Hz from 13.2dB to 44.4dB. These results
showed that for the 44 bar rotor dynamic eccentricity was clearly a function of static
eccentricity, however, the components which are a function of static eccentricity were
totally independent of the dynamic eccentricity level. This is where the pole-pair
analysis is even more limited, suffice to say that the pole-pairs associated with the
dynamic eccentricity components were compatible when static eccentricity was present

could be obtained when the basic pole-pair analysis was extended. For instance, Us = !
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and then n; = 3 or when n, = 2 and then n,; = 2 compatibility occurred. In practice it is
probably doubtful that a 44 bar rotor would be combined with the 36 slot stator for a
four pole motor, however, it can be seen that monitoring airgap eccentricity for such a
combination would be difficult. The magnitudes of the components did not clearly
increase with airgap eccentricity (especially static) as occurred for the 51 or 43 bar

rotors.

6.2.5 Conclusions on the Results for the Number of Rotor Bars

These investigations have revealed that the number of rotor bars together with changes
in the rotor slot design have a considerable effect on the magnitude of the rotor slot
passing frequencies. The effects of the introduction of airgap eccentricity also vary
dependant on the number of rotor bars. For instance, the 43 bar rotor magnitudes were
1 OdB higher for the same level of airgap eccentricity than for the 51 bar rotor. The 44
bar rotor is definitely an unfavourable combination with the 36 slot stator due to the
very high rotor slot passing frequencies. In addition, the effect of increasing airgap
eccentricity does not directly transfer itselfto an increase in the component magnitudes
as was the case for the other rotors investigated. This is important when monitoring the
current components of different motors in industry as it is possible that in some motors
the current components do not increase significantly with increasing airgap eccentricity,
file ability of the finite element analysis to model a wide variety of motor/airgap
eccentricity situations has been further highlighted together with the limitations in the
pole-pair analysis. Admittedly, in addition to the effects of different number of rotor
bars, the rotor slot diameter also changed. For instance for the 51 bar rotor the diameter
was 7mm whereas for the 44 bar rotor it was 7.54mm, the slot opening remained
unchanged. This was not a large change in the rotor slot design and it was reasonable to
assume that the effect of the different numbers of rotor bars was the significant factor in
the effects observed. The remainder of this Chapter details finite element investigations

into the effects of different rotor slot designs for a fixed number of rotor bars.
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6.3 Rotor Slot Design Investigation

6.3.1 Introduction

This section details the investigations into the effects of the rotor slot design on the
current components which are a function of airgap eccentricity. These components are
also a function of rotor slotting and saturation, consequently, their magnitude is
effected by the rotor slot design which in turn alters the permeance of the airgap. The
purpose of this investigation was to apply the finite element analysis to determine what
effect the rotor slot design has on the magnitudes of these components as a factor of the
overall changes observed with increasing airgap eccentricity. This would lead to a better

understanding of airgap eccentricity in terms of monitoring different motors in industry.

This research contributes to new knowledge as the effect of the rotor slot design on
these components with increasing airgap eccentricity has not been investigated. The
effect of rotor slot design on the rotor slot passing frequencies for a nominally healthy
motor was investigated experimentally by Ferrah et al [103], The magnitude of the
components were higher for a semi-closed slot than for an open rotor slot. Airgap
eccentricity was not introduced into the motor. Finite element analysis has been used to
investigate the optimum rotor slot design for maximum efficiency [104] and the effects
of slanted stator and rotor teeth on torque and electromagnetic losses [105]. Salon et al
[106] used a finite element model to investigate the effects of stator slot closure on the
permeance variations in the airgap. The airgap flux density and force waves produced
by the finite element analysis revealed that when the stator slots were closed the airgap
flux density and force waves due to slotting decreased and those due to saturation
increased Flowever, finite element analysis has not been used to investigate the current
components which are a function of airgap eccentricity with variations in the airgap

eccentricity level and different rotor slot designs.
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The rotor slot designs modelled are shown in Figure 6.7. The model of the test-rig
motor was used with the 51 bar rotor and the 36 slot stator. The cross-sectional area of
the rotor bars remained the same and only the slot opening was altered. The semi-
closed slot was modelled in several different configurations with a gap of 1.27mm or
0.6mm and air or copper filling the gap between the copper conductor and the rotor
surface. The finite element analysis was performed for the different rotor slot designs at
0%, 5%, 10% and 25% static eccentricity and then combinations of static and dynamic
eccentricity (10% static with 25% dynamic and then 25% static with 25% dynamic). All

solutions were performed for the full load case of 1322 rpm.

Semi-closed slot

1.27mm or 0.6mm

This gap is either filled with air or copper
Totally enclosed slot

Totally open slot
(This is nol an actual industrial design
hut it was used to determine the
influence ofan open slot design)

Figure 6.7 Rotor Slot Designs Investigated.

The actual rotor slot design in the test-rig motor as shown in Appendix A13 was a
semi-closed slot of gap 0.6mm filled with air. All the finite element results for dynamic
eccentricity and combinations of static and dynamic eccentricity were performed for this
rotor slot design. However, the first set of static eccentricity variations in Chapter 5.3.2
were unintentionally performed for a semi-closed rotor slot of width 1.27mm with

copper filling the gap. The results presented later show that there is negligible difference



for the magnitude of the components between these two slot designs. Only the 1272Hz
component showed any significant difference of a few dB and as expected the
agreement between experimental and calculated current magnitudes for the 1272Hz
component was better with the 0.6mm air filled slot. Another point to note is that in the
paper included at the end of the thesis entitled, “Finite Element Study of Rotor Slot
Designs with Respect to Current Monitoring for Detecting Static Airgap Eccentricity in
Squirrel-Cage Induction Motors,” the results for rotor slot variations at 0% static
eccentricity are actually for a level of 5% static eccentricity, this was discovered with
further research after the paper was submitted. Results are presented in this section for
a concentric rotor with different rotor slot designs and the results labelled in the paper
at 0% static eccentricity are presented for 5% static eccentricity. Results in the paper at

10% and 25% static eccentricity were for these levels.

6.3.2 Rotor Slot Variations at 0%, 5%, 10% and 25% Static Eccentricity

6.3.2.1 The Concentric Rotor

As explained in Chapter 5, for a totally concentric rotor with a semi-closed rotor slot
design the emf spectrum did not contain the rotor slot passing frequencies at 1072Hz,
1172Hz and 1272Hz. Finite element analysis was then performed for the closed and
open rotor slots and the same result was obtained, that is, the components were not
present in the emf spectrum even reducing the display scale to less than 20dB. This was
expected as changing the rotor slot design would affect the permeance in terms of the
magnitude of the components, however, the number of rotor slots did not change so the
pole-pairs associated with the frequencies remained the same (incompatible with the

stator)
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6.3.2.2 Static Eccentricity at 5%

Three slot designs were modelled at 5% static eccentricity and the variation in

magnitudes ofthe components is shown in Table 6.4.

5% static Slot design

Frequency Semi- closed Totally open Totally closed
(Hz) 1.27mm Cu
1072 62.1 56.3 62.3
1172 54.3 56.5 57.4
1272 44.8 47.7 47.0

Table 6.4 Magnitude of Components due to Different Slot Designs Modelled at 5%

Static Eccentricity

Inspection of Table 6.4 shows that changing the slot design affected the magnitude of
the components in dilTerent ways. For instance, the 1072Flz component decreased by
5.8dB when the slot design was changed from semi-closed to totally open, however,
when the design was changed from semi-closed to totally closed it increased by 0.2dB.
The 1172Hz and the 1272Hz increased in magnitude by 2.2dB and 2.9dB respectively
when the design changed from semi-closed to totally open but comparing totally open
and totally closed slot magnitudes they remained constant to within 1dB. The open slot
magnitudes were smallest as the reluctance of the airgap was higher because of more air

being present.

6.3.2.3 Static Eccentricity at 10%

The analysis performed at 10% static eccentricity focused on the effects of variations in

the design of the semi-closed slot as Table 6.5 illustrates.
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10% static

Slot design

Frequency Semi- closed Semi- closed Semi- closed
(Hz) 1.27mm Cu 1.27mm air 0.6 mm air
1072 68.5 68.2 67.9
1172 68.6 68.6 68.6
1272 52.9 52.9 54.4

Table 6.5 Magnitude of Components due to Different Semi-Closed Slot Designs

Modelled at 10% Static Eccentricity

Inspection of the results indicate that changing the material in the gap between the rotor
conductor and the rotor surface from copper to air obviously had a very small or no
effect on the magnitudes of the components. This was expected as the magnetic
properties of copper are very similar to those of air, hence, the finite element analysis
was confirmed to be modelling this change accurately. The reduction in the width of the
slot gap from 1.27mm to 0.6mm had an insignificant effect on the 1072Hz and the
1172Hz components, however, the 1272Hz increased in magnitude by 1.5dB. The
1272Hz component was calculated when saturation was included hence the 1272Hz
component magnitude was dependant on saturation to a greater extent than the 1072Hz
and 1172Hz. Decreasing the slot width (i.e. closing the slot more) increased the

magnitude of the component due to saturation.

A comparison of the component magnitudes for the 1.27mm copper filled semi-closed
slot modelled with 5% and then 10% static eccentricity revealed that the magnitude of
the components for 5% static eccentricity (Table 6.4) were considerably less than those
for 10% static eccentricity (Table 6.5) as would be expected. Each frequency
component increased in the magnitude by a different amount when the static
eccentricity level increased from 5% to 10%. The 1072 Hz increased by 6.4dB whereas
the 1172Hz increased by 12.3 dB. Inspection of Table 5.3 in Chapter 5 shows that the

increase in each component for the 10% to 25% static eccentricity was less spread out
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ranging from 5dB to 7.9dB. A similar trend is noticed when the static eccentricity
increased from 25% to 50% each component increased in the range of 4.2 to 6.9dB.
These results revealed that in the earlier stages of the fault each component increased by
a considerably different amount for the same increase in static eccentricity but at higher
levels of the fault, each component increased by approximately the same amount for the

same increase in static eccentricity.

6.3.2.4 Static Eccentricity at 25%

The results for variation in rotor slot designs modelled at 25% static eccentricity are

shown in Table 6.6.

25% static Slot Design

Frequency Semi- closed Semi- closed  Totally open Totally
(Hz2) 1.27mm Cu 0.6 mm air closed
1072 73.5 72.9 63.0 72.3
1172 76.5 76.5 63.6 74.5
1272 59.9 61.7 51.8 55.9

Table 6.6 Magnitude of Components due to Different Rotor Slot Designs
Modelled at 25% Static Eccentricity

Changing the slot gap from copper to air with a constant gap of 1.27mm was not
repeated as it clearly had no significant effect on the component magnitudes and it only
served as a check on the finite element modelling of the motor. The results for the
variation in the width of the semi-closed slot at 25% eccentricity confirmed the
observations at 10% static eccentricity in that only the magnitude of the 1272Hz
component was affected which increased by 1.8dB. Changing the slot design from semi-
closed 1.27mm copper to totally open decreased the 1072Hz component by 10.5dB.

This was a considerably larger change than was noticed at 5% static when it decreased
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by 5.8dB The 1172Hz and the 1272Hz decreased at 25% by 12.9dB and S.IdB
respectively compared to an increase of 2.2dB for the 1172Hz and 2.9dB for the

1272Hz at 5% static eccentricity.

Changing the rotor slot from semi-closed 1.27 mm copper to totally closed at 25%
static decreased the 1072Hz component by 1.2dB, decreased the 1172Hz by 2dB and
decreased the 1272Hz by 4dB. At 5% eccentricity this change in slot design increased
the 1072Hz by 0.2dB, increased the 1172Hz by 3.1dB and increased the 1272Hz by
2.2dB. Changing the slot from totally open to totally closed at 25% resulted in the
1072Hz increasing by 9.3dB, the 1172Hz increasing by 10.9dB and the 1272Hz
increasing by 4.1dB. This is in comparison to the results at 5% static where changing
the slot from open to closed increased the 1072Hz by 6dB, the 1172Hz increased by
0.9dB and the 1272Hz decreased by 0.7 dB.

A comparison of the range of increase for the components with the semi-closed
1.27mm copper and the totally open and totally closed slot designs can be made from
Tables 6.4 and 6.6. Table 6.7 shows the increase in magnitude of each component as

the static eccentricity level increases from 5 to 25% for the different rotor slot designs.

Increase in component magnitudes

5-25% Static ~ Semi-closed Totally Totally
Increase 1.27 mm Open Closed
copper
1072 Hz 114 6.7 10.0
1172 Hz 22.2 7.1 17.1
1272 Hz 15.1 4.1 8.9

Table 6.7 Comparison of The Increases in Component Magnitudes for a 20% Increase

in Static Eccentricity for the Different Rotor Slot Designs
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Table 6.7 shows that the design of rotor slot has a large effect on how much the
component magnitudes increase for an increase in static eccentricity from 5 to 25%.
The 1072Hz for the semi-closed and totally closed were the only components that
increased a similar amount. The totally open slot showed considerably less of an

increase than the totally closed and in particular the semi-closed slot design.

The design of the rotor slot does not just affect the magnitude of the rotor slot passing
frequencies, as Figures 6.8 to 6.10 illustrate multiples of the fundamental are also
effected. The induced emf spectra at 25% static eccentricity for a semi-closed, open and

closed rotor slots are shown in Figures 6.8 to 6.10 respectively.

Figure 6.8 EMF from FE Analysis for 25% Static Eccentricity with a Scmi-Closcd Rotor Slot
(1.27mm copper)

Figure 6.9 EMF from FE Analysis for 25% Static Eccentricity with an Open Rotor Slot
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Figure 6.10 EMF from FE Analysis for 25% Static Eccentricity with a Closed Rotor Slot

Inspection of these figures reveals that there is no difference to within processing
tolerances between the magnitude of the ISOElz component for the semi-closed and
open rotor slots. However, this component increased considerably (by 12dB) for the
closed rotor slot The 150Hz is a function of saturation in the motor and its increase
suggests that localised saturation levels increased with the closed rotor slots. This is
expected as more flux will flow through the iron versus the air that filled the slot gap
for the semi-closed and open rotor slots. Overall the airgap permeance is higher for the

closed rotor slots as the reluctivity has decreased.

6.3.3 Rotor Slot Variations for Combinations of Static and Dynamic Eccentricity

Tables 6.8 and 6.9 show the current component magnitudes for 10% static with 25%

dynamic and 25% static with 25% dynamic eccentricity, respectively.
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10% sc 25% de Slot design

Frequency Semi- closed Totally open Totally closed

(Hz) 0.6 mm air

1072 67.0 57.4 66.7
1172 68.9 58.8 67.2
1272 53.5 46.4 48.4
1050 46.6 32.2 63.0
1094 72.4 59.7 70.4
1150 39.9 40.6 52.2
1194 78.7 61.1 76.1
1250 31.1 35.3 50.5
1294 63.7 45.9 60.2

Tabic 6.8 Magnitude of Components due to Different Rotor Slot Designs Modelled at 10%

Static with 25% Dynamic Eccentricity

25% se 25% de Slot Design

Frequency Semi- closed Totally open Totally closed
(Hz) 0.6 mm air
1072 75.6 61.2 72.5
1172 78.8 62.1 75.6
1272 61.8 50.7 56.5
1050 41.8 39.1 53.0
1094 74.3 58.1 70.0
1150 42.8 43.8 41.8
1194 76.5 60.9 75.8
1250 37.7 36.6 46.3
1294 60.4 46.0 58.6

Table 6.9 Magnitude of Components due to Different Rotor Slot Designs Modelled at 25%

Static with 25% Dynamic Eccentricity
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The investigation into the different slot designs with combinations of static and dynamic
eccentricity revealed that the same trends as observed with static eccentricity were
followed. At a given level of airgap eccentricity the current component magnitudes for
the open slot design were least in comparison to the closed and semi-closed
magnitudes. With increasing static eccentricity and fixed dynamic the open slot current
magnitudes showed the smallest increase, for instance, the 1172Hz component
increased by 9.9dB for the semi-closed slot, 8.4dB for the closed slot and only 3.3dB
for the open slot. The lower dynamic eccentricity components behaved as erratically for
the open and closed slot designs as they did for the semi-closed design. With the closed
slot the 1150Hz lower dynamic component decreased by 10.4dB for a fixed level of
dynamic eccentricity with increasing static eccentricity. In contrast, the upper dynamic
eccentricity components remained constant in magnitude to within processing
tolerances. The 1194Hz for the closed slot only decreased by 0.3dB and the 1294Hz for
the open slot increased by 0.1 dB. This would be expected as the changing slot design

affected the permeance wave in terms of magnitude but not the pole-pairs.

6.3.4 Conclusions on the Rotor Slot Design Results

The investigations into the efTects of rotor slot design on the components which are a
function of rotor slotting, saturation and static eccentricity revealed that changes in
rotor slot design had a significant effect on the magnitudes of these components. There
was clearly a complex relationship between rotor slotting, saturation and static
eccentricity and their combined effect on the magnitudes of the current components.
I'ne difference in the magnitude of the components for the different rotor slot designs
was less at 5% static eccentricity than at 25% static. For instance, the 1172Hz
component increased by 0.9dB at 5% as the slot design changed from totally open to
totally closed, whereas, at 25% this component increased by 10.9dB. The higher levels
of static eccentricity had a significant effect on the behaviour of the component

magnitudes.
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The investigations of the semi-closed slot design at 10% and then 25% static
eccentricity revealed that (as expected) changing the slot gap filling from copper to air
had no significant effect on the components and when the slot gap was reduced from
1.27mm to 0,6mm it was only the 1272Hz which was effected - increased by 1.5dB and
1.8dB respectively. This is small in comparison to the increases in component
magnitudes with static eccentricity and it is also very close to the tolerance of

approximately =1dB for the experimental measurement of the component magnitudes.

The results in Table 6.7 show that the amount each component increased for the same
increase in static eccentricity was very dependant on the rotor slot design. In an
industrial situation if a motor with a totally open rotor slot design was being monitored
then the increase in the component magnitudes would be considerably less than that

observed for a motor with a semi-closed rotor slot.

The presence of dynamic eccentricity with static eccentricity did not alter the trends
noticed for the static eccentricity variations with the open slot design being the least in
magnitude. With increasing static eccentricity and fixed dynamic the components for
each respective design behaved as for the semi-closed slot results with the static

eccentricity components increasing in magnitude and the upper dynamic components

remaining constant in magnitude

The finite element investigation of the rotor slot designs has revealed that the rotor slot
design has a considerable effect on the magnitudes of the current components. The
rotor slot design also effects the size of the increase in the magnitudes of the
components for the same increase in airgap eccentricity. For an increase of 20% (5 to
25%) static eccentricity the 1172Hz component increased by 22.2dB for the semi-
closed slot compared to an increase of only 7.1dB for the totally open slot. The
information gained from this analysis is of considerable value in terms of on-line current

monitoring of different motors in industry.
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6.4 Conclusion

This part of the research has provided valuable information on the effects of the rotor
slot design on the magnitude of the airgap eccentricity components in the current
spectra. This information is important in terms of monitoring different motors in
industry as it has been shown that the rotor design has a considerable effect on the
magnitudes of the components and also on the increase in their magnitude with
increasing airgap eccentricity. The finite element analysis successfully modelled the
effects of the different rotor bar numbers and rotor slot designs and the limitations of

the pole-pair analysis were further highlighted.

183



Chapter 7/

Finite Element Analysis of a Large

Motor Operating in Industry

7.1 Introduction

This Chapter details an experimental and finite element study of airgap eccentricity in a
large high voltage industrial based 3-phase induction motor. Monitoring of the current
components to detect the presence of airgap eccentricity has been successfully applied
in the industrial situation [19, 20, 21], This has involved monitoring over time to
ascertain if the current component magnitudes increased and hence the airgap
eccentricity level. However, the prediction of the current component magnitudes as a
function of the eccentricity level for a large, high voltage squirrel cage induction motor
has not been attempted either by the classical method proposed by Cameron [19, 22] or
by a finite element approach. The verification of the finite element method to model and
predict the magnitude of these current components was an important part of this
research. The application of finite element analysis to a large motor to model airgap
eccentricity has not been previously attempted. The motor design details and pole-pair

analysis are presented before the on-site test results are discussed. The finite element
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analysis of the motor is then presented together with comparisons with the on-site test

results.

7.2 Design Details and Calculation of Finite Element Data

The induction motor investigated was a 1.45MW, | IkV, 103A, 742 rpm, 50Hz, 8-pole
cage motor. The complete motor specification can be found in Appendix 5, Section
AbL.1, all design details were obtained from the motor manufacturers [107], The motor
was situated on an oil tank farm and used to drive a pump (directly coupled) to pump
oil from oil storage tanks through a pipe to tankers on loading jetties approximately 2
miles away. There were four pumps to be driven by four motors three of which were of
the design modelled and a fourth of a slightly different design which was not
considered. As explained later the current spectra was obtained from two motors, ‘A’

and ‘B’ of nominally identical specification.

A finite element mesh of the large motor was constructed from detailed design drawings
1107], The two dimensional mesh contained 9837 nodes and 17,954 elements. Detailed

design details are not presented for this motor to preserve manufacturers confidentially.

Certain parameters had to be calculated for the finite element analysis control files. The
large motor had cooling ducts situated in the core which had to be taken into account
when calculating the effective machine length and effective stacking factor for the core.
This was not required for the test-rig motor as cooling ducts were not present. Section
Ab.2 details the calculation of these parameters as required by the finite element
analysis [108], The rotor bar conductivity also had to be calculated taking into account
temperature and end-ring effects. The same procedure as performed for the test-rig
motor was followed. With the control files and finite element mesh complete initial
solutions for the larger motor were performed the results of which are described later in

this Chapter.

185



7.3 Pole-Pair Analysis

The frequency components in the current spectrum for the large motor were calculated

from Equation 2.2 and are shown in Table 7.1.

Type Frequency f R nd s P s, Hws
(Hz)

pspf 819 50 62 0 0.008 4 0 !

pspf 919 50 62 0 0.008 4 ! !

pspf 1019 50 62 0 0.008 4 2 !
de 807 50 62 -1 0.008 4 0 !
de 831 50 62 ! 0.008 4 0 1
de 907 50 62 -1 0.008 4 ! !
de 931 50 62 ! 0.008 4 ! !
de 1007 50 62 -1 0.008 4 2 !
de 1031 50 62 ! 0.008 4 2 !

de: dynamic eccentricity component; pspf: principal slot passing frequency also a function of static eccentricity

Table 7. Frequency Components Investigated for Large Motor

The frequency components shown above were based on a speed of 744rpm which
corresponded to those observed in the current spectra of motors A and B during the on-
site tests. The full load speed is 742rpm corresponding to components at 1016Hz,
1004Hz and 1028Hz etc. Finite element results were obtained at both speeds for
different airgap eccentricity levels. Other components with n., = -1 exist (519Hz,
619Hz and 719Hz). These were present in the on-site and finite element spectra in
addition to those shown in Table 7.1. Flowever, for clarity of presentation of the results
and subsequent discussion they are not included, suffice to say that the behaviour they
exhibited followed that of the components which are discussed. They were also the least
significant in the on-site test spectra with the 1019Hz and the 919Hz being the most

significant.
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The pole-pairs associated with these frequencies for different combinations of airgap
eccentricity were calculated using Equation 2.3. Table 7.2 shows the stator winding

harmonic pole-pair numbers for the stator.

