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Theoretical and Experimental Investigations on Radial Electromagnetic
Forces in Relation to Vibration Problems of Induction Machines

Accurate assessment of the electromagnetic excitation forces and the vibration behaviour
of stators is essential to arrive at a suitable design for quiet operation of an electrical machine.
These electromagnetic forces are produced on the surfaces of the stator and rotor along the
air-gap periphery. The physical mechanisms underlying the production of the electromagnetic
forces, and the characteristics of the ensuing vibrations are described in this thesis.

In this thesis, comprehensive analytical methods are developed for the determination of
the radial electromagnetic forces in squirrel-cage and wound-rotor induction machines. Various
magnetic fields are generated due to the distribution of the windings in slots, slotting of the stator
and rotor surfaces, and magnetic saturation of the iron. The air-gap fields are determined using
the permeance method by expressing the MMF and the air-gap permeance as waves. In the
analyses, the mutual interactions between the stator and rotor are incorporated. Their effects on
the electromagnetic forces are discussed from the perspective of the production of vibrations.

Extensive investigations were conducted on a 7.5 kW squirrel-cage induction motor and
a 70 kW wound-rotor induction motor to verify the validity of the analyses. The comparisons
made between the experimental and the analytical results prove the general validity of the
analytical methods. Conclusions are drawn with a view to determine the actual role played by
the harmonic air-gap fields on the production of the electromagnetic forces and the ensuing
vibrations. In the course of these investigations, an experimental set-up which is particularly
suited for the measurement of magnetic fields, forces, resonances, vibrations and noise was
developed.

A fundamental study on the vibration behaviour of electrical machine stators using an
experimental modal-analysis is presented in the thesis. Modal-analysis is a process of forcing
a structure to vibrate predominantly at a selected resonance. To achieve this distributed
electromagnetic forces are used. Detailed investigations were conducted on the stator models of
a 120 hp induction motor to study their vibration behaviour, and to critically examine the
damping present in them. The interpretations of the results given in the thesis would help in
acquiring a better understanding of the vibration behaviour of stators in relation to the problem
of electromagnetic acoustic noise in electrical machines.
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ABSTRACT

Accurate assessment of the electromagnetic excitation forces and the vibration
behaviour of stators is essential to arrive at a suitable design for quiet operation of an
electrical machine. These electromagnetic forces are produced on the surfaces of the
stator and rotor along the air-gap periphery. The physical mechanisms underlying the
production of the electromagnetic forces, and the characteristics of the ensuing vibrations
are described in this thesis.

In this thesis, comprehensive analytical methods are developed for the
determination of the radial electromagnetic forces in squirrel-cage and wound-rotor
induction machines. Various magnetic fields are generated due to the distribution of the
windings in slots, the slotting of the stator and rotor surfaces, and the magnetic
saturation of the iron. The air-gap fields are determined using the permeance method
by expressing the MMF and the air-gap permeance as waves. In the analyses, the
mutual interactions between the stator and rotor are incorporated. As the load increases,
these interactions become prominent and influence significantly the nature of the air-gap
field. Their effects on the electromagnetic forces are discussed from the perspective of
the production of vibrations. .

Extensive investigations were conducted on a 7.5 kW squirrel-cage induction
motor and a 70 kW wound-rotor induction motor to verify the validity of the analyses.
The comparisons made between the experimental and the analytical results prove the
general validity of the analytical methods. Conclusions are drawn with a view to
determine the actual role played by the harmonic air-gap fields on the production of the
electromagnetic forces and the ensuing vibrations. In the course of these investigations,
an experimental set-up which is particularly suited for the measurement of magnetic
fields, magnetic forces, resonant frequencies, vibrations and noise was developed.

A fundamental study on the vibration behaviour of electrical machine stators
using an experimental modal-analysis is presented in the thesis. Modal-analysis is a
process of forcing a structure to vibrate predominantly at a selected resonance. In order
to achieve this, distributed electromagnetic forces are used. Detailed investigations were
conducted on the stator models of a 120 hp induction motor to study their vibration
behaviour, and to critically examine the damping present in them. The physical
interpretations of the results given in the thesis would help in acquiring a better
understanding of the vibration behaviour of stators in relation to the problem of
electromagnetic acoustic noise in electrical machines.

This work was supported by the National Sciences and Engineering Research
Council of Canada through grant no. OGP0004324.
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1. INTRODUCTION

The ever increasing applications of electrical machines have resuited in a growing
concern about the problems of noise produced by them. Modermn electrical machine
design trends are towards the use of higher currents and flux-densities, which often result
in noisy electrical machines. The lowest cost per unit output is chosen as the principal
design criterion and little or no attention is devoted to the noise and vibration problems.
Further, in order to keep the machine size to a minimum and maximize efficiency, high
speed motors are used wherever possible. Indiscrete reduction of the machine size can
result in substantial decrease of vital vibration-damping present in the machine structure.
This leads to an increase in the ensuing mechanical response of the machine stator.
Such electrical machines are inevitably a source of considerable magnetic, windage and
mechanical noise [1].