Stator winding data: 8 pole, 84 slot, 3.5 slots/polc/phasc, star connected.

Harmonic pole-pairs: Fundamental - 4 pole-pairs

4 8 16 20 28 32 40 44 52 56 64 68 76 80 88 92 100 104

Table 7.2 Harmonic Pole-Pair Numbers for Large Motor Stator

Case 1. No static or dynamic eccentricity

! 819Hz: m =62 + 84 + 2x0x4 +1x4 =150, -18 corresponding to n"a = 0 and nos = |
919Hz: m =62 + 84 + 2x1 x4 + 1x4 = 158,-10 corresponding to n"a = 1 and nos = !

1019Hz: m = 62 £ 84 + 2x2x4 + 1x4= 166, -2 corresponding to Usa = 2 and nos = !

| bis result shows that the pole-pairs of the flux waves at the principal slot passing
frequencies were not compatible with the stator winding. This meant that in an
absolutely perfect motor (0% airgap eccentricity) these components should not be
present in the frequency spectrum of the current. This condition could never be

achieved experimentally due to the inherent airgap eccentricity levels in the motor.

Case 2: Static eccentricity present but no dynamic eccentricity

m=(77x5+ & +ng”p) where n* = 1, the associated pole-pairs are all odd

and therefore not compatible with the stator;
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The same applied for the 919Hz and 1019Hz components. This assumed the basic case
of Us = 1 which was a simplification of the situation. If n* = 2 the pole-pairs became
compatible:

819Hz: m= 148. 152, -20, -16

919Hz; m =1, 156, -12,

1019Hz; m= 164, 168, -4, 0

Case 3: Dynamic eccentricity present hut no static eccentricity

When only dynamic eccentricity was considered (nj = 1) the same results as for purely
static eccentricity were obtained. The pole-pairs of the flux-waves associated with the

dynamic eccentricity components were not compatible with the stator winding.

Case 4: Doth static and dynamic eccentricity present

If Us = | was applied to the concentric pole-pairs obtained in Case | the pole-pairs

associated with the components were:

1019Hz: m= 165, 167, -3, -1

To obtain the pole-pairs of the dynamic eccentricity components with static also present
nj = | was applied to the above pole-pairs resulting in;
807Hz: m =148, 150, -18, -20
831Hz: m = 150, L~, 116, -18
907Hz: -12, -10
-10, -8
1007Hz: m~ 164, 166, -A, -1
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1031Hz: m=166, 168, -2, 0

This results suggested that the with both static and dynamic eccentricity present the
majority of the dynamic eccentricity components were compatible with the stator
winding and that dynamic eccentricity was a function of static eccentricity for this
motor. The only exceptions to this were the 907Hz and 1031Hz components whose
pole-pairs were incompatible when the basic case of nj = | was taken, however, ifn* =
3 (907Hz) and n., = 5 (1031Hz) then compatibility occurs. It is interesting to note with
the pole-pair analysis that if n, = 2 (which is what made the static eccentricity
components on their own compatible) and then dynamic eccentricity is then included nj
= | or 2 then the pole-pairs associated with the dynamic eccentricity components are

not compatible.

A summary of the findings is that with a concentric rotor the principal slot passing
frequencies should not appear. With static eccentricity present and the basic pole-pair
analysis applied (n® = 1) the pole-pairs associated with the principal slot passing
frequencies are not modified to make them compatible with the stator winding unless n*
= 2. Purely dynamic eccentricity will not result in the dynamic eccentricity components
appearing unless, nj = 2. With static and dynamic eccentricity combined the dynamic
eccentricity components will appear and increase in magnitude with increasing static
eccentricity. I'ne pole-pairs associated with the static eccentricity components cannot
be calculated when static and dynamic eccentricity are present together. This analysis

will be referred to as the on-site test and finite element results are presented.
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7.4 On-Site Test Results

7.4,1 Introduction

The current spectra for two nominally identical motors, ‘A’ and ‘B’, were obtained
during an on-site visit. It was known that motor B was being used for the vast majority
of loads. The motors are not run at full-load at all times but are dependant on pumping
rate required which in turn depends on other factors such as the capabilities of the

tankers being loaded. A diagram showing the experimental set-up during the tests is

show in Figure 7.1.

Figure 7.1 Experimental Set-up for On-Site Tests

The current transformer was identical to that used for the test-rig motor (0.1V/A output
the same reference voltage was applied (10 ") for the dB to amps conversion). This CT
was clipped round the secondary side of the on-site CT as shown in Figure 7.1. As a
result, 40dB had to be added to the magnitudes of the current components displayed on
the spectrum analyser (an additional 40dB is equivalent to a linear increase of 100). The

magnitudes displayed on the spectra for the on-site tests were without the 40dB



included, magnitudes shown in tables, graphs and for comparison with the finite element

analysis results had the 40dB added to them.

1A.1 Current Spectra for Motors A and B

On the day of the on-site tests the motors were running at 744rpm which was obtained
from the frequency of the principal rotor slot passing components in the current spectra

using Equation 2.2. The current spectra for motors A and B are shown in Figures 7.2

and 7.3 respectively.
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Figure 7.3 Current Speetra for Motor B

The fundamental current magnitude from the current spectra for the motors was, motor
A = 72.4A and motor B = 63.8A. Frequency components at 919Hz and 1019Hz as
predicted by Equation 2.2 were clearly present in the spectra and were higher in
magnitude for motor B. For instance, the 1019Hz component increased by 13.3dB. This
suggested that the airgap eccentricity level was higher for motor B which tied in with
motor B being used for the majority of loads, that is, a much heavier duty cycle. By
performing a zoom spectrum around these components the dynamic eccentricity

components were clearly present as shown in Table 7.3.
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Frequency Motor A Motor B Difference  Motor A Motor B Difference

(Hz) (dB) (dB) (dB) (mA) (mA) (mA)
807Hz (de) 38.9 58.3 19.4 0.88 8.2 7.32
819Hz (se) 60.0 63.9 3.9 10.0 15.7 5.7
831 Hz (de) 53.8 61.8 8.0 4.9 12.3 7.4
907Hz (de) 458 48.8 3.0 1.95 2.75 08
919Hz (se) 60.1 66.6 6.5 10.1 21.4 11.3
931 Hz (de) 34.9 52.2 17.3 0.56 41 3.54
1007Hz (de) 48.3 62.1 138 2.6 12.7 10.0
1019Hz (se) 66.7 80.0 133 21.7 100 78.3
1031Hz (de) 37.4 52.1 14.7 0.74 4.0 3.26

Table 7.3 Magnitude of Current Components for Motors A and B from On-site Tests

Inspection of Table 7.3 reveals that the dynamic eccentricity components were clearly
present in the spectra. They were also higher in magnitude for motor B than for motor
A, following the trend displayed by the static eccentricity components. For instance, the
807Hz was 19.4dB larger and the 931 Hz was 17.3dB larger. The 907Hz and 1031Hz
components were clearly present in the spectra, the basic pole-pair analysis predicted
that the pole-pairs associated with these components would not be compatible with the
stator The appearance of these components could be due to winding asymmetries
present in the on-site motors or to the component actually being compatible which the
pole-pair analysis failed to predict. This is further discussed as the finite element results
are presented. It is reasonable to conclude that static and dynamic eccentricity were
present in both motors and that the airgap eccentricity level in motor B was higher.

These results are discussed further in the next section.
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7.4.3 Discussion and Conclusions on On-Site Results

The 1019Hz component was clearly the most prominent in both motors, other
independent tests obtained a similar result [21]. The basic pole-pair analysis cannot
unambiguously predict the pole-pairs associated with the static eccentricity components
when both static and dynamic were present together. However, assuming the pole-pairs
predicted for static only, with n. = 2 (second order static eccentricity), and investigating
the winding factors associated with these pole-pairs provided interesting results. The
pole-pairs calculated indicated that the components were compatible with the stator
winding. The winding factors associated with the compatible pole-pairs are tabulated in
Appendix 5, Section A5.3. The largest winding factor and associated pole-pair for each

static eccentricity component are shown in Table 7.4.

Frequency Pole-Pairs for largest Winding Factor associated
Component (Hz) winding factor with pole-pairs
819 152, 16 0.0584
919 160, 8 0.0313
1019 164, 4 0.9319

Table 7.4 Winding Factors for Static Eccentricity Components

The winding factor for the 1019Hz component was 15.9 times larger than that for the
819Hz component which accounted for its larger magnitude for both motors. The
factor for the 819Hz component was larger than for the 919Hz component but the
819Hz component was 0.1 dB less for motor A. The 919Hz was the larger by 2.7dB
compared to 819Hz for motor B. This suggested that either there were slight
differences between the windings or at higher levels of airgap eccentricity factors other

than the winding factors came into play.
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Investigating the pole-pairs and the winding factors for the dynamic eccentricity
components revealed behaviour that was more predictable. The 831 Hz component was
larger than the 931Hz by 18.9dB for Motor A and 9.6dB for Motor B. The winding
factor associated with the pole-pairs for the 83 IHz component was 0.0584 compared to

only 0.0313 for the 931 Hz component.

Of course all the foregoing discussion is based on the pole-pairs predicted by the basic
mmf and permeance wave analysis. This basic analysis, due to assumptions, has been
shown not to model the true situation. However, the results clearly indicated once again
the ability of on-line current monitoring to detect airgap eccentricity in the industrial

situation.

7.5 Finite Element Analysis

7.5.1 Introduction and Initial Result

The finite element model and control files were compiled using the details described
earlier in this Chapter and in Appendix 5. An initial run was performed to verify the
finite element analysis of the motor and the values of the parameters used. Initially a full
load condition of 742rpm was modelled with 35% static and 5% dynamic eccentricity,
rhe finite element analysis outputted a figure of total rms input current of 107.5A at a
power factor of 0.79 lag. This value of current was slightly higher than the rated value
of 103 A, however, the percentage difference is only + 4.3%. The power factor also was
favourable with the nameplate value of 0.78 lag. It is possible that with further time to
investigate the parameters used that this difference could have been decreased.
However, the motor parameters provided by the manufacturer had to be assumed to be
accurate in value. The induced emf spectrum contained the frequency components of
interest as shown later, verifying that the finite element analysis was modelling the
effects of airgap eccentricity on the motor. Analysis for different airgap eccentricity

levels at 742rpm and then 744rpm were then performed. The majority of the finite
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element analysis was performed at 742rpm before the on-site visit was arranged.
Further analysis was then performed after the visit at 744rpm to compare these results
with the on-site test results and the finite element analysis at 742rpm. Further runs at
744rpm would have been interesting, however, time did not permit that and enough
results were obtained for a comparison with the on-site test data. Although all the
frequency components from 519Hz to 1019Hz were present only the 819Hz, 919Hz

and 1019Flz are the focus ofthe discussion.

7.5.2 Airgap Eccentricity Results for Finite Element Analysis at 742rpm

7.5.2.1 Static and Dynamic Eccentricity Variations

These results focused on increasing static eccentricity with a fixed level of 5% dynamic
eccentricity. The pole-pair analysis predicted that the dynamic eccentricity components
were a function of the static eccentricity level in the motor, that is, the dynamic
components would increase with static eccentricity even though the dynamic
eccentricity level remained constant. In the industrial situation it is more likely for the
static eccentricity level to increase unnoticed than the dynamic eccentricity. The
rotating unbalanced forces with dynamic eccentricity can be very high, for example,
600N for a 4 pole 15kW 3-phase induction motor [102], As described for the test-rig
motor, higher dynamic eccentricity was audibly noticeable. Analysis was performed for
a fixed level of dynamic eccentricity with the static level increasing from 5%, 20%,

35%, 50% and finally 65%.
The spectra of the emf from the finite element analysis for 5% static with 5% dynamic

and then 35% static with 5% dynamic eccentricity are shown in Figures 7.4 and 7.5,

respectively.
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Figure 7.4 EMF Spectrum from FE for 5% Static and 5% Dynamic Ecc. 742 rpm

Figure 7.5 EMF Spectrum from FE for 35% Static and 5% Dynamic Ecc. 742 rpm
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The principal rotor slot passing frequencies which are a function of static eccentricity
were clearly present in both spectra and they increased in magnitude with the increase in
static eccentricity. For instance, the 916Hz increased by 22.4 dB. Several of the
dynamic eccentricity components were present with 5% static and 5% dynamic
although they were low in magnitude (904Hz at 37.3dB, 1028Hz at 25.0dB) The
1004Hz and 1028Hz were present in the spectra in Figure 7.4, however, with the size
of plot they could not be highlighted clearly. However, with the 20% increase in static
eccentricity with fixed dynamic eccentricity of 5% these components increased
considerably and the others that were not present in the 5% static with 5% dynamic
spectrum became visible. The 904Hz increased by 20.9dB and the 1028Hz by 14.9dB.
The 904Hz component, which has the same pole-pairs as the 907Hz component and the
1028Hz component which has the same pole-pairs as the 1031Hz, were clearly present
in the finite element results despite the basic pole-pair analysis prediction that these
components would not be compatible. Their presence in the spectra from the on-site
motors could have been due to winding asymmetries, however, a perfect winding is
modelled in the finite element analysis which suggests that the pole-pairs associated
with these components were after all compatible with the stator. Ifthe pole-pair analysis
is extended with nj = 3 (904Hz) and nj = 5 (1028Hz) then compatibility can occur. The
804Hz which was not visible in the 5% static with 5% dynamic spectrum occurred at

32.4dB with 35% static eccentricity.

fhese results clearly showed the dependence of the dynamic eccentricity components
on the level of static eccentricity. This illustrates that the basic pole-pair analysis,
despite its limitations for specific components, does have its application to
approximately predict the effect of the two forms of airgap eccentricity on one another.
This level of understanding of the components behaviour with airgap eccentricity would

be useful when applying on-line current monitoring practically.

rhe same procedure as for the test-rig motor was followed to calculate the current

magnitudes of the frequency components from the emf. The supply voltage was
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considered to be a short circuit at the high frequencies of interest. The values used for
the stator resistance and stator end-winding leakage reactance in the circuit to calculate
the current are shown in Appendix 5, Section A5.1. It was found that for the 50Hz
component that a small uncertainty (» 0.3dB) in positioning the cursor to obtain the
magnitude of the 50Hz emf resulted in vast differences in the calculated current (over
25A). However, the 50Hz component of the current produced by the finite element
analysis was obtained from the frequency spectrum of the current signal, as was
performed for the test-rig motor. The 50Hz current component was 140.1dB which is
equivalent to 103.5A. This is less than the total rms current outputted of 107.5A, as
would be expected as the latter figure includes the magnitude of all frequency
components. Figure 7.6 shows the increase in the magnitude of the calculated current

components over the range of static eccentricity levels investigated.

“0 sialic I-xcenlricity wilh I'ixod 5% Dynamic

Figure 7.6 Increase in Magnitude of Current Components with Increasing Static

Eccentricity and Fixed Dynamic Eccentricity

Table 7.5 shows the complete set of results for the calculated current components in dB
at the different airgap eccentricity levels modelled. Inspection of this table reveals that
the static eccentricity components consistently increased with the increasing static
eccentricity. Overall the dynamic eccentricity components followed the same pattern, a

general increase in magnitude, however, there was the occasional instance where the
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magnitude decreased. This was visible from the 928Hz component in Figure 7.6. In
Table 7.5 the 804Hz decreases from 52.1dB to 45.5 dB as the static eccentricity level
increased from 20% to 35%. The largest increase for all the dynamic eccentricity
components seemed to be in the earlier stages of static eccentricity increases, i.e., from
5% to 20% static. After this point, although the components on the whole increased in
magnitude the overall increase from 20% to 65% static eccentricity was less than the
increase for the first stage 5% to 20%. For instance, the 928Hz increased by 21.2dB
from 5% to 20% static eccentricity and only 4.4dB from 20% to 65% static
eccentricity. The Static eccentricity components did not exhibit this trend with the
increase in their magnitude being similar with each 15% increase in the static
eccentricity. The 1019Hz component (744rpm) and associated dynamic eccentricity
components were most prominent in the spectra from the on-site test results The finite
element results did not follow this trend. In fact the 1016Hz (742rpm) was smaller than
both the 816Hz and 916Hz components. This difference will be discussed further during

the comparisons of the on-site results and the finite element analysis for 744rpm.

- not visible Current Magnitude in dB /mA for the Given Static and Dynamic Ecc. Level

Frequency 5% se 20% se 35% sc 50% sc 65% sc
(Hz) 5% de 5% de 5% de 5%, de 5% de
804 de - 52.1 45.5 52.5 n9.7
816 se 67.7 / 243 752 / 575 761 / 63.8 80.4 / 104.0 87.9/248.3
828 de - 54.1 52.4 58.6 53.8
904 de 49.4 65.6 70.3 74.0 75.2
916 sc 55.0/5.6 67.2 /22.9 7741741 83.81 1549 86.3/206.5
928 de 29.9 51.1 46.9 55.9 50.1
1004 de 38.2 52.3 53.0 59.9 50.1
1016 sc 4211 1.27 55.2/5.75 61.6/ 12.0 67.5/23.7 70.6/ 33.9
1028 de 36.0 53.6 50.9 56.2 55.6

Table 7.5 Calculated Current Components at 742rpni for Static and Dynamic Combinations
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7.5.2.2 Static Eccentricity Variations

Although the condition of purely static eccentricity would be never be achieved in a real
motor, the finite element analysis was used to model 10% and then 35% purely static
eccentricity. This was to further investigate the findings of the pole-pair analysis. The
independence of the static eccentricity components from the presence of dynamic
eccentricity was also investigated. The calculated current magnitudes for these two

conditions are shown in Table 7.6.

Frequency Component Current Magnitude (dB) Current Magnitude (dB)
(Hz2) 10% Static Eccentricity 35% Static Eccentricity
804 de
816 se 67.8 76.2
828 de
904 de - 53.1
916 se 56.8 77.8
928 de
1004 de
1016 se 46.9 62.4
1028 de

fable 7.6 Calculated Current Magnitudes for 10% and 35% Static Eccentricity,
742rpm

The dynamic eccentricity components were not present with 10% static eccentricity
even when the display was reduced to 20dB for the emf spectrum, that is over | I0OdB
down on the fundamental (in noise). Inspection of Table 7.6 shows that the static
eccentricity components were independent of the level of dynamic eccentricity present
in the motor. For both cases the magnitudes of the static eccentricity components did

not differ from those obtained when the same level of static eccentricity was modelled
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with 5% dynamic eccentricity present. At 35% static the current magnitude of the
916Hz was 77.8dB and with 35% static with 5% dynamic eccentricity the magnitude

was 77.4dB. The differences were within processing tolerances.

The fact that the 904Hz dynamic eccentricity component appeared with 35% static
eccentricity was a very interesting result. There was physically no dynamic eccentricity
included in the model so the presence of the dynamic eccentricity component must have

been due to the static eccentricity.

The basic pole-pair analysis with n, = | predicted that with the static eccentricity the
pole-pairs associated with the principal rotor slot passing frequencies were incompatible
with the stator winding. The components were clearly present in the spectra and as the
finite element analysis did not model second order effects like supply or winding
asymmetries their appearance could not be due to these factors. When the pole-pair
analysis was extended to n* = 2 the pole-pairs became compatible, that is, with second
order static eccentricity which the basic analysis did not include. Similar results were
obtained for test-rig motor analysis, in that when the analysis was taken further
compatibility occurred as the finite element and experimental results indicated. The
effects of second order static eccentricity are inherently included in the finite element

analysis as the actual rotor slot shape is modelled.

7.5.3 Airgap Eccentricity Results for Finite Element Analysis at 744rpm

Two levels of airgap eccentricity were modelled, 5% static with 5% dynamic and 35%
static with 5% dynamic. The purpose of the investigation at this speed was to compare
the results at reduced speed with the finite element results at 742rpm and for
comparison with the on-site test results. As expected at lighter load the total rms line
current to the motor was less, 86.9A at 0.762 power factor. The 50Hz component of

the current signal produced by the analysis was obtained at 138.4dB which is equivalent
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to 83.2A. This was higher than the 50Hz magnitude obtained during the on-site tests,
motor A = 72.4A and motor B = 63.8A for the same speed of 744rpm. This was a
larger difference than for the 50Hz component at 742rpm. There were of course
tolerances on both the finite element and on-site test results. The tolerance for the finite
element results was realistically less than 1dB (0.3 to 0.4dB in practice). However,
there is a 1dB tolerance on the experimental results which is equivalent to £12.2A. Ifan
error of this magnitude was present in the on-site test values for the 50Hz component

then this would significantly reduce the difference.

The magnitudes of the static and dynamic eccentricity components decreased as
expected with the lighter load and in certain cases became too small to be clearly visible
in the emf spectra. In the results presented later, all components that were clearly visible
are presented. Figure 7.7 shows the decrease in the magnitude of the emf components
for 35% static eccentricity and 5% dynamic eccentricity as the speed increased from
742rpm to 744rpm. The principal rotor slot passing frequencies are presented, the same

trend was observed with the dynamic eccentricity components that were visible.

742rpm
—O— 744rptn

Figure 7.7 Magnitudes of the EMF Components at a Fixed Airgap Eccentricity Level
(35% Static with 5% Dynamic) for 742rpm and 744 rpm
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The current components were calculated for the two levels of airgap eccentricity
investigated at 744rpm and the results are shown in Tables 1.1 and 7.8. When
calculating the current magnitudes two equivalent circuits were used. Firstly, as before,
only the stator resistance and stator end-winding leakage reactance were included.
Another value of current was then calculated using the above circuit values but with a
value for the supply impedance included. This was to model the on-site test situation as
it was estimated that a mainly reactive supply impedance of/0.55Q was present. This
was included in the circuit and resulted in the calculated current magnitudes being
slightly smaller. During the discussions which follow only the current values calculated
with the supply impedance are considered, the current magnitudes in Tables 7.5 and 7 6

did not include the supply impedance.

Frcqucncy (Hz) FE Emf Calculated Current Calculated Current
Magnitudc(dB) Rs + Les RS L¢s  Ljupply
(dB) (dB)
819 (se) 50.3 65.2 63.3
919  (sc) 39.7 53.5 51.6
1019  (sc) 24.8 37.9 35.8
807 (de) 36.8 51.8 49.8
1007  (de) 24.8 37.9 35.8

Table 7.7 Calculated Current Magnitudes for 5% Static with 5% Dynamic at 744 rpm
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Frequency (Hz) FE Emf Calculated Current Calculated Current

Magnitudc(dB) E-s 5" Lgs RS Ees  Esupply
(dB) (dB)
819 (s 59.5 74.3 72.4
919  (sc) 61.1 74.9 73.0
1019 (sc) 40.0 52.9 51.0
907 (de) 56.7 70.8 68.9
1007 (de) 37.1 50.2 48.2

Table 7.8 Calculated Current Magnitudes for 35% Static with 5% Dynamic at 744 rpm

All components clearly increased with the increase in static eccentricity, 819Hz by
9. 1dB, 1007Hz by 12.2dB. In terms of a comparison between the finite element current
magnitudes and those obtained from the on-site tests Figure 7.8 graphically shows
where all the results are positioned with respect to each other. It has to be remembered
that the level of airgap eccentricity in the on-site motors was not known and could lie

anywhere between the two levels modelled or in fact be greater.

35% se + 5% de
Motor A
Motor 1!

Figure 7.8 Current Magnitudes from the On - Site Tests (Motors A and B) and from
the Finite Element Analysis at 744rpm (5%se + 5%se and 35%se + 5%de)
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Inspection of the graph reveals that the agreement between calculated and measured
current magnitudes was rather sporadic. The was no consistent agreement, for example,
the finite element results for 35% static with 5% dynamic eccentricity agreeing with
those for motor B. Table 7.9 presents the above magnitudes and the 807Hz component

that was visible in the spectra for 5% static with 5% dynamic eccentricity.

Frequency (Hz) Motor A Motor B FE FE
(dB) (dB) 5% sc + 5% de 35% sc + 5% de

(dB) (dB)

819 (sc) 60.0 63.9 63.3 72.4

919 (sc) 60.1 66.6 51.6 73.0

1019 (sc) 66.7 80.0 35.8 51.0
807 (de) 38.9 58.3 49.8 - (not visible)

907 (de) 45.8 48.8 - 68.9

1007 (de) 48.3 62.1 36.0 48.2

Fable 7.9 Comparison of Finite Element and On-Site Test Current Components

The agreement for motor B and the lower level of finite element results is good for the
819Hz component (0.6dB different), however, for the 919Hz component the motor B
magnitude is 6.4dB less than that obtained from the finite element for 35% static with
5% dynamic eccentricity. For motor A the 1007FIz is only 0.1 dB greater than the FE
magnitude at 35% static with 5% dynamic but then for the 819Flz the agreement is
better between the motor A magnitude and the FE magnitude for 5% static with 5%
dynamic eccentricity. There is no consistency in the results, however, it has to be

remembered that the level ofairgap eccentricity in the on-site motors was unknown.
The finite element analysis was predicting the magnitude of the components in the same

region as those obtained from on-site test measurements which was a very positive

result in terms of applying the technique to a large motor. As discussed earlier, the
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1019Hz and associated dynamic eccentricity components were predominant in the finite
element spectra compared to the on-site test spectra. Some of the other components
predicted by the finite element analysis were reasonably close to experimental values
which gave confidence in the analysis. However, the 1019Hz was consistently less for
both levels of modelled airgap eccentricity than either the current magnitudes for motor
A or B. This component was a function of second order saturation (m" = 2) and a
possible explanation is that the finite element modelling of saturation at this level was
not in line with what was happening in the actual motors. Another explanation is that
this component is also a function of the fifth time harmonic of the stator mmf (n,« = 5)
and no saturation (m,, = 0). Consequently, if this fifth harmonic is larger for the on-site
motors than in the finite element analysis then the 1019Hz component would be larger
in magnitude. The accuracy of the on-site results are also very dependent on the
linearity of the on-site CT’s. It is possible that for frequencies, for example, above
IOOOHz that the CT’s became non-linear, investigation of this would require another

on-site visit.

In terms of the accuracy of the calculation of all the current magnitudes it was thought
that the AC resistance of the stator (which is not included in the finite element model)
could be having an effect on the magnitudes of the calculated current components.
Unfortunately, this resistance would be higher at the higher frequencies, e g. at 1019Hz
compared to 819Hz which would not increase the magnitude of the 1019Hz
component However, the motor designers were consulted and the method described in
Appendix 5, Section A5.4 was followed to calculate the AC resistance of the stator at
the different frequencies of interest. It was found that the AC resistance at 1019Hz was
15.3Q, the original total impedance (including the supply) was 5602, by using the AC
stator resistance, instead of the DC value of 0.649Q, this increased to 58.3Q. In terms
of the effect on the actual component magnitude, at 35% static with 5% dynamic the
magnitude was 5I1dB, including the AC resistance decreased this to 50.7dB. This is a
negligible difference and the AC resistance was deemed to have an negligible effect on

the magnitude of the current components.
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7.5.4 Conclusion on Finite Element Analysis of Large Motor

Overall the finite element analysis of the large motor was successful. The fundamental
current was in good agreement with the rated value for full load and for the values
obtained during the on-site tests for reduced load. The frequency components predicted
by Equation 2.2 and obtained experimentally were present in the induced emf spectra
and the effect of a change in speed of 2rpm was successfully modelled. The magnitude
of the current components were in the same region as those obtained from the on-site
tests An accurate comparison between experimental and predicted current magnitudes
for a known level of airgap eccentricity was not possible, however, the results obtained
were very positive. A technique that was applied to a IIkW motor was successfully
transferred up to a 1.45MW motor. Other than the 1019Hz component, the finite
element analysis components exhibited the same behaviour as the on-site test results and
what was suggested by the basic pole-pair analysis. With both forms of the fault present
the static eccentricity components increased in magnitude with increasing static
eccentricity. The dynamic components also increased in magnitude despite the dynamic
eccentricity level not changing which indicated their dependence on the static

eccentricity level.

7.6 Conclusion

Once again the value of on-line current monitoring in the industrial situation has been
proven worthwhile. The magnitudes of the airgap eccentricity components were clearly
higher in motor B compared to motor A which indicated a higher level of airgap
eccentricity. This tied in with the heavy usage of motor B and the thoughts of on-site
personnel. The finite element analysis was successfully applied to the larger motor with
the expected frequency components being present in the induced emf spectra. The

magnitude of the predicted current components were in the same region as those
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obtained on-site. The fundamental current and power factor were in good agreement

with rated values and on-site results.

The application of the finite element analysis to model large industrial based motors is
the area of this research that the majority of further work would be focused. The next
Chapter details the objectives of further work in general related to the entire research

programme and specifically in the area related to large industrial based motors.
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Chapter 8

Conclusion

8.1 Achievement of Objectives

The objectives of this project, as detailed in Chapter 1, have been successfully achieved

and new contributions to knowledge have been made as summarised below.

The critical appraisal of the classical mmf and permeance wave approach to predict the
current components (frequency and magnitude) which are a function of airgap
eccentricity revealed that the method accurately calculates the frequencies at which
these components occur. Experimental results, for a | IkW test rig motor and a larger
industrial based motor, showed that the magnitude of these components increased with
increasing airgap eccentricity. However, an attempt to predict the magnitudes of the
current components as a function of the airgap eccentricity level was largely
unsuccessful as simplifications in the analysis resulted in inconsistent agreement
between calculated and measured values. This was only attempted for the | IKW test-rig

motor and was not applied to a large industrial induction motor.

Finite element analysis has been widely used to model induction motors and inherently

overcomes many of the limitations of the classical approaches. It has been used to
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model airgap eccentricity, however, the application of finite element analysis to
investigate the current components and predict their magnitude as a function of the
airgap eccentricity level had not been attempted. The successful achievement of this as

presented in the thesis, has contributed to new knowledge in the area.

The finite element analysis was initially applied to a ! IkW test-rig motor and the motor
was successfully modelled with the fundamental current component at the expected
value. The effect of high resistance joints in the rotor on the value of rotor bar
conductivity used in the analysis was discovered. This had been a problem when trying
to get the fundamental current at the expected value. The introduction of airgap
eccentricity into the model was successful, the frequency components predicted by the
mmf and permeance wave approach were present and increased in magnitude with

increasing levels of airgap eccentricity.

Consistently good agreement was obtained between the calculated and the measured
current magnitudes for given levels of airgap eccentricity. The combination of static and
dynamic eccentricity as occurs in practice was successfully modelled. This was a
considerable improvement on the achievements of the classical approach. Limitations in
the mmfand permeance wave approach for calculating the pole-pairs of the flux waves
associated with the airgap eccentricity components were discovered. The conclusion
reached was that the pole-pair analysis can be used in a cautious fashion to gain a basic
idea of the compatibility with the stator winding and dependability of static and dynamic
eccentricity on each other. The finite element approach was shown to overcome the
ambiguities in the classical approach and the results tied in with what was obtained

experimentally.

The finite element investigations of the rotor slot design and the number of rotor bars
successfully modelled the effects on the current components of these variations. The
purpose of these investigations was to further the knowledge of the effects of these

factors on the current magnitudes with airgap eccentricity variations. This was
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particularly valuable in terms of monitoring different motors in industry. For instance, it
was found that for the same increase in static eccentricity, the current components with
a semi-closed rotor slot increased by three times more than those with a open rotor slot

design.

The application of the finite element analysis to model a large industrially based motor
was an important and successful part of this research. The classical approach to predict
the current component magnitudes was never applied to a large induction motor and the
application of finite element analysis to model these frequencies components and predict
their magnitude for a large industrial motor was a new contribution. On-site tests on
two 1.45MW three phase motors operating in industry further verified the application
of on-line current monitoring in the industrial situation with the current components
being larger for the motor that was thought to have a higher than normal level of airgap
eccentricity. The finite element analysis of the motor was successful as the mains
component was of the correct level and the airgap eccentricity components were
present in the spectra. The finite element analysis verified the dependence of the
dynamic eccentricity components on the static eccentricity level. This confirmed the
experimental results and the general predictions of the pole-pair analysis. The calculated
current magnitudes were in the same region as those obtained from the on-site tests. An
exact comparison could not be made as the level of airgap eccentricity in the motors

was unknown.

Overall this research has contributed to the understanding and quantification of airgap
eccentricity in three phase induction motors. The classical approach was revisited and
the advantages and limitations investigated. A finite element analysis has been
successfully applied to both a small test-rig and a large industrially based motor. The
airgap eccentricity components were modelled and for the test-rig motor consistently
good agreement was obtain between measured and calculated magnitudes for a known
level of airgap eccentricity. For the industrial motor the initial results were very

encouraging as the predicted current magnitudes were at the same level as those
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obtained on-site. The additional investigations into the effects of rotor design provided

valuable information in terms of monitoring different motors in industry.

8.2 Suggestions for Future Work

An immediate follow on from the work presented in this thesis would be the further
investigation of the industrial based motor. The reason for the 1019Hz component
being less prominent in the finite element analysis spectra than in the on-site test results
needs to be established Another on-site visit to check the frequency response of the on-
site CT’s would be required it eliminate CT non-linearity as the reason. A frequency
spectrum for the busbar voltage supplying the motors could also be obtained. This
voltage could then be applied to the finite element analysis which would be more
realistic than the ideal voltage waveform currently assumed by the analysis. Due to
computational restrictions the number of nodes available to generate the mesh was
restricted. Although an adequate resolution was still obtained it might be possible, with
another CPU, to increase the node number to more accurately model the flux
distribution around the slots. It would also be valuable to perform further solutions at
different levels of static and dynamic eccentricity with the view to try and match a

modelled set of magnitudes with those obtained from the on-site tests.

Although not included in this thesis the author performed an additional finite element
analysis on a small IOkW three phase induction motor during the project duration. The
results of which are presented in a paper by Thomson et al [109]. Once again the finite
element analysis predicted the results obtained experimentally and good agreement was
obtained in terms of the current magnitudes for both the 50Hz and airgap eccentricity
components. The basic pole-pairs analysis was again shown to be inaccurate in its
predictions. This was a verification of the application of the technique to small motors.
It would be valuable to model another larger industrial based motor to further

investigate the capabilities of the approach.
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In the longer term there is no reason why for a commonly used motor design that a
finite element analysis could not be performed at different levels of airgap eccentricity
to provide a database of current magnitudes related to specific levels of airgap
eccentricity. Instead of monitoring a motor over time to look for relative increases in
the component magnitudes, a one-off spectrum could be obtained and the magnitudes
compared to the database. In order to monitor reliable frequency components that are
not dependant on second order effects like winding asymmetry, a pole-pair analysis to
provide an approximate estimation of the pole-pairs associated with the frequencies
together with a finite element analysis and a calculation of the harmonic pole-pairs of
the stator would be required. With increasing CPU power the time for finite element
analysis is steadily decreasing and the availability of 3-dimensional modelling (even
more accurate) is becoming increasingly a more practical option in terms of time and
costs. Of course the database idea would require the co-operation of the motor
manufactures in terms of the details of their designs. However, many manufacturers
now perform finite element analysis as part of their design process and in fact they
could compile such a database for airgap eccentricity without supplying design details
to an outside source. Motors could then be supplied with guidelines for acceptable
levels of the current components, with load taken into account, so that once the
magnitudes reach a certain level then the operators know that the motor needs to be
checked.
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Appendix 1

Test- Rig Motor Specification



All Test -Rig Motor Specification:

Parameter
Power
Frequency
Phase
Line Voltage
Full load current
Speed
Poles
Connection
Airgap length
Number of stator slots
Number of rotor slots

Skew

Full Load Operating Temp.

A 1.2 Stator Specification and Dimensions:

Winding Data:

Double layer

Number of slots/pole = 9

Number of slots/pole/phase, d = 3
Number of coils = 36

Number of turns/coil = 15

Number of series turns/phase, T = 180

Coil span = 8 slots

Value
11 kw
50 Hz
3
415 V
20 A
1420 rpm
4
delta
22 thou (0.56mm)
36
51
None

80°C



Fundamental distribution factor, kj, = 0.96
Fundamental pitch factor, kpi = 0.9848

Fundamental skew factor ki = | (no skew)

General and Slot Dimensions

Stator Core Material - Newcore 800
Inside diameter = 165.1mm

Outside diameter = 261.0mm

Axial length of core = 146.05mm
Pole pitch, Xp = 130.0mm

Number of slots = 36

b| = 3.04mm
62 = 6.79mm
h| = 0.762mm
112 - 0.682mm

h, = 19.376mm

11,



A 1.3 Rotor Specification and Dimensions:

Copper fabricated rotor: copper bars and end-rings brazed with soft solder joints
Rotor Core Material - Newcore 800

Rotor diameter = 164.54

Rotor shaft diameter = 56.8mm

Axial length of core = 146.05mm

Number of bars = 51

Full load speed (star connected 415V line) =1322 rpm

Full load slip (star connected 415V line) = 0.1 187

Fundamental distribution factor, kn = |

Fundamental pitch factor, kpi = !

Fundamental skew factor k,i = | (no skew)

Bars:

b| = 0.6mm (actual, originally thought to be 1.27mm)
hl = 0.40mm



d,,, = mean diameter = 153.5mm

('ro.s.s section through end-ring (approximately a square section):

bi = 13mm

hl = 15mm









Appendix 2

Motor Parameter and Equivalent Circuit
Calculations



Appendix 2.1 Calculation of No-Load Motor Parameters

As explained in Chapter 3.3.2 it was possible to use the exact equivalent circuit on no-
load as the stator resistance was accurately measured and the stator inductance had

been calculated from design details by Cameron [19]. This circuit is shown in Figure

Figure A2.l Exact Equivalent Circuit on No-Load

The results of the no-load test were (per phase values):
p.n = 390W, V,, =415L0°V, !

The power factor of the no-load current 1, was calculated from:

this was required to calculate Vn, and hence  as e where Pc is the power

lost in the core and rotational and windage losses. The rotational and windage losses
could not be separated from the core losses, however, it was reasonable to assume that

they were negligible and that this power was lost in the core.



=310.62 W

=399.24 /1.464T

hence R. = =513.13Q

310.62

The magnetising reactance was calculated from:

399.29n
513.14

Im ="63" - 0.078" = 6.252A

Jm 6.252 / 90° -

The value of7'63.960 for the magnetising reactance compared favourably with a value
obtained from design details by Cameron of762Q [19]. Therefore, the exact equivalent

circuit on no-load is shown in Figure A2.2.



Figure A2.2 Complete Exact Equivalent Circuit on No-Load

Appendix 2.2 Calculation of Locked Rotor Motor Parameters

The locked rotor results are shown in Table A2.1;

Phase Power (W) I (A) Iph (A) V, (V)
Red (RY) 562.5 20 115 66.2
Yellow (YB) 572.25 20 115 67
Blue (BR) 552.5 20 115 65.25

Table A2.! Locked Rotor Results for each Phase

From these results:

ph “ph *q

Similarly: lirgY =4.33fi



The average equivalent resistance Kqw = 4.254 Q which results in R2 = 2.254 Q as
Ri = 2 Q. The average resistance is virtually the value of the red phase hence only the

red phase was used to calculate jX..,,.

- I~ MegR

="5.76" -4.253" = j 3.885Q

| ienee, the complete equivalent circuit is shown in Figure A2.3.

|X' 12 Jxlv
YYyvyvyv. L IYYYYY
Ic
R2 /s

|63.86iJ 2.254Q/S

Figure A2.3 Complete Equivalent Circuit for Test-Rig Motor

Appendix 2.3 Full-load 1420 rpm Equivelent Circuit Calculation

Using the derived equivalent circuit a performance calculation was performed at full-

load 1420rpm to compare calculated values of motor current etc. with measured values.



To simplify the equivalent circuit and to calculate the referred rotor current IT a
Thevenin equivalent circuit was used [87], the Thevenin voltage had already been
calculated for the no-load test. Open circuiting the secondary side of the equivalent
circuit meant the referred rotor side was seen as the load. The Thevenin voltage was
then calculated across the load terminals as performed in the no-load test. This is shown

in Figure A2.4.

Figure A2.4 Calculation of Thevenin Circuit Parameters

By replacing the supply voltage (415V) with a short circuit the Thevenin impedance

was calculated:

Z'lh = (2 +./2.27) / /51314 // 763.86 = 2.91/503°. = 1.86 + 72.22 Q

I lence the Thevenin equivalent circuit incorporated with the load is shown in Figure

A25.



Rih JXL

| fyyvn o lyyysa
1.866Q i2.220 1615Q
At 1420 rpm RL /s
s = 5.33E-02 2.2540 /s

so RL/s = 42.290

Figure A2.5 Thevenin and Load Circuits

Using this circuit IL was calculated:

5.3.3/; - 03
= 0.728 kW

To calculate the input power and power factor the input current per phase had to be

calculated:

Vi



Vph = /1 («l +/A%) + (/] - /2)(«c / 1jXm)

= Jin) + (7?- 9/-3.578°)(62.91/84°)

after reagranging I\phase - 15/ -33.5°A

// =19.92/ - 335° A and the power factor cos™ = 0.834 lag

P 9
The efficiceny is: n = x 100 = —----x 100 = 81.4%
This value of efficiency was in line with another similar motor

Appendix 2.4 Calculation of Effective Rotor Bar Conductivity

where k,, = coil pitch factor = 0.9848
k.i = distribution factor = 0.96
Tph = turns ! phase = 180
1< = number of rotor bars = 5!
6,0= r’e = efilective rotor bar resistance
p = pole pairs = 2
re = end-ring resistance

R’? = referred rotor resistance = 2.254 Q from locked rotor test

Hence by equating the end-ring resesitance to zero:

Vil



To calculate the conductivity the resistivity had to be calculated:

where A =

r’e = effective rotor bar resistance = 330.8x 10'Q
p,ff= resistivity of bar material (firn)

I = length ofbar = 146mm

A = cross sectional area of bar (m")

D bar diameter = 6.985mm

' 330.8x10 ~x/r x 0.006985"

I+ Peff - = 0.0868x10 ” Qm
4x0,146 Q

Appendix 2.5 Calculation of Referred Rotor Resistance using the

Standard Value for the Conductivity of Copper

Bar Resistance:

viii



_ /?1_1.72x10 x2;rx 0.07675 _ 4.25x 10~"Q

End-ring Resistance:
A 15x17x10“"

Substituting these values into Equation A2.1 the referred rotor resistance was

calculated:

121Z:y kq lpp, j
I<l=— ;r-~"{'k.+ K
R n22

. 12(0.96X0.9848X 180)2 f
2 = EO T T 1236 0 e ——— -
o1 2 X 27 x

= 0.79Q

This value is at 21 °C, by using Equation A2.2 [95] this was transferred to 80°C to be

comparable with the value from the locked rotor test:

(A2.2)

where
1«2 = resistance at temperature 62 (21 °C room temperature + 80°C motor temperature)
K, = resistance at temperature 0, (2rC room temperature)

a = temperature coefficient of resistance for copper

(Note: In equation A2.2 the resistance terms can he directly replaced by the resistiviy
at the two temperatures as the resistance is linearly proportional to the resistivity. The
resistivty of copper could then be changed to that at 80 °C and the resistance for the
bars and end-ring calculated. Equation A2.1 could then he used to calculate R)

directly at 80 TJ. The same answer is obtained by both methods).



Appendix 3

Matlab Based Spectrum Analysis
Programs:
Test Programs and Final Programs



Appendix 3.1 Code to Plot the FFT of a Generated Sinewave

t = 0:0.001:1; > Generates time vector for producing
sine wave i.e. fg = 1000 Hz
% Sine wave of magnitude 100 at 50 Hz

1001 data points

<
T

fft(y,1001) ; 5 FFT performed N = 1001 AF¥ = 1 Hz

YY = abs(Y); % Obtain magnitude of components 1i.e.
remove complex part

% Generate frequency axis

% Plot spectrum

Appendix 3.2 Code to Calculate the Conversion Factors for an FFT
where N =20,000, f, = 5000Hz and Af= 0.25Hz

a = 1; % Windex into

j = 0; % loop index for generating de signal

b = 1; % index into

for j = 0:0.0002:1 % this loop generates a de level fg = 5000 Hz
y(b,1) = 100; % magnitude 100
b =Db+ 1;

end

X = FFt(y,20000) ; % FFT applied

X = abs(x); % complex part removed

M = max(X); % Find size of peak due to component

MM = M/100; % divide by original magnitude to find factor

Conv(a,l) = MM; " store factor in matrix for 0 Hz (de)

xF = 0.25; % set first frequency for line 2 in spectrum

a=a+ 1; % #ncrement position in storing matrix

% loop generates a signal at each line in the spectrum 0.25, 0.5..

2000Hz (xf)



for xF = 0.25:0.25:2000

t 0:0.0002:1;

y = 100*sin(2*pi*xXF*t); % generates sinewave of xf Hz

X = fft(y,20000); % see code above for comments

X abs(x)

M = max(X);

MM = M/100;

Conv(a,l) = MM; % Ffactor stored

a=a+ 1; % idincrement position in storing

matrix

end

Appendix 3.3 Code to Apply Conversion Factors to an FFT and
Display the Spectrum with the Correct Frequncy Axis

This code applies the conversion factors to the matrix containing the FFT results.

a = 1;

for a = 1:8001 % only first 2000 Hz required

end

This divides the magnitude of each line up to 2000 Hz by the corresponding conversion
factor and the values of magnitudes for the corrected spectrum are stored in matrix KI.

The FFT could then be plotted against the frequency axis to display the corrected plot

f = 5000/20000*(1:8001); % 0-2000 Hz scale generated
plot(F,KI)



Appendix 3.4 Code to Convert Linear Magitudes to dB

This code converts the results ofthe FFT from linear to dB

a = 1;
for a = 1:8001
K(a,I) = 20*1oglOo(Kl(a,1)/70.000001);

end

Appendix 3.5 Code to Calculate the Factor x to Compensate for the
Effects of Windowing

wl = Kaiser(24480,9); % generate window coefficents
sum 0; % hold value of running sum
i 1; holding window coefficients

for 1 = 1:1:5001

mult = wi(i,) * wi(i,l); % w>(n)
presentsum = mult + sum; % add to running total
sum = presentsum % new running total

end

X sqrt(5001/presentsum)

Appendix 3.6 Program to Generate Spectrum of Current Signal

This test program generates the frequency spectrum of the current signal. The effects of

the FFT, windowing and the conversion of the plot to a dB scale are incorporated.

% generate window coefficents
yl = y*0.7071*0.1*2_3; % change data to volts RMS and x
2.3



1;

for a = 1:5001

end

Y = FFt(NW,20000) ;
Plot = abs(Y)

a 1,

for a = 8001

end

a 1;

for a = 1:8001

end

f 5000/20000*(1:8001) ;
plot(F,K);
Appendix 3.7

« apply window to data

% FFT data

% remove complex part

% apply conversion Tfactors

Ki(a,lI) = Plot(a,l) / Conv(a,l);

% convert from linear to dB

% generate frequency axis
& plot

% display axis

Programs to Calculate Conversion Factors and

Generate Spectrum of Current Signal with the Sampling Frequency

Increased

% Calculates Conversion

j = 0:0.0001:1

y(b,1) = 100;
b =Db+ 1;

FFt(y,40000) ;
abs(x);

max{X);

Factors

% index into matrix for storing factors Conf6
% loop Index for generating de signal

% index into matrix containing de signal

% loop generates a de level fs = 10000 Hz

% magnitude 100

% FFT applied
% complex part removed

% Ffind size of peak due to component



MM = M/100; % divide by original magnitude to find factor

% store factor in matrix for 0 Hz de

xF

I
o
N
9)]
=

set first frequency for line 2 in spectrum

SO

increment position iIn storing matrix

% loop generates a signal at each line in the spectrum 0.25, 0.5

1500 (xf)

for xF = 0.25:0.25:1500
t 0:0.0001:1;

y 100*sin(2*pi*xXF*1); % generates sine wave of xf Hz

X Fft(y,40000) ; % see code above for comments

X

M = max{X);

MM = M/100;

Confv(a,l) = MM; % fFfactor stored

a = a+ 1; % Encrement position in storing
matrix

end

% Plots Spectrum

wl = Kaiser(24480,9); % generate window coefficents
yl = y*0.7071*0.1*2._3; % change data to RMS and x 2.3
a = 1;

for a = 1:10001 % apply window to data

end

Yy = FFt(NW,40000) ; % FFT data

Plot = abs(Y); % remove complex part

a 1;

for a = 8001 S apply conversion factors
end

a 1;

for a = 1:8001 convert from linear to dB



K(a,1) = 20*1oglO(Kl(a,1)/0.000001);

end

plot(F,K);

% generate frequency axis
% plot

% display axis

Appendix 3.8 Final Programs to Calculate Conversion Factors and

Generate EMF and Current Spectrums for a Timestep of 3.9215e-05s

% This code calculates the conversion factors for the fft

a = 1; %

i =0 Y

index into matrix for storing factors
Conhts

loop index for generating de signal

b = 1; % #ndex into matrix containing de signal
for j = 0:3.9215E-05:0.959943985 % loop generates a de level fTs
25500 Hz
y(b,1) = 100; % magnitude 100
b=Db+ 1;
end
x = FFt(y,102000) ; $ FFT applied
X = abs(X); % complex part removed
M = max(X); % Ffind size of peak due to component
MM = M/100; % divide by original magnitude to find factor
Conhts(a,l) = MM; % store factor in matrix for 0 Hz de
xF = 0.25; % set First frequency for line 2 in spectrum
a=a+ 1, % Encrement position in storing matrix

% loop generates a signal

for xF = 0.25:0.25:2000

t = 0: 3.9215E-05:0.

at each line in the spectrum 0.25, 0.5

959943985;

% generates sine wave of xf Hz

vi



X = FFt(y,102000); % see code above for comments

M = max(X);

MM = M/100;

Conhts(a,l) = MM; % Ffactor stored

a =a + 1; % @Increment position in storing

matrix

end

% This code generates the frequency spectrum of an emf signal
contained in matrix y
% generate window coefficents
yl = 7*0.7071*0.0005*2_3; change data to RMS, divide by
2000 and x 2.3

a = 1;
for a = 1:24480 % apply window to data
wl(a,l) ;

end

Y = FFE(NW,102000) ; % FFT data

Plot = abs(Y); % remove complex part

a 1;

for a = 8001 % apply conversion Tfactors
Ki(a,lI) = Plot(a,l) / Conhts(a,l);

end

a 1;

for a = 1:8001 % convert from linear to dB
K{a,1) = 20*1oglOo(KlI(a,1)/0.000001);

end

f 25500/102000* (1:8001) ; % generate frequency axis

plot(F,K); % plot

% display axis

ylabel ("Induced EMF (dB)");

\l



% This code generates the frequency spectrum of a current signal
contained in matrix y

% generate window coefficents

C1sd

yl = 7*0.7071*0.1*2_3; change data to volts RMS,

and X 2.3

a = 1;

for a = 1:24480 % apply window to data
NwW(a, 1) = yi(l,a) * wl(a,D);

end

Y = FFE(NW,102000) ; % FFT data

Plot = abs(Y); % remove complex part

a

for a = 8001 % apply conversion factors
Ki(a,lI) = Plot(a,l) / Conhts(a,l);

end

a 1;

for a = 1:8001 % convert from linear to dB
K(a,1) = 20*1oglo(Kl(a,1)/0.000001);

end

f 25500/102000*(1:8001); % generate frequency axis

plot(F K) ; % plot

% display axis

ylabel ("Phase Current (dB)");



Appendix 4

Calculation of Test- Rig Motor Winding
Factors and the
Calculation of Finite Element Current
Magnitudes from the EMF



Appendix 4.1 Test-Rig Motor Winding Factors

The overall winding factor is calculated from the product of the distribution factor (Zrd,)
and the coil pitch factor (kpn) for a given harmonic order n [62] as shown below:

~wno~ Adn pn

The distribution factor is calculated from.

. mnd
sin —

OTSin
2

where 0 = slot pitch angle (electrical degrees)
m = slots/pole/phase = 3

n = harmonic order

= — X p = 20° where S = number of stator slots = 36, p = pole-pairs = 2

Therefore, the distribution factor associated with a 14 pole-pair (n = 7) flux waveform

The distribution factor for 86 pole-pairs is the same.

The coil pitch factor was calculated from:



>pn = siny where P = coil pitch (160°), n = harmonic number

Therefore for a 14 pole-pair flux waveform the coil pitch factor is:

. 7x160
- Sin---)f-z---- = .0.342

The coil pitch factor for 86 pole-pairs is the same.
Therefore k,. (14/86) = kj(14/86) x kp (14/86) = -0.177 x -0.342 = 0 06 (low)

Similarly for 16 and 88 pole-pairs kj = -0.296 and kp = 0.898 k,, = -0.263 (larger)

Appendix 4.2 Calculation of the Current Component Magnitudes from the Finite

Element EMF Magnitudes using the Equivalent Circuit

T his appendix details the calculation performed to compute the current magnitude from
the magnitude of a component in the induced emf spectrum from the finite element
analysis. The equivalent circuit and procedure described in Chapter 3 is used and

examples for the 50Hz and 1072Hz components are presented.
S0Hz:

At 50Hz the supply voltage Vs is included in the equivalent circuit where Rs = 20. and
Xsewi = 2Kx50x2.5mH =7'0.7850. The combined impedance of these two elements was

2.152_ 21.4°Q The equivalent circuit is shown in Figure A4.L



C5% - 215.54Z7.0V

Figure A4.! Equivalent Circuit at 50Hz

The value for the induced emf at 50Hz was obtained from the emf spectrum. The dB

value of 100.65dB was converted to volts by the following process;

This reversed the process of dividing the voltage by 2000 and applying a 100mV = 100
dB reference to the time domain induced emf signal. The angle was taken a 0° as the
equivalent circuit calculations in Appendix 2 showed that the angle of the Thevenin
voltage, which is equivalent to the emf induced across the stator winding, was only

1.464°. The current flowing at 50Hz was calculated by:

:f_)K :240L0-215.54L0 — 11.3L-21.4/f
A 21572214 e

/

To convert the 11.3A to dB the conversion factor of 0.1 V/A (output of the current
transformer) was applied and then the 100mV = 100 dB reference. Therefore:
113 X 0.1 = 1.13, 113/ 1x10® = 1.13x10® . The log of this is then calculated and

multiplied by 20 to give 121 .0dB as the magnitude of the 50Hz current component in
dB.



1072Hz:

A similar process is applied for the rotor slot passing frequencies except that here the
supply voltage is seen as a short circuit. In this circuit Xse,i = 2kx!072x2.5mH =
/16.84Q. This shows the much larger effect of the stator end-winding leakage reactance
at the higher frequencies compared to 50Hz. The combined impedance of these two

elements was 16.96/_ 83.2°Q The equivalent circuit is shown in Figure A4.2.

R, Xsewl
In LYYYYYL
2Q j 16.840

Vs
c,072 = 0.4529L0 V
short circuit

Figure A4.2 Equivalent Circuit at 1072Hz

The value for the induced emf at 1072Hz was 47.1dB in the emf spectrum which
converted to volts is 0.4529V.

The current at this frequency is therefore:

| = res (*"2671 .83 2A
R 16.96L.83.2

Converting this to dB as before gives the magnitude of the current component at

1072Hz, for 10% static eccentricity, as 68.5dB.

The same procedure was followed for the calculation of all the current component

magnitudes.



Appendix 5

Large Industrial Motor Design Details and
Calculation of Finite Element Parameters



A5.1 Large Motor Specification:

Parameter Value
Power L45MW
Frequency 50 Hz
Phase 3
Line Voltage kv
Full load current 103 A
Speed 742 rpm
Poles 8
Connection star
Airgap length 2.25mm
Number of stator slots 84
Number of rotor slots 62
Skew None
Full Load Operating Temp. 80°C

Stator Resistance (21 °C and 0.507 Q/phase

80°C) 0.649 Q/phase (FE value)
Stator End-Winding Leakage 7mH
Reactance (2.2 Q/phase)

Rotor Bar Conductivity

Supply Impedance

2.56x10’ S/m
Xs =jO.55 Q/phase



A5.2 Effective Core Length and Stacking Factor

The presence of radial ventilating ducts in the core meant that the values used in the
finite element analysis had to be adjusted to take the ducts into account. With reference
to Sturgess [108] the following equations were used to calculate the effective core

length and stacking factor
Leff = Lgros, - (njucts X "7, + 2 X gap (A.D

where: L,;> = effective lamination core length

Egross = Gross core length = 950mm

njucu = number of radial ducts = 20

Wduct = width of an individual radial duct = 10mm wide

gap = airgap length = 2.25mm

Substituting these values into Equation A.1 gave a value of effective core length of

754.4mm.

The effective lamination factor taking into account ventilating ducts and the actual

stacking factor of the laminations can be calculated from Equation A.2 [107],

(A.2)

where:

sfeir= effective stacking factor

sf= material stacking factor

Len = effective lamination core length = 754.4mm
Lgfoss = Gross core length = 950mm

njucts = number of radial ducts = 20

Wduct = width of an individual radial duct = 10mm wide



Substituting these values into Equation A.2 gave a value of effective stacking factor of

0.944.

A5.3 Winding Factors for Large Motor Stator

Harmonic Order n Pole-Pairs p ~pii ~dn
! 4 0.9319
2 8 0.0313
4 16 0.0584
5 20 0.0848
28 00 (k,7=0)
8 32 0.0843
10 40 0.0762
1 44 0.0762
13 52 0.0843
14 56 00  (kpH=0)
16 64 0.0848
17 68 0.0584
19 76 0.0313
20 80 0.9319
22 88 0.9319
23 92 0.0313
25 100 0.0584
26 104 0.0848
28 112 00 (k28 =0)
29 116 0.0843
31 124 0.0762
32 128 0.0762
34 136 0.0843
35 140 0.0  (k,35=0)
37 148 0.0848

38 152 0.0584



40 160 0.0313

41 164 0.9319
43 172 0.9319
44 176 0.0313
46 184 0.0584
47 188 0.0848
49 196 0.0  (kpd9 =0)
50 200 0.0843

The above table was complied by Middleniiss [107] using the equations shown below

[107], These were used to confirm the winding factors shown above.

Distribution b'actor:

Since the number of slots/pole/phase was a non integer (m = 3.5) another approach had
to be used to calculate the distribution factors for the harmonic orders (n). With 3.5
slots/pole/phase the coil grouping is 4, 3, 4, 3 etc, so that only a 4, 3 need be
considered for assessment of the distribution factor.

In 360 0
Slot pitch angle: G-?x/; =éz--x4:17.14

For coil group 4:

For coil group 3:

Flence, for n = odd integer (including 1):



and for n = even integer:

dn -

Pitch Pactor:

The pitch factor is calculated as for the test-rig motor using:

M = sin™M2N  where (3= coil pitch = 9 x 17.14° = 154.28°

A5.4 Calculation of the AC Resistance of the Stator at the Frequencies

of Interest

With reference to J. Middlemiss [107] the following procedure was followed to
calculate the AC resistance of the stator. The AC resistance is calculated via the eddy
current loss.

The terms used are:

n = Conductor Copper Depth (cms)

f= frequency (Hz)

a = width of copper across slot! slot width

b = core length ! length of mean half turn

A = (1 - Fractional coil pitch) x 3

P = total number of conductors! slot

d = H X 0.137 A/(fx a) (A.3)



k = extra loss factor i.e. additional loss in terms of basic copper loss.

(A4)

and

It can be seen from Equation A.3 that docA and from Equation A.4 that kxd' , hence,

k/.t' This means that the value k can be calculated for any frequency, for example:

(1019V
At 1019Hz, k =0.0544 x =226

For the larger motor:

=50

a 8/15 =0.533

b = 950/1812 = 0.524

A= (I -9/10.5) X 3 = 0.429
P=16

Substituting these values gives:

d =0.251 and k = 0.0544
l'lence, at 50Uz:

VdC. = (i +0.0544)

Now the DC stator resistance at 80°C is 0.649 hence Rac = 0.649(1 + 0.0544) = 0.68Q
file value of stator resistance at 50Hz is only 0.031Q larger than the value of DC

resistance. This is a negligible difference. At 1019Hz the stator resistance becomes:

=(1+226) Hence, Rac = 0.649(1 +22.6) = T W

This is considerably higher resistance than before, however, as explained in the main

text if this resistance is used instead ofthe 0.649Q then the actual difference in current

component magnitude is only 0.3dB less.

Vi
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ANALYSIS OF AIRGAP ECCENTRICITY IN INDUCTION

MOTORS USING FINITE ELEMENTS
Detection of airgap eccentricity in motors

A BARBOUR
School of Electronic and Electrical Engineering, The Robert Gordon University,
Aberdeen, Scotland

Abstract
Static and/or dynamic eccentricity in an induction machine is the condition where the
airgap is non-uniform in length between the stator and rotor. Consequently the flux in
the machine is unbalanced and a force results that tries to pull the rotor over to the
stator. Eccentricity can be observed by studying the behaviour of unique frequency
components in the line current of the motor The early detection of eccentricity is
beneficial to users to prevent further degradation of the machine’s condition

The majority of research to date has treated static and dynamic eccentricity separately
and used classical techniques to try to predict the frequency and magnitude of the
components in the current due to eccentricity, however, the prediction of component
magnitude was largely unsuccessful. The combination of static and dynamic has
recently been considered and the frequency components due to eccentricity were
successfully predicted, but this analysis did not calculate the magnitude of the
components The magnitude is important as from it the severity of the fault can be
predicted

To handle the increasingly complex analysis some researchers have begun to use
Finite Element analysis (FE) However, none have used FE to model the frequency and
magnitude of components in the machine current caused by eccentricity. It is the
purpose of the work outlined in this paper to use a FE package to model a machine in
order to predict the components in the current signal. Initially static eccentricity will be
examined, then dynamic and finally a combination of the two forms. Initial results have
been positive, the imbalance of flux in the machine due to eccentricity has been
illustrated.
Keywords: Airgap, analysis, eccentricity, faults, finite elements, induction, monitoring,
motor
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1 Introduction

Condition monitoring of electrical machines has been extensively adopted by industry”
today. The availability of techniques to detect the presence and degradation of faults
has allowed machine users to make significant reductions in machine down times and
financial savings as a result of the planned maintenance programmes that can be
developed from information provided by monitoring systems.

Many techniques exist for condition monitoring of machines, the machine parameter
being monitored and the type of fault detected vary dependent on the monitoring
method as reviewed by Tavner et al [1]. The principle signals monitored are the
machine current and vibration, the advantage being that they are non-invasive. Static
and dynamic eccentricity can be detected by current and vibration monitoring [2], in
addition to faults such as broken rotor bars and bearing wear.

The ability to detect eccentricity reliably is vital to machine operators as it causes
excessive bearing wear The stator core and windings are also subject to extra vibration
and complete failure can occur if the rotor is actually pulled onto the stator
Eccentricity can be caused by incorrect bearing assembly during manufacture, worn
bearings, a bent rotor shaft or operation at a critical speed creating rotor whirl.

Rotor eccentricity occurs in two forms in induction motors: static and dynamic
eccentricity. Static eccentricity occurs when the rotor is rotating about its own axis but
not about the stator axis, as shown in Figure 1.

a * stator b

reference bar

Fig | Minimum airgap due to static eccentricity
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Dynamic eccentricity causes the rotor to rotate about the stator axis but not about its
own axis, as shown in Figure 2

a 1 slalor b

roior

reference bar

Fig. 2. Minimum airgap due to dynamic eccentricity.

Static eccentricity results in a constant unbalanced force directed along the axis of the
minimum airgap and dynamic eccentricity results in a rotating unbalanced force. The
rotating force can be detected using vibration analysis, however, the steady pull caused
by static eccentricity cannot be detected using vibration monitoring, [3], Current
analysis can be used to detect the presence of both static and dynamic eccentricity as
the distortion of flux in the airgap causes harmonics in the current signal to the motor
Previous studies, to simplify the complex analysis, have considered static and dynamic
eccentricity to occur separately within a machine. This assumption creates a slightly
artificial situation as manufacturing and assembly methods create an inherent level of
eccentricity in the machine. This means that when dynamic eccentricity occurs then
both types of eccentricity are present in the machine. It is a latter objective of this work
to study the combination of both static and dynamic eccentricity together.
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2 Research review

Interest has been shown in this area of machine fault since the early part of this century
The area splits into two branches, the calculation of the force between stator and rotor
(unbalanced magnetic pull - UMP), and the detection of airgap eccentricity by
monitoring machine current and /or vibration analysis

The on-line diagnosis of airgap eccentricity was researched by Cameron et al [2], He
predicted and verified, via laboratory' tests, that certain frequency components can
occur in the current and vibration signals which are characteristic of airgap eccentricity
in a three phase induction motor Cameron [4] attempted to predict the magnitude of
these components in the current spectrum to assess the severity of the fault This was
only partially successful since in a number of cases the difference between theoretical
and experimental results was unacceptable. The application of Cameron’s technique
on industrial installations has not been successful since it is not possible to reliably
determine the severity of either static or dynamic airgap eccentricity

A successful monitoring strategy must be able to assess the severity of faults so that
appropriate action can be taken to prevent a failure in the motor This important
criterion is not yet available with existing methods of detecting airgap eccentricity

It is known that in practice there will always be an inherent level of static and dvnamic
eccentricity in a nominally good motor due to manufacturing tolerances To simplify
the complex analysis, previous researchers [4, 5, 6, 7] have considered either static or
dynamic eccentricity but not the combination. Recent research by Dorrell [3] has shown
that the combination of static and dynamic eccentricity produces lower order frequency
components (rotational speed frequency sidebands around the supply frequency) in the
current spectrum. The theoretical predictions have been verified by experimental tests
but the analysis does not predict the magnitude of the frequency components, hence the
severity of the fault cannot be quantified

Due to the complexity of modelling the induction motor with different types and
combinations of airgap eccentricity a more advanced modelling and analysis teciinique
is required DeBortoli et al [5] has used Finite Elements (FE) to study the effects of
rotor eccentricity and parallel winding connections on induction motor behaviour He
concluded that circulating currents between parallel windings reduces the (UMP) due
to static or dynamic eccentricity No attempt was made to calculate the induced current
components which are unique to the different types or combinations of airgap
eccentricity Arikkio and Lindgren [6] used FE to calculate the forces acting on a rotor
due to static eccentricity and Mercier et al [7] also used FE to predict the average
forces in the airgap due to static or dynamic eccentricity

3 Research objectives

This project will focus on the use of FE to calculate the magnitude and frequency of
unique components in the airgap flux density waveform due to different types and
combinations of eccentricity The induced current components in the stator windings
and supply current waveform will be calculated by applying the data from the FE to an
equivalent circuit model Previous research using FE has not provided this information
and the end objective is to produce a reliable method for detecting airgap eccentricity in
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three phase induction motors via on-line current monitoring. In detail the objectives
are:

e Develop a FE model (based on a commercial FE package) of an induction motor
with static eccentricity and hence determine the unique frequency components in the

flux density waveform due to the fault

e Apply data from above to an equivalent circuit model to calculate the components
(frequency and magnitude) in the current due to static eccentricity and compare
theoretical predictions with experimental results from an induction motor with static

eccentricity
e Further develop the FE model for dynamic and combinations of static and dynamic

eccentricity.
e Apply data from this new model to an equivalent circuit to calculate the current

components (frequency and magnitude) in the stator winding due to the fault and
then compare theoretical predictions with experimental results from an induction

motor with the same fault

This work is still in its early stages, the next section outlines the work performed to
date

4 Finite Element package and initial results

The work is based around the FE package ‘SLIM' developed by GEC Engineering
Research Centre It solves both electromagnetic and electrostatic problems  The
package consists of three main parts: model generator, solver and post processing

Each part will be briefly described
Using the model generator the stator and rotor can be constructed in 2-d (cross

section in X-Y plane through machine) as shown in Figure 3

'to
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Abstract - The introduction reviews the real practical
problems of airgap eccentricity in large 3-phasc induction
motors. On-line monitoring methods for diagnosing airgap
eccentricity arc also discussed and a state of the art reveiw on
the application of current monitoring to detect airgap
eccentricity is presented. The limitations of the classical
MMF and permeance wave approach for predicting the
severity of airgap eccentricity arc discussed. The time
stepping finite element (FE) method and FFT analysis
technique are used as ‘analyses tools’ to predict the frequency
components in the current (Hz and dB) as a function of static
airgap eccentricity. Excellent agreement is obtained between
the measured and predicted frequency components (Hz) in
the current spectra which are a function of static eccentricity.
The FE method is also used to predict the magnitude (dB) of
these frequency components in the current spectrum with
different levels of static airgap eccentricity. These predictions
arc much closer to the measured values in comparison to
previous attempts using the classical MMF and permeance
wave approach. The contents of this paper will be of
particular interest to the manufacturers and industrial users
of three-phase induction motors.

I. Introduction
A. Review ofAirgap Eccentricity in Induction Motors

In large, high-voltage, three-phase induction motors
airgap eccentricity is kept to a minimum by good designs,
stnngent quality assurance and control standards, followed
by comprehensive tests and high quality installabon
procedures Unacceptable levels of airgap eccentricity are
therefore  uncommon in newly commissioned large
induction motors However, it is untrue to state that high
levels of airgap eccentricity never occur after the motor is
installed and has been running for a number of years
Experience with applying on-line diagnostic techniques to
motors already in service has shown that problems can
occur due to airgap eccentneity [1,2].

PE-935-EC-0-05-1997 A paper recommended and approved by the
IEEE Electric Machinery Committee of the IEEE Power Engineering
Society for publication in the IEEE Transactions on Energy
Conversion Manuscript submitted December 31. 1996; made available
for pnnting May 28, 1997.

There are two types of airgap eccentneity, namely, static
and dynamic and in practice both types can occur
simultaneously. The former exists when the minimum
airgap is fixed in space and is not a function of the rotor
position, whereas the latter is a function of space and time
as the rotor rotates. In a new motor, static airgap
eccentricity is caused by a build up of manufacturing
tolerances between the centre of the stator bore and the
bearing centres. Dynamic eccentncity in a new motor is
controlled by the total indicated reading (TIR) or “run-out”
of the rotor. A typical TIR is 0.05 mm for a large induction
motor (e.g. a 2 MW, 4-pole, 50 Hz, motor). It is generally
accepted that an airgap eccentncity of up to 10% is
permissible but manufacturers normally achieve a lower
value to keep the unbalanced magnetic pull (UMP) between
the rotor and stator core to a minimum and to reduce
acoustic noise and vibration.

A typical airgap length in a 2 MW, 4-pole. induction
motor is 2.5 mm with a permissible maximum tolerance of
10% eccentricity. This means that with a TIR of 0.05 mm
on the rotor the static and dynamic eccentricities will have
a maximum permissible level of 8.0% and 2.0%
respectively. The setting of the airgap in a large induction
motor has also to take into account the effect of lift in the
plain bearings. An increase in static eccentncity can be
caused by incorrect positioning of the stator core assembly
or bcanng centres at the commissioning stage or following
a major repair. Although this is uncommon, it can happen
in an industnal installation [2]. An increase in dynarmc
eccentncity can be produced by thermal bow of the rotor,
instability in plain bcanngs or bearing wear. High levels of
static eccentricity can also cause dynamic eccentncity due
to UMP.

An extreme case of high airgap eccentricity levels can
result in a rotor-to-stator rub and consequential damage to
the stator core and high-voltage winding. This can result in
motor failure and an eigjensive repair. Higher than normal
levels of airgap eccentricity can produce high vibration
levels at the bearings and subsequent beanng failure. It is
important to emphasise that it is very difficult to quantify-
what is a high level of airgap eccentricity which results in a
rotor-to-stator rub or a higher than normal level which can
cause rotor dynamic problems or beanng wear. This will be
unique to each motor design and its operauonal function
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Discussions with manufacturers suggests that an airgap
eccentricity of 20% would be considered to be unacceptable
and a level of 50% is considered to be a serious problem
such that the motor should be immediately removed from
service to rectifi. the problem.

B On-Line Diagnosis ofAirgap Eccentricity

It is standard practice to monitor bearing vibration to
detect rotor dynamic problems and bearing wear. Although
bearing vibration increases due to an increase in airgap
eccentricity the vibration components are not unique to
static or dynamic airgap eccentricity. In industrial
installations confusion can occur when bearing vibration
increases and the vibration spectrum is being interpreted
For example, the vibration component at the rotational
speed frequency can increase due to airgap eccentricity’,
mechanical imbalance in the rotor or because of problems
in the mechanical load. Hence, it can be difficult to
diagnose the real problem

The stator core vibration spectrum will change due to
static or dynamic eccentricity For example, it has been
shown that vibration components due to rotor slotting will
increase in magnitude due to static airgap eccentricity and
unique components will appear due to dv'namic eccentricity
as presented in reference [3]. However, the degree of
seventy of airgap eccentneity has not been predicted due to
the complexity of modelling electromagnetic forces and the
mechanical response of the stator core for each motor
which is being momtored It is also difficult to apply stator
core vibration monitoring in an industrial installation.

Airgap and axial flux signals can be analysed to detect
components which arc a function of airgap eccentneity but
the magnitude (webers) of these components has not been
quantified as a function of the fault severity [4,5] It is
extremely difficult to convince the operators of large
induction motors to remove motors from service to fit
airgap search coils, hence, this method is not really a
practical option and is not popular with the users of
induction motors. Access to the motor is also required to fit
an axial flux search coil and in a large, high-voltage
induction motor the coil should be installed around the
shaft inside the outer steel frame to ensure that a reliable
signal is sensed. This means the motor has to be stopped to
fit the coil and would require special approval in an
industrial installation, consequently, the operators prefer a
monitoring method which is completely non-invasive and
does not disturb the drive system.

The use of cunent monitoring is now extensively used to
detect broken rotor bars [6,7,8] and operators are keen that
airgap eccentncity can also be detected via current
Spectrum analysis due to the ease in which a clip-on current
Iransformer can be used to sense the signal. Access to the

ELECTRIC MOTOR

Fig 1. On-line current monitonng system

motor is not required and the current can be sensed in the
switchgear room without any disturbance to the operation
of the motor. A typical on-line current monitoring system is
shown in Fig 1, as presented in reference [6],

C. Analysis ofthe Current Signal

By using the MMF and permeance wave approach it has
been shown tnat specific components (equation (1)) can
occur in the flux density waveform which are a function of
rotor slotting, and static and dynamic eccentricity [2,9).
The jxile pairs associated with these flux waves can be
calculated using equation (2) as shown in references [2,9]
It has also been shown that these rotating flux waves can
induce corresponding current comjxments in the stator
winding [1,2| but the number of pole pairs of the flux
waves and the stator winding factors need to be included
when predicting the actual cunent components which will
be induced:

@)
in = (R£S£n"£n, x2n"pxng,p) cl}
fee frequency components which are a function of

airgap eccentncity (Hz)
fl supply frequency (Hz)
R number of rotor slots
S number of stator slots
Hd zero for static and one for dynamic eccentricity
S slip
p pole-pairs
1ws 1,3, 57
m pole-pair number of flux waves
n. static eccentricity integer
iH dynamic eccentncity integer
na saturation integer
ne, rotor space harmonic integer



To predict the seventy of airgap eccentncity requires the
magmtude (in amps) of the induced current components to
be calculated as a function of airgap eccentricity. Previous
research invoked the calculation of resistances and
reactances at these frequencies using design details and
classical formulae to develop an equivalent circmt taking
into account the high frequencies given by equation (1), as
presented in reference [10], This approach proved to be
only partially successful since the difference between
calculated and measured magnitudes (in amps) of the
vanous frequency components was 7.1% for some of the
components, whereas, others differed by as much as 300%
for a given level of static eccentncity as shown in reference
[2] A similar set of results was obtained for dynamic
eccentncity

However, it is still possible to detect an increase in static
eccentricity via current monitonng by detecting an increase
in the magnitude of the rotor slot passing frequencies
(nd =0), but a base line survey of the motor is really-
required at the commissioning stage or the motor has to be
monitored over a period of time as stated in reference [2], If
the current components due to dynamic eccentricity
(nd = 1) are obvious in the current spectrum then it can be
stated that airgap eccentricity is present. This is based on
industrial case histones where current monitonng has
detected airgap eccentncity as is shown in reference 111]
However, it is still not possible to reliably predict if the
problem is due to an increase in static or dynamic
eccentncity. It has also been shown that when static and
dynamic eccentneity occur simultaneously, as can occur in
practice, then additional components (equation (3)) can be
induced in the current signal as proved in reference [12]
However, the magnitude of these components has not been
predicted as a function of the fault seventy.

f.=fl +fr (3)
fr rotational speed frequency of the rotor (Hz)
f. components which are a function of static and

dynamic eccentricity (Hz)

At present it is possible to use on-line current monitoring
to detect airgap eccentricity and to diagnose a serious
problem [11], however, the type of eccentncity cannot be
reliably diagnosed and an accurate prediction of the
seventy of the problem is still not possible.

The main objectives of the research work reported in this
paper are as follows:

To model a 3-phase induction motor using the time
stepping finite element analysis method as a function of
static airgap eccentncity.

To use the results from the FE model to compute the
Founer spectrum of the current time domain signal to
identify the components (frequency and amplitude in
amps) which are a function of static airgap eccentneitw
To compare theoretical predictions with measured
results.

The ultimate goal is to provide industry with a reliable on-
line current monitonng system for detecting the magmtude
of static or dynamic eccentncity and combinations of both
types of eccentricity.

Il. Application of the finite element method

To predict the magnitude (in amps) of the components
given by equation (1) requires an accurate model and it is
proposed that the time stepping finite element method is
used to calculate the induced EMF time domain waveform
in the stator winding as a function of static eccentncity. It
will then be possible to calculate the current waveform
using an equivalent circuit to model stator end - winding
leakage inductance and stator resistance per phase. The
induced EMF waveform can be analysed via an FFT signal
processing programme in MATLAB to identify the
frequency components and their corresponding magnitude
in volts or dB. Since the components given by equation (1)
are at high frequencies due to rotor slotting effects a time
stepping FE solution is required for the following reasons.
as specified in reference [13]:

Airgap permeance variations due to slotting can be
modelled

Localised saturation can be modelled using
instantaneous rather than time averaged reluctivities.

Rotor movement is automatically incorporated.

The time step must be sufficiently small to ensure that the
effects of slotting and static airgap eccentncity are
accurately modelled in order that the EMF waveform
includes the high frequency components. There are a
number of excellent papers on the theory of time stepping
FE analysis of 3-phase induction motors [13-16], and it is
suffice to state that the analysis used to produce the results
in this paper is based on the method reported in references
[15,16].

Pnor to using FE analysis to provide quantitative results
for the level of static eccentricity it is sensible to study the
product of the MMF and permeance waves to predict the
frequency components in the flux density waveform. This
combined approach was used to predict the pnmary flux
density harmonics produced by stator and rotor core ovality



and is reported in references 117.18]. This work showed
that the magnitude and frequency of oxality flux density
harmonics can be calculated using a time stepping FE
analysis It is worth noting that these were the primary
harmonics due to static and dynamic airgap eccentricity
and occuned at the supply frequency and the supply
frequency plus twice the rotational speed frequency of the
rotor The influence of stator slot permeance harmonics
was also presented. These results showed that the time
stepping FE metod can be used to quantify the relative
effects of airgap ecccntncity on certain components in the
flux densitv waveform. The force waves were also predicted
as a by-product of these primary flux density waxes (B-)
due to airgap oxality However, the theoretical predictions
were not compared with actual experimental results and it
is worth noting that the higher frequency components
which are a function of the number of rotor slots and static
airgap eccentncity (equation (1)) were not the subject of the
results presented in references [17,18].

The use of the time stepping FE method to predict the
magnitude of the components given by equation (1) is the
focus of this paper to proxidc a more reliable on-line
current monitoring system to detect airgap eccentncity.

lll. Experimental results and finite element
PREDICTIONS
n. Introduction
FE MODEL

EMF SPECTRUM

MATLAB
FFT

RMS magnitude ofeach
frequency' component of
interest in EMF spectrum

In(nns)  Vnns | 7n
(magnilude ofeach
current component)

es

Vph(50Hz)

Fig. 2. Procedure for FE .-knalx-sis and Calculation of Current Components

R, = stator resistance per phase (2 O r 0.01 Q)
Les = stator end - winding leakage inductance per phase
(2.5 mH + 0.2 mH)
Vph = supply volts (240 V RMS)
e(t) = induced EMF time domain waveform (volts)
En = RMS magnitude of frequency component in EMF
spectrum (volts)
= Resulting current for component n (amps)
= Impedance at that frequency n (ohms)
= relevant frequency component

The e.xpenmcntal test-rig motor was an 11 kW. 415 V. 50
Hz, 4-pole, 1420 rpm, 20 A, delta-connected, 3-phase,
squirrel-cage induction motor with 36 stator and 51 rotor
slots. A copper fabricated rotor was designed and
constructed with unskewed slots as reported in reference
[19], however, the e.xpenmental test-rig motor was still
constructed using components provided by a manufacturer
(i.e. stator core assembly, 51 slot rotor laminations, rotor
shaft etc.). In the majority of large induction motors the
rotors are unskewed, hence the reason for using a specially
designed unskewed rotor. Full design details of the motor
and the method of introducing static and dynamic
eccentricity into the special test ng are given in references
[2,10] and [12] respectively.

The procedure to predict the magmtude of the current
components using a combination of time stepping FE. a
stator equivalent circuit and MATLAB's signal processing
package is shown in the schematic diagram of Fig. 2. It
should be mentioned that the signal processing software in
MATLAB was improved to obtain a dynamic range of 80
dB and a frequency resolution of 0.25 Hz for the induced
EMF spectrum (0-2 kHz).

B. Experimental Results

Large, high-voltage, induction motors are normally
always connected in star hence the laboratory” test-rig motor
was connected for this mode of operation. Although this
meant the motor was operating at a reduced voltage and
power the results are still perfectly valid. The measured
line current spectra for the motor operating with 8-10%
(tolerance limit) and 50% static eccentricity under the same
load conditions (hill-load current of 11.5 A) are presented
in Fig. 3 and Fig. 4. These results show that the frequency
components predicted by equation (1) have increased in
magnitude by 12.2 to 13.2 dB. A plot of dB versus static
eccentricity for the various frequency components which
are a function of static eccentricity is presented in Fig. 5.

An increase of 10 dB is equivalent to approximately a
three times increase in absolute units. This confirms that
these components can be used to identify an increase in
static eccentricity, however, the real challenge is to reliably
predict the level of static eccentricity from a single



Fig. 3. Current spectrum uith 10 % static eccentricity in the experimental
motor (1322 rpm, 11.5 A, 415 V, star-connected). Calibration:
100 mVV=100 dB on the spectrum analyser and the CT and voltage
to current converter produced O.IV/amp.

Fig. 5. Magnitude of current components versus static airgap eccentricity

measurement. At present, an historical record is required to
detect an increase in the magnitude of these components
but It IS often the case in industry that this has not been
achieved prior to a problem developing.

C. Finite Element Predictions

A two-dimensional time stepping FE method was used
and the required data inputted to the analysis This
included data such as the dimensions of the modelled
motor, stator and rotor winding design, supply volts, rotor

1072 Hz

16 18 20
Frequency (kHz)

Fig. 4. Current spectrum with 50 % static eccentricity in the experimental
motor (1322 rpm. 11.5 415 V. star-connected). Calibration:
100 mV=100 dB on the spectrum analyser and the CT and voltage
to current converter produced O.IV/amp.

bar conductivity and speed of operation, in addition to the
FE mesh which models a two-dimensional cross section of
the motor with various levels of static airgap eccentricity.
In order to detennine the conductivity of the rotor bars a
locked rotor test was performed on the experimental motor
to be modelled. Since the FE model is two-dimensional the
rotor end ring resistance is not included, however, its
resistive effect can be included by increasing the rotor bar
resistance. The locked rotor test was used to detennine the
refened rotor resistance per phase (R’j) The locked rotor
measurements were taken when the temperature of the
rotor cage was the same as that obtained after a 3-hour full
load test (i.e. 80°C + 2°C) Using the equation in reference
[20] and equating the end nng resistance to zero an
effective rotor bar resistance was calculated, (see appendix
1). An exact equivalent circuit was deduced from
experimental tests and design calculations [1] and a
companson between calculated and measured full-load
currents, power factors and input powers produced a
difference of 4%, 3% and 1.4% respectively. Hence, the
effective rotor bar conductivity calculated from the referred
rotor resistance R2 is validated. This value was used as the
effective rotor bar conductivity for the FE analysis.

The time step in the FE analysis was calculated on the
basis that at least twenty steps were required for each tooth
pitch to ensure the calculated time domain EMF e(t)
waveform (Fig. 2) contains the high frequency components
which are a function of slotting and static airgap
eccentricity. This resulted in a short time step of 39.2 ps
and the FE model had 11,105 elements and 6406 nodes
since the complete motor has to be modelled when a non-
uniform airgap is being studied. An estimate of the end-
wvinding stator leakage inductance was based on the e.xact



Fig. 6. Induced EMF Spectrum from FEA (see Fig. 2 for anah'sis) of motor
With 10 % sialic eccenlncity

Fig. 7. Induced EMF Spectrum from FEA (see Fig. 2 for analysis) ot motor
Wrilh 50 % sialic eccenlincity

TABLE I. Comparison between the measured and predicted (FE analysis) magnitudes ofthe 50 Bz supply component of current and current components which

are a funcljon of sialic airgap eccentricity’

« Experimental lest conditions: SCIM, 415 V, star-connected, 11.5 A , 4-pole, 50 Hz, 1322 rpm, s=0.12, 51 rotor slots.
« Spectrum analyser: 80 dB dynamic range, Af= 2.5 Hz resolution (0-2 kHz), 100 dB = 100 mV, CT signal to volts : 0.1 V/A.
e Measured frequencies (m)- predicted components from equation (1) - spectrum analyser display of current from test ng

motor

« Calculated frequencies and magnitudes in dB (c) - from FE analysis procedure shown in Fig. 2

m - measured ¢ - calculated

se (%) 50 Hz 50 Hz dB f» (m) FEA dB
(m) (c) diff nw, = -1 (©) diff
1072
Hz 1072
Hz
(dB) (dB) (dB) (dB) (dB) (dB)
10 121.2 121.0 0.2 711 68.5 2.6
25 121.2 121.0 02 77.2 735 3.7
50 121 2 121.0 0.2 833 7.7 56

formulae proposed in reference [21) which includes the
mutual flux linkage between the rotor end-rings and the
stator end - winding. The stator resistance per phase was
measured after a 3-hour heat run at full load using a four
terminal resistance measurement instrument (digital read
out) The values for the end winding stator leakage
inductance and the stator resistance per phase were
required lo calculate the relevant current components using
the procedure shown in Fig. 2. Finite element models were
created for the experimental motor with 10%, 25% and
50% static eccentricity respectively. The analysis was
earned out for full-load speed which corresponds to the
expcnmcental tests at full-load current (11.5 A) and a speed
of 1322 RPM. Fig. 6 and Fig. 7 show the induced EMF
spectra for 10% and 50% static eccentricity A comparison
of theoretical and expenmental results is presented in Table

se - static eccentricity (%)

diff. - difference

€ (m) FE (c) dB f» (m) FE (c) dB
n«,= diff nwi= diff
1172 +3 1272
1172 Hz 1272 Hz
Hz Hz
(dB) (dB) (dB) (dB)
(dB) (dB)
74.1 68.6 5.5 56.6 52.9 37
80.1 76.5 3.6 62.6 59.9 2.7
86.1 82.7 3.4 69.8 66.8 3.0

1 and sample calculations are given in appendix 2 for the
interpretation of Figures 3, 4, 6, 7 and the analysis
procedure presented in Fig. 2.

D. Summary ofResults.

A comparison between the predicted and measured value
of current at 50 Hz shows that the magnitudes differ by 0.2
dB thus validating the parameters used in the FE analysis.
The FE results have produced an accurate prediction of the
frequency components (Hz) which are a function of static
eccentncity. This is verified by comparing the frequency'
components at 1072 Hz, 1172 Hz and 1272 Hz in Fig. 3
and Fig. 6 and Fig. 4 and Fig. 7. These components are
identical to those predicted by equation (1) from the MMF
and permeance wave approach.



However, the main focus of this paper is to predict the
magnitude (dB) of these components and it is here that the
results provide an original contribution.

The difference in dB between the predicted and measured
values of the current component at 1272 Hz with a static
eccentncity of 10% and 50% is 3.7 dB and 3.0 dB
respectively With respect to on-line condition monitonng
this IS a reasonable estimate considering that previous
attempts using the MMF and permeance wave approach
were very inconsistent as presented in reference |1]
Inspection of Table | shows that the difference between the
magmtude of the predicted and measured components is
between 2.6 dB and 5.6 dB. In terms of absolute values in
amps It can be argued that there is still a substantial
difference between some of the predicted and measured
values.

However, it is important to note that the increase in
magmtudc (dB) of the predicted frequency components was
9.2 to 14.1 dB with an increase of 40% static eccentricity
whereas the c.xperimental results produced an increase of
12.2 to 13.2 dB. It is emphasised that the increase is of the
same order and is encouraging for a first attempt at using
time stepping FE analysis to predict the seventy of static
airgap eccentricity via an on-line current monitoring

strategy.

IV. Conclusions and further work

The time stepping FE method has accurately predicted the
frequency components in the current spectrum which are a
function of static airgap eccentricity and the simulations
were verified by experimental results. Of particular
importance is the application of the FE method to predict
the magnitudes of these current components as a function
of the degree of seventy of static eccentricity The results
show that the analysis has produced a good estimate of
their magnitudes in dB

There is still a need to improve the accuracy of the FE
predictions For example, the FE mesh could be refined in
the airgap region, however, it is considered that the time
step of 39.2 ps is sufficiently small to provide the required
accuracy and this was venfied by the accurate prediction of
the frequency components (Hz) in the current signal. In the
FE analysis the three-phase supply was considered to be
perfectly balanced and to consist of only the supply
frequency In practice the three-phase line voltages differed
by 1 to 2% and the third, fifth, seventh, and ninth
harmomes were each 1% of the actual supply frequency
voltage to the experimental motor For normal analysis
these effects would be considered negligible but for the
prediction of high frequency current components which are
a function of static eccentncity. slotting, saturation,
winding design and MMF time harmonics then it is

probably necessary to include supply voltage influences It
is interesting to note that the fifth, and seventh harmonics
are negligible in the EMF spectrum predicted by the FE
analysis compared to the components which are a function
of static eccentricity and is due to the pure sinusoidal
supply voltage which was used in the FE model.

Future research will focus on improving the accuracy of
the FE predictions and to evaluate the simulations when
current monitoring is applied to large motors operating in
industrial installations This will support the work on
current momtoring to detect static eccentncity as reported
in reference [11]. The FE method will also be extended to
include dynamic airgap eccentncity and combinations of
both types

Finally, it is accepted that the CPU time for time stepping
FE simulations for this type of problem can be lengthy
This is due to the small time step and the substantial
number of complete cycles required from the FE analysis to
subsequently perform an accurate high resolution FFT on
the induced EMF time domain signal. Since the complete
motor has to be modelled a lengthy computational time is
unavoidable.
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VIl Appendices

APPENDIX!

R'j = 2.25 Q from locked rotor test. k,i = 0.96 (coil span 8/9), k<(i = 0.9848,

Tph = 180, R = 51 Withr, end nng resistance = 0 then b« = r"*e = effective

rotor bar resistance = 330pX2. Hence p'ft« = 0.0868p£2-m,

a'rt« - 11.52 MSm * value of rotor bar conductivity used in FE analysis.

appendix:

Inteqiretation of Fig. 3 and Fig. 4. - Experimental results

CT: O.IV/A: .Analyser 100 mV = 100 dB (calibration signal); reference
voltage: 1pV. Hence, Fig. 3 - component at 50 Hz = 121.2 dB.

| ~ {antilog (121.2 20) x IpV} / O.IV/IA = 11,48 A (compared to the
current measured from an ammeter 11.5 A).

Interpretation of Fig. 6 and Fig. 7: FE Analysis and FFT procedure
shown in Fig. 2.

EncwHz) = 100.65 dB; a divide by 2000 factor is applied to the signal e(t) and
for compatibility with the FFT spectrum analyser calibration signal (100 mV
= 100 dB) produces comparable scales on Figures 3 and 4 with 6 and 7. From
MATLAB FFT Fig. 6 - En - 2000 x IpVfantilog (100.65 / 20)} = 215.5 V.

Hence, - (240-215.5) Zn"onzi - 11.37 A supply impedance is negligible
reference (1J. Phase difference between X'p, and £, at 50 Hz is negligible -
confirmed from exact equivalent circuit calculations.

Hence, the dB value given in Table | is given by the following:

dB = 20 10g{(11.37 X O.IV/A)/ luV} = 121 dB (current)

Similarly for 1272 Hz in Fig. 7 at 50®0 static eccentricity

En(ij72Hz> = 0.44V; 27,2,2h¢) = 20 Q; I, = 0.0219 A

dB = 20 10g{(0.0219 x O.IV.'A) l.uV} = 66.8 dB as presented in Table |
Supply volts is a short circuit at all high frequency components.
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Abstract - Previous research using the mmf and permeance
Have approach and experimental investigations has established
that there are specificfrequency components in the input current
signal to an induction motor which are a function of static
eccentricity, rotor slotting and saturation. The magnitudes of
these components increase as the level of static eccentricity
increases. The work reported in this paper applies finite element
“nalysis to model a motor with static eccentricity to predict the
Severity of the fault from the magnitudes of these current
Components. The finite element result.s are compared with
nteasured results from the test-rig motor being modelled and the
agreement between them is found to be consistently closer than
bav achieved on previous attempts using the mmf and
permeance wave approach. The finite element analysis is also
nsed to determine what effect rotor slotting has on the
Magnitude of these components in relation to the overall
changes in magnitude due to increasing static eccentricity levels,
different rotor slot designs were modelled (open, closed, semi-
closed) and it was found that in terms of on-line current
Monitoring of induction motors the effect of different rotor slots
** the magnitude.s ofthe components was significant. This study
Acts provided valuable information in terms of monitoring
'Afferent motors in industry with the severity of the fault at
'Afferent stages.

| Introduction
Airf’ap Eccentricity

Airgap eccentricity is a fault mechanism which can occur
‘It induction motors where the airgap between the stator and
httor is no longer uniform. The condition can take two forms
i'3ch with a different effect on the airgap in the motor and in
practice both forms arc normally present in a motor
simultaneously. Static airgap eccentricity exists when the
Position of the minimum airgap is fixed in space and time,
‘thercas with dynamic eccentricity, the position of the
niinimum airgap rotates with the rotor. The condition is
iisuscd by a build up of manufacturing and assembly
tolerances and by wear in motor components during service,
to newly commissioned motors the fault is kept to a
Oiinimum due to good engineering designs and assembly
procedures and a typical level of airgap eccentricity in a new

motor would be 5% - 10%. However, the application of on-
line current monitoring to motors in industrial situations (1)
and (2) has shown that when a motor has been in service for
a number of years the level of airgap eccentricity can
increase considerably by up to 40%, (3). Bearing wear, rotor
or stator structure movement and thermal bow of the rotor
arc all problems that can occur with motors in service which
lead to an increase in the level of airgap eccentricity. High
levels of static eccentricity can cause dynamic ecccntricitv
due to the unbalanced magnetic pull and in a worst case the
rotor can actually be pulled onto the stator resulting in
complete motor failure.

li. On-Line Diagnosis ofAirgap Eccentricity using Current
Monitoring

It has been shown (1) and (2) that there arc specific
frequency components present in the airgap flux waveform
which arc a function of rotor slotting, saturation and airgap
eccentricity. This work was based on classical techniques
using the mmf and permeance wave approach. These
components can be induced in the stator winding, and hence
the line current of the motor, if the pole-pairs associated with
these flux waveforms and the stator winding factors arc
taken into account. Equation (1) is derived from the mmf
and permeance wave approach and is used to calculate the
frequency components in the current spectrum.

fee = A\ 1)

fee frequency components which arc a function of
airgap eccentricity (Hz)

" supply frequency (Hz)

R number of rotor slots

i zero for static and one for dynamic eccentricity

S slip

P pole-pairs

1, 3, 5, 7, lime harmonic of the stator mmf



The frequency components which are a function of airgap
eccentricity are present in the current signal to the motor. By
monitoring the frequency spectrum of the line current an
indication of the presence of airgap eccentricity can be
obtained. As the severity of the fault increases the magnitude
of these frequency components in the current increase. In an
industrial installation the current spectrum is monitored
using a clip-on current transformer around one of the input
line conductors and a spectrum analyser. This can be done
from the swichgear room so access to the motor is not
required which makes it popular with motor operators. By
monitoring the current spectrum over time it is possible to
detect high levels of airgap eccentricity and if the component
magnitudes are seen to increase then it can be stated that the
severity of the fault is increasing (2) and (3). However, it is
not possible to reliably quantify the severity of the fault, i.e.
this motor has x% eccentricity from the magnitudes of these
current components. This would be of considerable interest
to operators in the development of planned maintenance
programs as discussions with manufactures suggest that a
level of 20% eccentricity would be considered unacceptable
and a level of 50% would be considered serious enough for
immediate removal of the motor from service. It is
appreciated that airgap eccentricity problems can be detected
hy stator core vibration (4), airgap and axial flux signals, (5)
and (6) respectively, however, current monitoring is the least
invasive to implement in the industrial environment.

C. Limitations ofthe MME and Permeance ll'ave Approach
Comparison to a Finite Element Analysis Approach

Equation (1) is derived from the classical mmf and
Permeance wave approach (1, 2). This takes the flux density
m the airgap to be the product of the mmf and permeance.
The permeance term represents the permeance variation
around the airgap due to rotor and stator slotting, saturation
and airgap eccentricity. When determining the permeance
Variation over the slots it assumes a totally open square sided
slot in order to simplify the complex analysis. This approach
can therefore not be used to investigate the effects on the
current component magnitudes due to the actual rotor slot
shape. To take into account the distortion of the airgap flux
density wave due to saturation the airgap length was
'ncrcascd.  effectively increasing the reluctance. This
approach was based on empirical formulae and
simplifications so consequently the true effects of saturation
are only partially modelled. As reported in (7) an attempt
"as made to predict the magnitudes of the current
Components for a specific level of airgap eccentricity using
‘his approach. However, the differences between calculated
Aud measured magnitudes varied from 3% to 300%. The
Poor agreement and inconsistency can be attributed to the
3bovc simplifications in the mmf and permeance wave
approach. As the results in this paper show, a finite element

analysis of the motor to predict the magnitudes of the current
components produces consistently better agreement between
calculated and measured results. With a finite element
analysis the true slot shape is modelled and instantaneous
rather than time averages values of reluctivities are used to
model localised saturation. Consequently, a detailed
investigation of the effects of rotor slot shape variations is
possible.

D. Previous Finite Element Analysis ofAirgap Eccentricity
and Research Objectives ofthis Paper

Finite element techniques have been used to analyse airgap
eccentricity problems. They were used to calculate the forces
acting on a rotor due to static eccentricity (8) and the
average forces in the airgap due to static or dynamic
eccentricity (9). Work reported in (10) investigated the
effects on low order harmonics in the airgap flux density
waveform due to static and dynamic eccentricity. Finite
elements have also been used to investigate the optimum
rotor slot shape for maximum efficiency' (11) and the effects
of slanted stator and rotor teeth on torque and
electromagnetic losses (12). The work of (13) used a finite
clement model to investigate the effects of stator slot closure
on the permeance variations in the airgap. The airgap flux
density and force waves produced by the finite element
analysis revealed that when the stator slots were closed the
airgap flux density and force waves due to stator slotting
decreased and those due to saturation increased. However,
finite elements have not been used to predict the magnitudes
of the frequency components in the current spectrum which
arc a function of rotor slotting, saturation and static airgap
eccentricity. The effect of different rotor slot shapes on the
magnitude of these components has not been investigated
Consequently, this paper focuses on the application of a two-
dimensional time-stepping finite clement analysis to
investigate the aforementioned points and in brief the
objectives arc to:

Use a time stepping finite clement analysis to model a 3-
phasc induction motor with static eccentricity.

Use the finite element results to calculate the current
components which are a function of static airgap
eccentricity, rotor slotting and saturation (frequency and
magnitude) in the current spectrum and compare the
predictions with experimental results from the test-rig
motor being modelled.

Investigate the effect of open, semi-closed and totally
closed rotor slots on the magnitudes of these current
components in comparison to the effect of static
eccentricity using the finite element analysis.



These investigations will lead to the prediction of the level
of static eccentricity present in the motor from the
magnitudes of these specific components in the current
spectrum. They will also determine how much of an effect
the rotor slot shape has on the magnitudes of these current
components in comparison to the changes in magnitudes
observed when the eccentricity level is increased. This will
lead to a better understanding of airgap eccentricity in
relation to current monitoring of different types of motors in
industry. The finite element analysis method used in this
paper is reported in (14) and (15). It has already been used to
analyse airgap eccentricity problems and it produced good
agreement between calculated and measured current
components for models of static eccentricity and
combinations of static and dynamic eccentricity as reported
in (16). Rotor slot shapes were not investigated in that paper.

Il. Experimentai, Results
Procedure

The test-rig motor used for the experimental tests and finite

element models had the following specification: 3-phasc,
415V, 50Hz., 4-polc, 1420 rpni, 20A, delta connected
squirrel-cage motor with 36 stator and 51 rotor slots. As the
majority of large motors arc star connected and have
unskewed rotors the stator was star connected and an
unskewed copper fabricated rotor was used. Static airgap
eccentricity was introduced into the test-rig in a controlled
fashion as reported in (1). A clip-on current transformer was
used to monitor the line current to the motor. This had an
Output of 0 1V/A which was inputted to a spcctnim analyser
"Nith a input reference voltage of 100mV = 100dB.

~NANAentricity, full-load 1322 rpm.

A tolerance of approximately +ldB was present in the
experimental results.

B. Static Eccentricity Variations

The test-rig motor had a nominal airgap length of 0.02
inches (0.508mm) and had a tolerance limit of 10% static
(0.0508mm) with 5% dynamic (0.0254mm). Hence, the
inherent level of static eccentricity in the motor was 10%
and an upper limit of 50% static was used for safe operation
The level of inherent dynamic eccentricity was low and since
combinations of static and larger levels of dynamic
eccentricity are not being discussed in this paper, the
dynamic eccentricity was considered negligible. The current
spectra from the experimental motor for 10% static and then
50% static eccentricity are shown in Figures | and 2
respectively. This was for the full-load condition of 11.5A at
1322 rpm. The components which arc a function of rotor
slotting, saturation and static eccentricity are calculated from
equation (1) and they occur at 1072Hz (nw, = -1), 1172Hz
(nws = 1) and 1272Hz (n,s = 3). They arc clearly present in
both spectrums and for a 40% increase in the static
eccentricity level they increased in magnitude by more than
I0dB which in linear terms is an increase of more than 3 16
times. These components arc clearly a function of the level
of static eccentricity present in the motor. The effect on the
magnitudes of these components for different levels of static
eccentricity is shown in Figure 3. With the motor running on
lighter loads the magnitudes of these components decreased
as expected, however, they are still obvious in the current
spectrum. Figure 4 shows the decrease in the magnitudes of
the components with load for a fixed level of 25% static
eccentricity. Load variations arc of interest as a motor may
not always be operating at full-load.

Current Spectrum from experimental motor with 50% static
eccentricity, full-load 1322 rpm.



Static Airgap Eccentricity (%)

Fig 3. Magnitude of current components versus Static eccentricity,
experimental results.

nws = -1
nws 1l
nws 3

Ix)ad Decreasing (rpm) (experimental)

4, Effect of load on the magnitude of the static eccentricity components,
experimental results.

l1l. Application Of Fintfe Elements To Inves tigate
Static Airgap Eccentricity

Procedure

The time-stepping finite clement analysis predicted the
lime domain induced emf waveform. An FFT analysis was
performed to identify the unique components predicted by
equation 1 and obtained from the experimental results
(Figures | and 2) The magnitudes of the emf components of
entercst in the spectrum were then applied to an equivalent
circuit using the principle of superposition in order to
ealculatc the magnitude of the current at those particular
frequencies. The equivalent circuit modelled the stator
resistance and the stator end-winding leakage reactance per
phase and at these high frequencies the supply voltage was
Considered to be a short circuit. The emf signal was divided
hy 2000 and a reference of 100dB = 100mV was applied to
display the emf spectrum on a dB scale. The calculated
Current components were converted to dB by dividing the

signal by 0.1 and applying a reference of 100dB = 100mV,
hence, the calculated current components in dB can be
directly compared with the magnitudes of the experimental
current components in dB. The components of interest in the
emf waveform were at high frequencies so a short time step
of 39.2(IS was used to ensure that they were modelled. To
model the airgap variation due to static eccentricity’ the
entire motor had to be modelled which resulted in the mesh
containing 6406 nodes and 11,105 elements. To model static
eccentricity the rotor was left on (0,0) and the stator was
shifted by the required distance away from the centre axis of
the motor. This results in a minimum airgap which is fixed
in both space and time.

B. Static Eccentricity Variations

Models of the test-rig motor were created for 10%, 25%
and then 50% static eccentricity (0% dynamic) and the finite
element analysis was performed. The emf spectrums from
the finite clement analysis of the motor with 10% and then
50% static eccentricity can be seen Figures 5 and 6
respectively.

10 50112
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100
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1072 112 ~a7 9dH

47 1 dB
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X3 400 600 000 1000 1200 1400 1600
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Fig. 5. EMF spectrum from FE analysis for 10% static eccentricity at 1322
rpm.

Fig. 6. EMF spectrum from FE analysis for 50% static eccentricity at 1322
rpm.



TABLE I. COMP.ARISON BETWEEN THE MEASURED AND PREDICTED (FE ANALYSIS) MAGNITUDES OF THE 50 HZ SUPPLY COMPONENT
OF CURRENT AND THE CURRENT COMPONENTS WHICH ARE A FUNCTION OF STATIC AIRGAP ECCENTRICITY

m - measured ¢ - calculated se - static eccentricity (%)
se (%) 50 Hz 50 Hz dB 1072 1072 dB
(m) (e) diff (m) (© diff
(dB) (dB) (dB) (dB) (dB) (dB)
10 121.2 1210 02 711 68.5 2.6
25 121.2 1210 0.2 77.2 735 3.7
50 121.2 1210 0.2 83.3 n.T 5.6

The components predicted by equation (1) are clearly
present in the spectra and their magnitude can be seen to
increase for a 40% increase in static eccentricity. Table !
shows the comparison of the experimental and calculated
current magnitudes for 10%, 25% and 50% static
eccentricity. The difference between the measured and
calculated 50Hz component was only 0.2dB thus validating
the finite clement analysis of the motor and the equivalent
circuit used to predict the current component magnitudes.
The difference between the magnitudes for the components
which arc a function of static eccentricity range from 2.6 to
5.6dB. In real current terms this might appear to be a
substantial difference, however, compared to the difference
between the measured and calculated results produced by the
classical nimf and permeance wave approach the finite
element analysis has produced a much closer agreement
between the measured and calculated values. The overall
increase in the magnitudes of the e.xpcrimental and finite
element results for the 40% increase in static eccentricity
Was of the same order. The range of increase for
experimental components was 10.2 to 13.2dB compared with
7.2 to 14. 1dB for the calculated components.

IV. Application Of Finite Elemen ts To Investigate
The Effect Of Rotor Slop Shape On Components Due
To Static Eccentricity

A. Introduction

As mention before the components which arc a function of
*he static eccentricity level are also a function of rotor
slotting and saturation. The purpose of this investigation is
lo apply the finite clement method to determine what clTcct
the shape of the rotor slots has on the magnitudes of these
components as a factor in the overall changes observed when
the static eccentricity level is increased. This will lead to a
better understanding of airgap eccentricity in terms of
current monitoring of different motors in industry. Three
types of rotor slot shape were investigated as shown in
Figure 7. The semi-closed slot was modelled in several
different configurations with a gap of 1.27mm or ().6mm and
air or copper filling the slot gap. The variation in the
uiatcrial in the slot was to investigate the effect on the

dilT - difference(Semi-closed slot 1.27mm with coi

1172 1172 dB 1272 1272 dB

(m) © diff (m) © diff

@) (@) (@) (@) (@B  (B)
74.1 68.6 55 56.6 52.9 3.7
80.1 76.5 3.6 62.6 59.9 2.7
86.1 82.7 34 69.8 66.8 3.0

components when the gap between the copper conductor and
the rotor surface was filled with air or copper up to the rotor
surface. The finite clement analysis was performed for
different rotor slot designs at 0%, 10% and 25% static
eccentricity.

1.27mm or 0,6mm
Semi-closed slot

Ilis gap is either filled with air or copper

Totally enclosed slot

lotally open slot  (This is not a typical
industrial design but it was used to determine die
influence ofan open slot design)

Fig. 7. Rotor Slot Shapes Investigated.
li. Rotor Slot |'ariotions at 0% Static Eccentricitv

An analysis of different rotor slot designs with 0% static
eccentricity was performed. As no static eccentricity was
being modelled the magnitudes of the components arc onlv
due to rotor slotting and saturation. These 'healthy' motor
spectrum magnitudes can then be compared to those with
static eccentricity, for the same slot design, in order to
determine what portion of the magnitude of the components
is due purely to static eccentricity. Three slot designs were
modelled al 0% eccentricity and the variation in magnitudes
of the components is shown in Table 1.

FABLE Il. MACINI'FUDE OF COMPONENTS DUE TO DIFFEREN T
SLOTSILXPES MODELLED AT 0% STATIC ECCENTRICnA'

0% sialic Slot shape
Irequencv Semi- closed Totally open Totally closed
Hz 1.27mm Cu
1072 62.1 56.3 62.3
1172 54.3 56.5 57.4
1272 44.8 47.7 47.0



These results will be referred to again when determining
what portion of the component magnitudes is due only to
static eccentricity. Inspection of Table 11 shows that
changing the slot shape to totally open or totally closed had
an effect on the magnitude of the components. For instance,
the 1072 Hz component decreased by 5.8dB when the slot
design was changed from semi-closed to totally open,
however, when the design was changed from semi-closed to
totally closed it increased by 0.2dB. The 1172Hz and the
1272Hz increased in magnitude by 2.2 and 2.9dB
respectively when the design goes from semi-closed to totally
open but they remained constant to within 1dB when totally
open and totally closed slot magnitudes were compared.

C. Rotor Slot Variations at 10% Static Eccentricity

The analysis performed at 10% static eccentricity focuses
On the effects of variations in the design of the semi-closed
slot as Table 11l illustrates.

T/USLE lit. MAGNITUDE GF COMPONENTS DUE TO DIFFEREN T
SEMI-CLOSED SLOT SHAPES MODELLED AT 10% S TATIC
ECCENTRICITY

10% static Slot shape
Frequency Semi- closed Semi- closed Semi- closed
Hz 1.27mm Cu 1.27mm air 0.6 mm air
1072 68.5 68.2 67.9
1172 68.6 68.6 68 6
1272 52.9 52.9 54.4

Inspection of the results indicate that changing the material
>n the gap between the rotor conductor and the rotor surface
Ironi copper to air for the same slot width had a very' small
Of no effect on the magnitudes of the components. This was
‘Expected as the magnetic properties of copper arc very'
similar to those of air, hence, the analysis is confirmed to be
modelling this change accurately The reduction in the width
of the slot gap from 1.27mm to 0.6mm had an insignificant
effect on the 1()72Hz. and the 1172Hz components, however,
‘he 1272Hz. increased in magnitude by 1.5dB. The 1272Hz
oomponent is calculated when lu, = 3 (stator mmf time
harmonic). The 3rd stator mmf time harmonic is
predominantly produced by saturation effects (17), hence the
1272Hz component magnitude is dependant on saturation to
0 greater extent than the 1()72Hz (iiw, = 1) and 1172Hz (ru,

-1). Decreasing the slot width (i.e. closing the slot more)
‘ocreased the magnitude of the component due to saturation.

A comparison of the component magnitudes for the
I 27mm copper filled scmi-closcd slot modelled with 0%
3nd then 10% reveals that the magnitude of the components
for 0% static eccentricity (Table 1) were considerable less
fhan those for 10% static eccentricity (Table 111) as would be

Expected. Each frequency component increased in magnitude
hy a different amount when the static eccentricity level

increased from 0% to 10%. The 1072Hz increased by 6.4dB
whereas the 1172Hz increased by 12.3dB. Inspection of
Table | shows that the increase in each component for a
increase of 10% to 25% static eccentricity' was less spread
out ranging from 5 to 7.9dB. A similar trend was noticed
when the static eccentricity' increased from 25% to 50%,
each component increased in the range of 4.2 to 6.9dB
These results revealed that in the earlier stages of the fault
each component increased by a considerably different
amount for the same increase in static eccentricity but at
higher levels of the fault, each component increased bv
approximately the same amount for the same increase in
static eccentricity.

D. Rotor Slot Variations al 25% Static Eccentricity

The results for variation in rotor slot designs modelled at
25% static eccentricity arc shown in Table IV.

TABLE IV. MAGNITUDE OF COMPONENTS DUE TO DIFFEREN T
SEMI-CI,OSED SLOT SHAPES MODELLED AT 25% STATIC
ECCENTRICITY

25% static Slot Shape

Frequency Semi- closed  Semi- closed ~ Totally open Totally
Hz 1.27mm Cu 0.6 mm air closed
1072 735 72.9 63.0 723
1172 76.5 76.5 63 6 745
1272 59.9 61.7 51.8 55.9

Changing the slot gap from copper to air with a constant
gap of 1.27mm was not repeated as it clearly had no
significant effect on the component magnitudes. The results
for the variation in the width of the scmi-closcd slot at 25%
eccentricity confirmed the observations at 10% static
eccentricity in that only the magnitude of the 1272Hz
component was affected which increased by 1.8dB

Changing the slot shape from scmi-closcd 1.27tnni copper
to totally open decreased the 1072Hz component by 10.5dB
This is a considerably larger change than was noticed at 0%
static where it decreased by 5.8dB. The 1172H/. and the
1272Hz decreased at 25% by 12.9dB and 8. IdB respectively
compared to an increase of 2.2dB for the 1172Hz. and 2.9dB
for the 1272Hz at 0% static eccentricity.

Changing the rotor slot from semi-closed 1.27 mm copper
to totally closed at 25% static decreased the 1072Hz.
component by 1.2dB, decreased the 1172Hz by 2dB and
decreased the 1272Hz by 4dB. At 0% eccentricity this
change in slot design increased the 1072Hz by 0.2dB,
increased the 1172Hz by 3. IdB and increased the 1272Hz by
2.2dB.

Changing the slot from totally open to totally closed at 25%
resulted in the 1072Hz increasing by 9.3dB, the 1172Hz
increasing by 10.9dB and the 1272Hz. increasing by 4.1dB.
This is in comparison to the results at 0% static where



changing the slot from open to closed increased the 1072Hz
by 6dB, the 1172Hz increased by 0.9dB and the 1272Hz
decreased by 0.7 dB.

A comparison of the range of increase for the components
with the semi-closed 1.27mm copper and the totally open
and totally closed slot designs can be made from Tables Il
and IV. Table V shows the increase in magnitude of each
component as the static increases from 0 to 25% for the
different rotor slot designs.

table v. comparison of the incrE/Vses in component
Magnitudes for a 25% increase in static eccentricity
FOR THE different ROTOR SLOT DESIGNS

Increase in component magnitudes

0-25% Static Semi-closed Totally Open Totally Closed
increase 1.27 mm copper
1072 Hz 11.4 6.7 10.0
1172 Hz 22.2 7.1 17.1
1272 Hz 15.1 41 8.9

Table V shows that the design of rotor slot has a large
effect on how much the component magnitudes increase for
3n increase in static eccentricity from 0 to 25%. The 1()72Hz
for the scmi-closcd and totally closed were the only
components that increased a similar amount. The totally
open slot showed considerably less of an increase than the
totally closed and in particular the scmi-closcd slot design.

£ Discussion on the liotor Slot Raricition Results

The investigations into the effects of rotor slot shape on the
~ornponents which arc a function of rotor slotting, saturation
and static eccentricity revealed that changes in rotor slot
icsign have a significant effect on the magnitudes of these
components. There is clearly a complex relationship between
fotor slotting, saturation and static eccentricity and their
Combined effect on the magnitudes of the current
Components The difference in the magnitude of the
Components for the different rotor slot designs was less at
0% static eccentricity than al 25% static. For instance, the
1172Hz component increased by 0.9dB at 0% as the slot
design changed from totally open to totally closed, whereas,

25% this component increased by 10.9dB. The higher
levels of static eccentricity had a significant effect on the
behaviour of the component magnitudes.

The investigations of the scmi-closcd slot design al 10%
®nd then 25% static eccentricity revealed that changing the
Mot gap filling from copper to air had no significant effect
“n the components and when the slot gap was reduced from
| 27mm to ().6mm it was only the 1272Hz which was
Effected - increased by 1.5dB and 1.8dB respectively. This is
Mtiall in comparison to the increases in component
Magnitudes with static eccentricity and it is also very close to

the tolerance of approximately +IdB for the experimental
measurement of the component magnitudes.

The results in Table V show that the amount each
component increased for the same increase in static
eccentricity is very dependant on the rotor slot shape. In an
industrial situation if a motor with a totally open rotor slot
design is being monitored then the increase in the
component magnitudes is considerably less than would be
observed for a motor with a semi-closed rotor slot.

V. Conclusions

The work reported in this paper has successfully applied
finite element analysis to an induction motor with static
airgap eccentricity in order to analyse the frequency
spectrum of the input current to the motor. The frequency
components in the current spectrum which arc a function of
rotor slotting, saturation and static eccentricity were present
as predicted by classical theory and obtained experimentally.
The finite clement analysis was also used to predict the
magnitude of these components in order to quantify the
severity of static eccentricity. Consistently, belter agreement
was obtained between predicted and experimental
magnitudes than was achieved previously using the mmf and
permeance wave approach. For instance, the 1()72Hz
component for 10% static eccentricity was 2.6dB different
from the experimental magnitude. This improvement is due
to the accuracy in which the finite clement method models
the motor, whereas the classical approach has to make
assumptions in order to simply the complex analysis

The finite clement investigation of the rotor slot designs
has revealed that the rotor slot design has a considerable
effect on the magnitudes of the current components
especially when static eccentricity is present. The rotor slot
design also effects the size of the increase in the magnitudes
of the components for the same increase in static
eccentricity. For an increase of 25% (0 to 25%) static
eccentricity the 1172Hz component increased by 22.2dB for
the scmi-closcd slot compared to an increase of only 7 1dB
for the totally open slot. The information gained from this
analysis is of considerable value in terms of on-line current
monitoring of different motors in industry.

For future work it is intended to investigate the effect of the
number of rotor bars on the magnitude of the current
components. Design details for a large motor operating in
industry will be used in the finite clement analysis to study
airgap eccentricity problems and predicted results will be
compared with on-site tests.
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FINITE ELEMENT ANALYSIS AND ON-LINE CURRENT MONITORING TO DIAGNOSE
AIRGAP ECCENTRICITY IN 3-PHASE INDUCTION MOTORS

A Barbour and W T Thomson

The Robert Gordon University, Aberdeen

Abstract - This paper applies finite element analysis to
predict the frequency components in the current signal which
are afunction ofairgap eccentricity in a 3-phase squirrel-
cage induction motor. The magnitude ofthe components and
hence the severity of the fault are predicted and compared
with experimental results for static and combinations of
static and dynamic eccentricity. Closer agreement is
consistently found between calculated and measured
magnitudes in comparison to previous attempts using the
mmfand permeance wave approach.

INTRODUCTION

Airgap Eccentricity : This occurs in induction motors
when the airgap between the stator and rotor is non-
uniform. Eccentricity can occur in two forms, namely
static (fixed position minimum airgap) and dynamic
(rotating minimum airgap), and in practice both occur
simultaneously. Static and dynamic eccentricity is
caused by assembly and manufacturing tolerances but is
kept to a minimum (typically 5 - 10%) due to good
designs and high manufacturing standards. High levels
of airgap eccentricity arc not normally a problem in
new motors, however, it is known that problems such
as bearing wear, thermal bow, rotor or stator stnicturc
movement, can occur with motors in service, Cameron
(1) and Cameron ct al (2).

Diagnosis of Airgap Eccentricity using On-line
Current Monitoring : This paper focuses on the
analysis of the current to identify frequency
components which arc a function of static or dynamic
eccentricity and their combination. Current monitoring
IS popular with motor operators because the signal is
sensed via a clip-on transformer in the swithgear room
and access to the motor is not required, Rankin (3)
Other techniques can be used to diagnose airgap
eccentricity, such as stator core vibration (Thomson ct
al (4)), airgap and axial flux signals Fruchtcnicht et al
(5) and Penman et al (6), respectively. By using the
mmf and permeance wave approach it has been shown
that there arc specific frequency components in the
current spectrum which are a function of rotor slotting
and static and dynamic eccentricity (1) and (2)
Equation 1 is derived from the mmf and permeance
wave approach and is used to calculate the frequency
components in the current (1).

fee=f\ (Rz'U

frequency component,s which are a function of
airgap eccenUacity (Hz)

fl supply frequency (Hz); R = no. ofrotor slot-s
Itd zero for static and one for dynamic eccentricitv
S slip, p =pole-pairs, iws=1 357

It IS the frequency components predicted bv equation !
which arc studied in this paper. To predict the severity
of the fault the magnitude of these components has to
be calculated as a function of the level of cccentricitv
At present, monitoring the current can detect the
presence of abnormal levels of airgap eccentricity, (2)
and Thomson cl al (7), but the seventy of the fault
cannot be reliably quantified.

Finite Element Analysis and Research Objectives ;
Finite clement analysis has been used to analyse airgap
eccentricity, as reported in reference (8) Salon et al. it
was used to analyse the effect of static and dvnainic
eccentricity on low order harmonics in the airgap lu.x
density waveform However, the identification and
quantification of the high frequency components in the
current due to rotor slotting, static or dynamic
eccentricity and their combination was not investigated
The work reported in the paper uses a time stepping
finite clement analysis method as reported in (9.10) and
the objectives arc to:

Use time stepping finite element analysis to model a
3-phasc induction motor with static, dynamic and
combinations of both forms of eccentricity.

Use the finite element results to calculate the
components (frequency and magnitude) in the
current spectrum.

Compare the calculated components with measured
components from the experimental motor being
modelled.

EXPERIMENTAL RESULTS

Procedure : A 3-phasc, kW, 415V, 50 Hz, 4 pole,
1420 rpm, 20A, delta-connected squirrel-cage motor
with 36 stator aiid 51 rotor slots was used for the tests
An unskewed copper fabricated rotor was used and the
stator was star connected because large motors are
mainly unskewed and connected in star. The current



Fig. L1 Current spectrum for 10% static and 5%
dynamic eccentricity, full load 1322 rpm; experimental.

signal was monitored using a current transformer
(output O.IV/A) which was fed to a spectrum analyser
with a reference input of 100mV = |00dB. Airgap
eccentricity was introduced into the test-rig in a
controlled manner as reported in (1). A tolerance of
approximately 1dB was present in the experimental
incasurements.

Fixed Dynamic and Variable Static Eccentricity ;
The current spectra from the motor with 10% and then
50% static eccentricity arc shown in Figures ! and 2.
This was for the full load condition (11 5A, 1322rpni)
with a minimum, nominal level of 5% dynamic
eccentricity. The components which arc a function of
static eccentricity predicted by equation | arc at
1072Hz, 1172Hz, 1272Hz (n, = 0). Each component
increased by more than 10dB which is a linear increase
of more than 3.16 times the original magnitude. The
increase in the magnitude of the components with
increasing static eccentricity is illustrated in Figure 3.
The effect of load variation on the magnitudes of the
components is shown in Figure 4 for a fixed value of
25% static and nominal 5% dynamic eccentricity The
components which arc a function of static eccentricity
change in frequency with load so they arc referred to as
the components calculated with n,,,= 1, n,= -1 n,, = 3,
n<)= 0 for each. As expected, with reduced current
flowing in the rotor winding the magnitude of the
components decreased, however, the initial rate of
decrease is low between 1322 to 1372 rpm. The results
presented in Figure 4 arc important since a motor may
not always be operating at full-load in industry.

Variations in Combinations of Static and Dynamic
Eccentricity : Equation | also predicts frequency
components which arc a function of dynamic
eccentricity when nj = + 1, these appear either side of
the components due to static eccentricity provided the
pole number of the flux waveforms can induce current
in the stator winding. The previous results, Figures 1-4,
with vary ing levels of static eccentricity were obtained
With a nominal value of 5% dynamic eccentricity, the

Fig. 2. Current spectrum for 50% static and 5%
dynamic eccentricity, full load 1322 rpm; experimental.

Sialic Airgap Ecccnlricily (%)

Fig. 3. Magnitude of current components versus static
airgap eccentricity; experimental results.

Ix>ad Decreasing (rpni) (experimenlal)

Fig 4 EfTcct of load on static eccentricity components

dynamic lIcxcl was then increased to 25% and two
levels of static eccentricity (10% and 25%) were
investigated. Table ! shows the increase in the dynamic
eccentricity components with the change from 5% to
25% dynamic eccentricity (fixed static of 10%) in the
test-rig motor. These components, in particular those
with ni = 1 arc clearly dependant on the dynamic
eccentricity level, for instance, the component at 1094
Hz increased by 20.4dB and the 1194Hz component
increased by 18.4dB for a 20% increase in dynamic
eccentricity. This is clear evidence of the effect of
dynamic eccentricity (20dB = 10 times linear). The
effect on the components with a fixed level of dynamic
(25%) with increasing static was investigated, Figures
5and 6 and Table | show the spectra of the current for



Fig. 5. Current spectrum for 10% static with 25% dynamic
full-load 1322 rpm; experimental results.

Fig. 6. Current spectrum for 25% static with 25% d>iiainic
full-load 1322 gim, experimental results.

10% static with 25% dynamic and 25% static with 25%
dynamic respectively. With a 15% increase in static
and a fixed dynamic of 25% the static eccentricity
components increased in magnitude and the dynamic
components remained approximately at the same level.
For instance, the 1172 Hz (static component) increased
by 9.8dB and the 1194Hz decreased by 0.5dB, whereas
the 1194Hz component increased by 18 4dB when
dynamic eccentricity was increased from 5% to 25%.
The effect of load variations on these components for
fixed static (25%) and dynamic (25%) eccentricity
levels is shown in Figure 7

FINITE ELEMENT RESULTS

Procedure : The time domain induced emf waveform
was predicted from the time stepping finite element
analysis. An FFT of the emf was used to identify the
frequency components due to airgap eccentricity as
predicted by classical theory (equation 1). Using the
principle of superposition each emf component
magnitude was used in an equivalent circuit which
modelled the stator resistance and stator end-winding
leakage reactance in order to calculate the magnitude of
the current at that particular frequency. At the high
frequencies the supply voltage was considered to be a
short circuit. To display the spectrum on a dB scale the

Freg. Hws  IXd Mag. uMag. Mag.

C((:?;[)) equation 1%)(1/? )se 1((;12 )se zg/? )se

S%de  25%de  25%de

50 - 121.0 121.0 121.0

de 1050 -1 -1 50.8 44.4 41.8
se 1072 -1 0 67.0 66.4 759
de 1094 -1 4| 54.6 75.0 74.3
de 1150 +1 -1 40.4 39.7 42.8
se 1172 +1 0 70.8 69.0 78.8
de 1194 +1 +| 59.0 77.0 76.5
de 1250 +3 -1 311 44.6 377
se 1272 +3 0 55.6 524 618
de 1294 +3 +1 51.2 59.3 60.4

TABLE | Magnitudes of current components from
test-rig motor for combinations of static and dynamic

nws | nd
de
invs 1 nd
se
n'S Ind
de

Fig.7. ElTcct of load on static (sc) and dynamic (de)
eccentricity components; experimental results

emf signal is divided by 2000 and a reference of
100dB=100mV was used. To convert the calculated
current components to dB the signal was divided b\ 0 !
and a reference of 100mV=100dB was used This
means that the computed current components in dB can
be directly compared with the experimental current
magnitudes in dB from the spectrum analyser The
complete motor had to be modelled to analyse the
airgap variation which resulted in the mesh containing
6406 nodes and 11,105 elements Since the emf
waveform contained high frequency components due to
slotting and eccentricity a small time step of 39.2ps
was used. This was calculated based on approximately
20 steps for each rotor slot. To model static eccentricity
the stator model was shifted off centre and the rotor
was left centred on (0,0). For dynamic eccentricity and
combinations of both types, shift vectors were used, one
for each form of eccentricity, which resulted in the
required variation of the airgap length for the different
fault combinations.

Simulations of Static Eccentricity and Comparison
with Experimental Results : Time stepping finite
element analysis was performed on models of the motor
with 10%, 25% and then 50% static eccentricity for the



full load speed (1322 rpm) with 0% dynamic
eccentricity. Figures 8 and 9 show the emf spectrum of
the motor with 10% and then 50% static eccentricity.
The components predicted by equation | are present
and they clearly increase in magnitude, Table 2 shows
the comparison between the calculated and measured
magnitudes of the current components. Inspection of
Table 2 reveals that the magnitude of the calculated 50
Hz component is within 0 2dB of the experimental, this
validates the FE analysis of the motor. A comparison of
the measured and calculated magnitudes show that they
differ by 2.6 to 5.6 dB. This may seem to be a
considerable difference in real current terms, however,
the agreement between calculated and measured
magnitudes is consistently closer than was achieved in
reference (1) and the overall change for the
experimental and calculated magnitudes is of the same
order, 12.0 to 13.2dB experimentally compared with
9.2 to 14 1dB from the finite clement analysis.

Simulations of Static and Dynamic and Comparison
with Experimental Results : Initially 25% dynamic
with 0% static eccentricity at 1322 rpm was modelled
to verify that the analysis was modelling dynamic
eccentricity. The emf spectrum still contained the
components which arc a function of the magnitude of
static eccentricity since these components arc primarily
due to rotor slotting. The components which arc a
function of dynamic eccentricity were present as
predicted by equation | The magnitude of the static
eccentricity components was smaller than was later
obtained when modelling 25% dynamic with static

eccentricity present. This was expected since the
magnitude of the static eccentricity components present
in the 25% dynamic and 0% static eccentricity
spectrum were only due to rotor slotting and not the
additional presence of static eccentricity Finite element
analysis was then performed for 10% static with 25%
dynamic and then 25% static with 25% dynamic. The
spectra of the emf waveform for the two fault
conditions are shown in Figures 11 and 12. The
frequencies of the components in the emf arc the same
as those predicted by equation ! (classical theory) and
obtained from experimental tests. With the increase in
static eccentricity the static eccentricity components
increased and the upper dynamic components remained
approximately constant. Table 3 shows the comparison
between measured and calculated current component
magnitudes for 10% static and 25% dynamic
eccentricity. Good agreement is obtained, for instance,
the dB difference between the calculated and measured
values for the 105()Hz and 1194Hz (de components)
was 2 2dB and | 7dB, respectively The difference in
dB for the static eccentricity component at 1072Hz was
only 0.6dB.

Conclusions

The application of finite clement analysis has
facilitated the prediction of the magnitude of current
components which arc a function of static or dynamic
airgap eccentricity in a 3-phasc squirrel-cage induction
motor Of particular significance is that the finite
clement method has predicted the magnitude of current

TABLE 2 Comparison between the measured and predicted (FE analysis) magnitudes of the 50 Hz supply component
of current and current components which arc a function of static airgap eccentricity

m - mea.sured (x% .se with 5% de)

se(%) 50 Hz 50 Hz daB 1072 1072
(ni) So diir (m) (©)
(@) (@) (@) (@B ()
10 121.2 121.0 0.2 711 68.5
25 121.2 121.0 0.2 77.2 735
50 121.2 121.0 0.2 83.3 71.7

Fig. 8 EMF spectrum from FE analysis for 10%
static at 1322 rpm

¢ - calculated (se only)

dB
diir
(dB)

2.6

37

5.6

se - static eccentricity (%) diiT - difference

172 172 dB 1272 1272 dB

(m) &% dilf (m) SC) d.ir

(dB) (dB) (dB) (dB) (dB) (dB)
74.1 68.6 5.5 56.6 52.9 37
80.1 76.5 36 62.6 59.9 2.7
86.1 82.7 3.4 69.8 66 8 30

Fig. 9. EMF spectrum from FE analysis for
50% static at 1322 rpm



Component Exp. Mag. FE Cal. dB
(Hz) (dB) Mag. (dB)  difference
50 121.0 120.7 0.3
de 1050 44.4 46.6 22
se 1072 66.4 67.0 0.6
de 1094 75.0 72.4 2.6
de 1150 39.7 39.9 0.2
se 1172 69.0 68.9 0.1
de 1194 77.0 78.7 1.7

TABLE 3. Comparison of experimental and calculated
component magnitudes for 10% sc and 25% de
eccentricity

components when a combination of static and dynamic
eccentricity is present, which is the case in all
industrially based induction motors. Good agreement
was obtained between the predicted and measured
results in the context of applying on-line current
monitoring to detect abnormal levels of airgap
eccentricity and an estimation of the degree of severity
of the fault condition. For example, the experimental
results showed that the dynamic eccentricity component
at 1194Hz increased by 18dB when dynamic
eccentricity was increased by 20% with a fixed static of
10% The time stepping finite clement analysis
predicted that the 1194Hz dynamic eccentricity
component was 78 7dB compared to the measured
value of 77dB. Hence, the ditTcrence of | 7dB between
experimental and predicted absolute values for a given
static and dynamic combination is negligible compared
to the increase of 18dB due to the increase in actual
dynamic eccentricity. These predictions have hitherto
not been possible using existing monitoring strategics
and the classical mnif and permeance wave approach.
Research is continuing to improve the accuracy of
predictions and to consider the influence of different
slot designs The analysis will also be applied to large
induction motors operating in industry and a
comparison made with on-site tests.
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AN APPRAISAL OF THE M.M.F.-PERMEANCE METHOD AND
FINITE ELEMENT MODELS TO STUDY STATIC AIR-GAP
ECCENTRICITY AND ITS DIAGNOSIS IN INDUCTION MACHINES

W T. Thomson and A Barbour - The Robert Gordon University Aberdeen Scotland

C. Tassoni - Universita di Parma ltaly

Abstract: Industry is now using on-line current
monitoring as the preferred method to diagnose problems
such as broken rotor bars, airgap eccentricitv and
shorted turns in stator windings (low voltage) of three
phase induction motors The main advantage of this
method is that it is non-invasive since the sensor is a
current transformer.  This paper will focus on the
complexity of analysing the current signal and the
interrelationships between airgap /lux densitv, induced
e.m.J. ami the current spectra. lexperlmental result.s and
analyse.": using the m.m.l - petmeance »ave model will he
compared with finite element simulation.": as a /iinction
(> airgap eccentricity. .\n appraisal hel"veen theoretical
predictions and experimental result.": is presented.

| Introduction

Current speelniin antilysis is an accepted strategy tor
condition monitoring of induction motors |1-5] l'ault
mechanisms can be diagnosed via the identification of
unique components in the current spectrum which are
characteristic of the l'ault. The in in.t-permeance wave
analysis has shown that specific frequency components in
the airgap flux density, induced e m I' and current are a
function of slotting, airgap eccentricitv. time and space
harmonic.s 11,4,6-91 However, the classical analysis
assumes perfect syininetiy of the winding distribution,
magnetic circuit and supply voltage. Hie airgap llux
density components can induce current components m the
stator winding provided there is compatibility between
the pole-pair number of the specific llux component and a
hamionic pole-pair number of the stator winding.

In practice, induction motors are not perfectly
synimetrical and the supply voltages are not nonnallv
exactly balanced. It has been observed from laboratorv
experiments and on-site case histories that current
components can be induced due to airgap eccentricity 11.
4] which, by the classical m.m f. - penneance wave
analysis, should not be induced assuming perfect
magnetic and winding symmetry.

Hxperimental result.s from a spectrum analysis of the llux
densitv, induced e in.f and cunent will be presented and
compared with predictions from the m.m.f-penneance
wave anahsis It will be shown that the analysis of the
signals from a practical induction motor is more complex
than the classical inin?! permeance wave analysis
suggests finite eleincnl simulations and min f
permeance wave models will be compared with
expeninental results

E. Filippetti - Universita di Bologna Italy

2. Permeance - ni.m.f. wave analysis

Many researchers have investigated the effects which
airgap eccentricity can produce in the induction motor
current via in.m.f - penneance wave models [1,4.6-10 |.
Experimental evidence has clearly shown that sideband
current components positioned at f= fr frequencies (often
detectable in a healthy motor ) can be due to mechanical
phenomena or a combination of inherent static and
dynamic airgap eccentricity |8].

However, yvhen oiilv dynamic eccentricity is modelled
this will not lead to these components being predicted
lhis is due to the lact that with only dynamic eccentricity

then the pole pairs for the f&+ £ Ilux component.s are

pX | and these wave.s cannot induce an e m.f or current
in a p - pole pair stator winding [11]. Recent publications
have proved, via theoretical analysis and experimental
verification, that a combination of static and dynamic
eccentricity doe.s produce these cuirent componeiit.s |8|
fills is due to the inter-modulation between static and
dynamic eccentricity llux waves which produce.s waves at
f+ f, having p- pole pairs. Ifonly these two components
are monitored it is not possible to discriminate between
static and dynamic eccentricity [4].

fxperimental results from laboratorv work and industrial
case historie.s have verilied that static eccentricity can
change the magnitude | in amps or dli i of the classical
rotor slot passing Irequeiicies ( sometimes referred to as
the principal rotor slot passing frequencies j and these
can be used to identify an increase in static eccentricity
(1.4] However, the problem with only observing these
components is that a base line survey is required for
trending their increase but it has been shown that an
increase m static eccentricity can cause the f= fr current
components to increase yvitli a fixed inherent dynamic
eccentricity |4|. | he combination of monitoring different
components can therelore lead to a more reliable
diagnosis.

I he principal rotor slot passing frequencies are the well
known lines at frequencies f+Rf, [1,4,6-1 1] which can be
present in the current spectrum due to air gap penneance
variations caused by rotor slotting, hese component.s have
also been given special attention since they can be
utilised to detennme the rotor slip for mams and inverter
fed induction motor drives [12] Hue to complex
phenomena which are the sources of these components an
m-depth understanding of their origins is requireti
suhstaiitial contribution can be found in |12| and a similai
ipproach is presented m this papei to further claiii'. ilie



fundamental causes of llux components due to slotting
and which are also a function of airgap eccentricity.

According to Lhe classical rotating field model the air gap
flux density is a product of the m.m.f. and airgap
penneance [10]. 'Hie temporal and spatial harmonics of
rotor and stator m.m.f.s and complex permeance wave
functions give rise to numerous llux waves 111. Consider
only the waves which can induce e.in.fs and currents at
frequencies f£Rf,, hence only the fundamental spatial and
temporal stator harmonic need to be considered, i.e.

@

responsible for the induced frequency f, and the
permeance hannonic with R pole pairs which rotates at a
speed of 27tfr. 'Idle interaction between these two wave.s
causes tw o llii.x density wave.s seen by the stator windings
Jit fregiiencie.s ftRf. file e.m.fs induced bv lhe llux
density wave depend on machine dimensions and winding
characteristics, the mam one being the pitch factor which
can vary between zero and one.

As proposed m 112], the main paraineter to be considered
is the wave pole pair number which if a full-pitch
winding is considered, will enable lhe conditions for a
zero winding factor to be identilied Consider Ilhe
xariable.s which detennine lhe pole pair number of the
llux waxes al ¥ KI'. Hie initial pole pair iiumbei.s are
ptR and other possibilitie.s are found bx adding new
phenomena. Static eccentricity add.s pole pairs at +n,e (n
harmonic order), the stator slotting al S (only the first
hannoiiic is considered), and xxhere appropriate, the
anisotropy of the Ilumination steel +2 (onlx the lirst
hamionic is considered) In conclusion, lIhe possible pole
pair numbers can be expressed as:

€3

fherefore p,/p will be one of the possible pole pairs
leferred to the fundamental pole pair p  fhe pitch I'actoi
contribution for a full-pitch winding can he expressed as

©)

and will be zero pole bx pole if p,/p is even, and zeio l'or
the p serie.s winding if p/p is I'ructional. |he pitch laclor
contribution to the xvmding factor xvill be | onlx if p,/p is
odd. Under this condition the xvinding factor could be
zero due to certain skew or distribution factors.
Additionally, a pole pair number multiple of three will
produce zero sequence conditions and no induced current.s

An attempt is now made to show a correlation between
certain motor parameters anti the amplitude of slot
current component amplitudes: h at (f-Rf,)llz. and 1; at |
f+Rfr)llz referred to the fundamental component H in
the no-load operating condition of the motor A semi-
closed rotor slot design can cause a decrease m amplitude
( which vanes in the range 1).05/1) 15 11.3] i of the
fundamental lltix densilx wave, rel'erred to 13; in the
unsaturated condition and with i slot-openmii/ainiap
depth ratio in the range 1'2 If a relerence xalue ofO | is
considered with respect to this ripple in the ihix clen.sitx

wavefonii, then the two rotating field.s at frequencies
fti<fr, have corresponding amplitude.s of 131/11,= 112/11,=
0.05.

Consider the contribution of other phenomena which
causes additional penneance variations. .Assume that K
is the amplitude of lhe Fourier component of the
additional term, with reference to ideal conditions, the
amplitude ol'the new. four lliix densit.' combined waxes
rs

13/130 = (K/2) 0.05 (n")

Ihe lliix linkage for a full-pitch winding due to a llux
density wave with amplitude Il, and p,/p odd pole pair
will be

were 2, is the distribution and skew factor and z.1 is the
fuiidamental linkage llux flic consequent ratio between
the e.ni I' F,. whose amplilude is 2m I'bRf,and F
whose aniplitiide is d.rl'z..., is

While the Irequencies are L.rRf,. a’siimina dial mfe'R: f
. R/pdie previou.s ratio becomes

At these Irequencies it is reasonable to tissume that lhe
motor p.ti. impedance z.u is given bv the leakage
reactance labout 0 2 for the siipplx frequencx i and for
the component.s ot'interest is

I'herelbie lhe p ii current relerred lo the IUted eurrenl is
r
or with relerence to the no-load currenl (about I,,,/5)

Clo)

\ccording to this relationship the main parameters which
inlluence the slot hannonic currents in the no-load
operating condition are lhe distribution and skew factor 2,
and the value K related to the phenomena which uive.s
rise to a pole pair number compatible with a stator
winding harmonic pole pair number If the slot-
fundamental pole pair combination does not allow slot
hannonic current.s to be induced, but in practice the
currents are present due to airgap eccentricitx. then Ihe
amplitude ot' the two currents i hax ing computed 2, and
p,. | should give 1l .ipproximate estimation of K. ,ind ,i
‘cnsible estiniate fir die level ol static .iiiaap
eccentricitx



3. Experimental results - spectra of flux
density, induced e.ni.f. and current

Hall probes and search coils sensed the instantaneous
tlux density and induced e.m.l. wavelorms lespectively
and an 1'1'1 of the llux density, e.m.l. and stator current
signals enabled the f+ Rh components to be identified.

I'ig, (fa) I'l''!" spectnim of tlux density wavelonn

fig. (Ib) I'T"!" spectrum of induced e.ni.l. per phase

components

Iiu. lie) 1'1'1' spectrum of stator current

‘fhe motor was m a nominally healthv state hence onh
inherent electrical, magnetic and mechanical asunmetries
are present. The motor data is presented in appendix (I )
Since it has p=2, R=42 and a full pitched, stator winding
this means that p,/p is equal to (p£R)/ p= in and 12 are
incompatible with the stator winding hannonie pole pairs
mfile rotor slot passing frequencies which are elearh
visible m the e.m f. and current spectra al frequencies
(5()+42)50/2 =1000/11001 1z (assuming the slip value is
approximately zero in the no-load condition at rated
voltage), must therefore be caused bv the superposition of
rotor slotting with other phenomena. Note the actual
frequencies measured via the 1-1'l were 998 and 1098 11/
for 1l and li respectively.

fig. | a, b, c presents an overview of llux densitv. e m |

and current spectra m the range 0-2kHz. for the moioi
operating in no-load supplied al rated xolls and
t'requenev. I'hese result.s were meaured via a high qualitt

conimerciallv produced spectrum analyser and present a
clear picture of the rotor slot passing frequencies. | oi
clarilv, figure (2) shows an | f f current spectrum using
an on-line IABVIhAV based diagnostic svsleni 11-1) and
the high duiamic dIll range and narrow Irequetic\
resolution further conlirms the presence of the f RI,

components. Stator slotting adds an even number iS 18

to the pole pair number per fundamental pole J'aii hence
the pitch factor is also zero 11. 12|

mfhe first static eccentricilv harmonic adds +1/2 to the
pole pair number per fundamental pole pan, lherelore the
chording hictor becomes zero when the total, sene.s
connected stator phase winding is considered, fhe static
eccentricilv second harmonic tidds +1 as does the
lamination anisotropy ( the stator laminations aie
manufactured from strips ol sheet steel hence asynimeirv
can be present ). [12] fherel'ore, these pheiiomeiui can
be the causes of induced e.m.Is and currents in the stator
winding at f+ Rli which are evident in the experimental

results: (figs, (Ib) and (lc)).

fhe numerical values fr ni.s.) for the flux density, e in !

and current components ( f2;Rfr)llz can be compared
with the theoretical estimates given in section (2) lo
observe the mlltience of saturation, restills were also
taken at different voltages lhe percentage values ol the
Iliix density versus supply voltage are shown in fig."

fhe saturation introduces a dissvmmetrv in lhe
components: li; at (f-Rf) decreases, while H; at (1-t-Rl,.)
increases and is a function ol lhe dillerenl shape in lhe
llux densitc behind Ihe rotor slot. A.s anticipated the two
values are very close up to the rated volts (220V)

fhe percentage amplitude ol the e.m.Is f.i and f.; and ol
Ilhe currents h and f, all relerred to the lundamenlal
component, versus supple voltage are reported in fig t

A constant shape for the variables is expected but at low
voltase the slip cannot be assumed to be zero on no-load
and for voltages above the rated value saturation st.iris to
have a dominant mtluence In addition, lhe current is
referred to a fundamental component which increases
with saturation

Near Ihe rated voltage, Ilhe numerical values ol e m Is and
current are in agreement with lhe simplilied relationship
1101 bemup/R=2,'d: oipproximaleb. | I's. which is | |

-fF 1. ind LI " F/F



shp-ell lleftiHz ds slip-righl ftighi (Hz ds

slip
| -G 0145 10153 00009 -00145 11153 00009 -0014b
<00119 cufs2  1C98 9 -76 69 |S
1012 5 fl (Hz motor b lasi b SIOA
11125 ™ it 1AAL 11200 ;1200

I'lg i2l I'l-! current speeliuin via L2AliIVH"\V

hquation (7) can be used as an indirect indication ol the
second htinnonic of static eccentricity and lamination
asvinmetix, for the first slot harmonic (19th) the
winding factor ;i=I).1 and for the second one i-fltli)
C2-(),96, equation (7) gives respectivelv the two values
Kn22'1» and K=13% (It is to be noted that according to
equation (7) the two e in f value should have lhe ratio Ci
IE." if so, the values of K will be the same) 1his result
c;in he interpreted as an asvinmetrv of approximatelv
| s'Xi-2()% static eccentricitv
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4. Kinite Element Simulations

IX time stepping, two dimensional finite element model
was used to predict the current waveform as a function of
load and airgap eccentricitv [9] An fl-'l of the time
domain current signal is computed via MA'I'LAI) |9|
Calibration of the fl' f spectrum gives a reference of Hit)
dli equal to 100 mV and a conversion to cuirent of
0 IV/amp for comparisons with nameplate data and
experimental results lhe speed is the iniuit variable
which describes the load condition and the simulation
predicts the current waveform when the motor is fed from
a sine wave svmmetrical voltage stipplv



fig. (5): ff'f spectnim, 0% static (‘se)_and dvnanne (de)
eccentiicilv. full-load condition ( 1440 r p in |

' i'l'T >peclniin, 25% static isc) aiiJ 5'<) Niiaiiiic
(de) eecentricile. lull-load condition ( 14-i0Orp m |

|'lie iionimal lull-loai.1 ciirTent and speed is -K) amps at
1)40 r p in. file Unite element preiiicluni of the current
al #() 11/ was | .12 cilj ( § 0 5(Iil winch is "id S A ( X 22
A) and is within X 5.5% of the ruled value thus
validating Ihe fiiiiie element siinulation for the
liindanienlal coinpoiienl of cnireiit. A comparison
between the speetrti ( for full-load) presented in liaiires
f5) and (6) dearie ilemonsirates the dilference m the
inagnitiidc of Ihe llrsi order frequence componenfs of
cniTenl which are a funclion of airgap eccentricite | or
example, the componenl.s at 95X 11/ and II)5S 11/ have
increased be' 27.7 dli tind .IS S dli respeclivele with an
increase ol 25% static eccenlricite (with a nominal 5%
denanne eccentricite) from the nommalle zero static
airgap eccenlricite level  With respect to lhe in.in.f -
permeance eeaee analesrs the pole pair numbers for lhe
dsS 11/ and loss 11/ components with zero airgap
eccentricite are not compatible with ane ol' Ihe hiinnonic
pole pair numbers for tins sttilor winding (based on
seniinelix, pole-pairs =/)/6<'X h. slots/pole/phase equtils
an integer, ¢ 11,1,2....1. lienee Ihe classical theore slates
that no e lll I' or current can be induced in tins stator
winding with zero airgap eccentricite ! Ins is the case I'or
lhe Innte element result in ligiire (5 ' since lhe inauiiiliide
ol'lhe "5X 11/ and 1()5S 11/ coinponeiils was | 1~ m.\ ami
I 2 m.\ lewpectieele which is in the noise lexel I'l'the | | |

compared lo the liill - load current of i9.H  fl \V dBi al
50 11/,
‘oil/
1] Sill! - -IA
IOSSIl/ He,
LBt
TIRH/ 4
0
fig 17). Fff spectrum. 12.5% static and 204 d\naniic

eccentricilv. no-lo;id comlitioii i 1499 r p m.)

Wiih the iiilrodiiction ol sialic ecceiilricilv the || in.f -
pernieance analvsis glees odd pole pairs for these
Irc\|iieiicies which are not coinpalible with aiiv of the
stator winding harmonic pole pairs, hence no e in f or
current can be imhiced when lirsi order sl.itic ecceiilricitv
IS inoviellei.f However, the linile element result in lieiire
((") cle.irlv shows that these components are present 2" *
dli and .fS S dli higher than with zero static eccenlncilv
.iml the expeiiinental tests al no-loatl also conlirm then
presence .See fig. i |c) - note lhe higher frequencies due
to the lower slip al no-load. A |urllier studyv iisiii

in.in | . permeance eeaee model ha.s alreade shoeeri that it
second order static eccentncitv (etc) IS modelled then
.idililional pole pair numbers sgs5ociated with these
components are present which zre compatible eeitli a
number of lhe hannoiiic pole pairs from the gat0r
winding, lhe winding factors for these pole pairs .ire not
equal to /ero. fig. (7) gives the liiiite element result for
lhe motor operating on no-load i 149S/1499 r.p m.) with
12.5% static and 5% dvnamie eccentricity. Ihe
components at d5.S 11/ and 1()5S 11/ have increased lo 9dS
11/ ;ind 11)9SH/ since lhe speed luis increased lo
149S/bt99 | p 1L and lhe slip has decretised from 4"i) lo
approxnnatelv 0.1%  As expected the inagnilude in dli or
imps has decreased due 10 |he reduction in static
eccentricity and lo.id. A comparison with the
experimental results in lies |Jab.c) conlirm.s the
presence ol these components :ind verifies the liiiite
element simulations

5. Discussion and (‘oncinsions

Ihe tillite element solution automaticalle models all the
relevant complexitie.s 19[ but it is iiselul to nmlersiand the
phesiCiil phenomena eelnch produces the pailiculai
components and it is here that the inin I' - penneance
wave analvsns is advantageous  for example, second
otvlei static eccentricitv etlecl.s (etc see section .") need nt
be modelled to prove that pole pairs i compatible with
stator harmonic pole pairs i associated with the 95S 11/
ami KrnS 11/ llnx compvinents are prcwenl such that
<niienl components Ciin be imiucetl in this stator vviinhme
to libtain 111 umlerslamlmg reqiiiies .i andv IU'ihe in in )



- permearice wave model and it is insulTTcient to just
accept the final result produced from the finite element
simulation. lite hvpothesis from tlie m.ni.f. - permeance
wave analysis, taking into account second order
eccentricity fete), was verified bv finite element
simulations and experimental results.

It should be noted that the finite element simuiatioirs
(compare Tigs, 5 and 6i verilie.s that the component.s due
to dvnamic eccentricity are also present and that with an
increase in static eccentricity, this also resiilt.s in an
increase in magnitude (amps) of the dvnamic eccentricitv
component.s, Iliis phenomenon was also observed from
previou.s experimental results 11,4,9] Theoretical
prediction.s using the mm,T, - penneance wave model
have also shown that their ns modulation between static
and dvnamic eccentricitv llux component.s which can
cause an increase in the dvnamic eccentricitv components
with an increase in static eccentricity (6,S| A prediction
ol the magnitude of these coniponent.s (in amps) with a
combination of static and dvnamic eccentricitv has not
been previously presented using the m m I' - pcnneance
wave model. This is due to the difficulty of obtainni®
accurate value.s for all the variable,s and .issiiinptions
required tor modelling the slot shapes, niagnetic noii-
linearity and localised toolh saturation Il is in this
resj'ect that the iTnite element is more powerful and
versatile since it can predict the ciirreni comixtneiits
(frequence and magnitude in amps) with combmtiiion.s of
static and dvnamic airgap eccenlricite

6. Ackiiowledgeinents

The .iiithors wish to tluink (IC' .AISIHO.M
i:N(iisT:T:KiN(i iKtstakch c'imrt stattord
T'NCIiTANI), Tor ucee.ss to their time stepping [I'Inite
element package (i tM'TAI Dr | T Snirgess ami Dr
T W Preston are smeereP thankeJ Tor then advice and
support ,is industrial advisors on .Miss .Alexander
Harbour's Ph 1) programme oTstudv

References

1R (‘ameron. W f TInimson and A B 1)o\* A'lbration and
Current Monitoring tor Delecting Airgap Eecentncity in t arge
Induction Motors," Proceedings IEE Aol |.CC pt B pp 155-
16C Mav, 19K6
I [I'llippetti (J Pranceschini and C  I|Assoni
Networks .Aided On-l.ine Diagnostics oj Induction .Motor Rotor
i aults,” lhl;h frans. on Indusirv .Applications, Vol 31 No4
Julv .August, pp X92-R99, 1995

1 <j B Kliman and J Stem "Induction Motor ! aull Detection
\ia Passive Current .Monitoring,” IChM'92. Cambridge. M.\
Aug 1990, pp 1.3-n

4 A" r Thomson DR. Rankin and DAT Dorrell
Current Monotonng to Diagnose -\irgap T.ccentricity 1 an
Industrial Case History of a | arge High \oltage Induction
Motor. |IEEE International Conf, on Electrical Machines ..nd
Drives, pp .M.\2-4 | - M.V2-4 1. Mav. 1997
T. Tillippetti. O Eranceschini. C Tassoni and P 'Cts Al
Technujues in Induction Machines Diagnosis Including the
Speed Ripple T'llect.” Il EE Trans .'n Industp. \pplications
\ 'l VI No, 1 Jan Eeb. 199S
S Siavrou J Penman "The On-line (,)uanlification «T \ir :ap
T Cvenlricitv in Induction Machines". Prc'c ICT M'94 pp
2" 1. Pins. 199,

‘Neural

"On-line

7, 1 J Sobezvk. P Vas, C. las,soni: “Models tor Induction
Motors with Air-gap .Asvmmctrv for Diagnostic purpose. ' Proc
ICEM '96, pp 79-X4. Vigo. 1996

X D C;, Dorrell. W T Itiomson. S Roach: ".Vialvsis ot Air-gap
| lux. Current and X'hration .Signals as 1 i'unction of the
Comhination ot Static and Dvriamic Eccentricitv in three phase
Induction motors." PROC II"EL:-1LAS'9.s.  pp.56.1-57(),
Orlando, 1995

|] 'V Barbour, 'V | niomsoii ‘m'mmlnlle Element Studs oi“Rot.ir
Slot Design.s «ilh respect to Current .Moiiiloring lor detecting
Static .Vir-gap Eccentricits in Squirrel-cage Induction .Motors '
PROC 1EEE,-1.\.S5'97. pp.l 12-1 19. \e« (5rlean.s, 1997

P I. .Alger: ““llie Nature ol Induction .Machine.s ed.

Oordon&Breach. 1969

11 S Enichericht, E,. Pittuis, Il. Seinsch “.A Diagnostic Svstein tor
I'nree-Phase .Vsvnchronous Machines ' Proc IEE, 4th EMI) "
Conference. No, .410. London. LK. 19X9. pp 16.4-171

12. A E'errah. P. J lloghen-1Jing. K J Bradlev. O M .Asher. M
S Woolfson: “ I'ne E.flect of Roti'r Design on Sen.sorless Speed
Estimation using Rotor Slot llamionic.s Identified h\ Ad.iplise
E'lltering using the Maximum | ikelihood .\ppro.ich PROC
IEEE:-IA.S'97. pp 12X-1.4.S. New Orleans. 1997

14. W' Suisky: “Bereschniing Elektrisher .Machinen
Verl.ig. Vien. | 9X7

I-I A Casallini. 1' lilippelti, (i ! r.uieescliini. S Pir.ini “(il.il".i:
Instruinent for On-Line Induction Moi.ir Integrits Assessineiil
IEEE Ini Ss'inp Slickholm Power l'esli. Stockholm, lune
199.1

. Eil Spriiiger

1)eMgn details ol iib'U'r
Rated power

Rated line voii.s

Rated eurrenl

\o-load eurrenl

Rated Irequene\

Rated slip

i'ole pairs

Stator slots

Rotor slots

Stator lunis phase

Single laser winding eoil pii..h
Conduetojs slot

Stator bore diameter 2 lonim
Stator core length 1 SUIinm
Rotor diameter 2139mni i

\omina! airgap length 0 5mm | JZ 'J.o.'nim

Stator resistance 'J 14U
Rotor equivalent resistance 0
Stator reactance 0 112
Rotor eiliii\alent reactance 0
Magnetising reactance 119U

Steel \ewcore SO0

HC copper conductors in rotor
Stator winding: standard copper
Rotor double cage design but onh
copper bars

Commenls The reader can eoniael the authiirs to obtain lull stah'r
and rotor ctre designs including all slot dimensions
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