Polyphase induction machines are the most widely used drive motors in the
industry. As well known, the two kinds of induction machines are the squirrel-cage type
and the wound-rotor type. The squirrel-cage induction machines are known for their low
cost, simplicity and robustness. Consequently, the majority of the polyphase induction
motors manufactured, and in service, are squirrel-cage induction motors. From the
consideration of the temperature rise of the rotor windings, the wound-rotor type
polyphase induction motor is preferred when a large size motor is required. The design,
construction and operation of these machines have improved considerably over the years.
With respect to vibration and noise problems, however, much more understanding and
the necessary improvements are still required.

The investigations reported in this thesis mainly concern the vibration and noise
aspects of polyphase induction motors. Although the investigations are focused on
induction machines, the fundamental results presented in this thesis will be applicable
to other types of rotating electrical machines. It is of advantage at this stage to provide

some information about the common applications of induction machines.



Polyphase induction motors span over a range of ratings from 1/2 hp to as large
as 45000 hp, depending on the capability of the local electrical power system. Most
motors convert at least 80% of their electrical input energy into useful mechanical
output. For large machines, the efficiencies are often higher than 90%. The U.S.
government owns four induction motors, each with a power rating of 45000 hp, and a
synchronous speed of 720 rpm. These are perhaps the largest induction motors built
until 1986 [2]. Table 1.1 shows the population of induction motors according to the
power rating. Almost 70% of the electricity generated in Europe is used to drive
motors. It has been estimated that if all of Europe's motors were as efficient as today's
best designed induction motors, Europe's electricity demand can be reduced by about
3000 MW, and the carbon dioxide emissions reduced by about 13.4 million tonnes. If
variable-speed drives were used on all pump and fan drives, these figures could be
tripled. The biggest potential for raising efficiency is in small motors driving loads such
as pumps, fans and compressors. They represent 60% of the total motor load [3].
However, the practical realization of variable-speed drives are often plagued with
problems of increased vibration and noise levels, and other secondary drawbacks such

as additional heating, torque-ripples etc.

1.1 The Noise Problem
Table 1.2 shows the classification of the electrical machine noise according to its
origin, and it helps in explaining the nature and production of each of them. Mechanical

noise is mainly associated with imbalances in the rotor assembly, and they usually

Table 1.1 : Estimated population of polyphase induction motors in the United States [2].

Horsepowmﬁn_g_m
5-20 10,000,000
21-50 3,300,000
51-125 1,700,000
126 and larger 400,000




Table 1.2 : Sources of Acoustic Noise [4].

Electrical Machine Noise
Category: Ventilation s;;t:t)i; Mechanical
Broadband Siren Howling
Relative
. movement Excitation Magnetic flux
How: the Rotation of between of pulsations Unbalance.:d
noise structural . rotor, bearing
o . _._ | rotating and | resonance through the .
arises: parts 1n air . . .- . noise
stationary in cavities iron
parts
Eddies,
non- Periodic Periodic
periodic fluctuation | fluctuation
fluctuation of air of air
of air pressure pressure
pressure
Natu're .°f Ranc.lom Pure tones Pure tones Pure tones Pure tones
noise: Noise
No. of slots,
. Speed Speed supply Speed
Frequency: dependent | independent | frequency & dependent
speed

manifest as a source of concern in small size electrical machines. Magnetic noise and
windage-noise predominate in medium and large size electrical machines {4]. The noise
induced by the flow of air is called windage-noise, and it is associated with the
ventilation system. The increased specific outputs of electrical machines, which have
been realised by manufacturers in recent years, frequently dictate the need for increased
ventilation of machines. Generally, windage-noise has a uniform distribution of intensity
across the audio spectrum and is mainly associated with air turbulence. Occasionally,
however, the pulsing of the air through a cavity or air duct can produce pure tone
components at the resonances of the air cavity [1,5]. Magnetic noise is a basic source
of noise and it is produced by the magnetic fields in a machine. Since the magnetic

field is the medium through which the power is transferred between the stator and the



rotor, magnetic noise is unavoidable. The radial-forces, known as Maxwell's forces, that
act on the stator and rotor are associated with the magnetic fluxes entering or leaving
the iron surfaces. The harmonic content of the magnetic fields accentuates the problem
of magnetic noise and they are also responsible for other undesirable effects such as
parasitic torques and stray losses.

The effects on human-hearing from exposure to high levels of noise depend on
the duration of the exposure. The damages resulting from exposure to different noise
intensities and durations are well established. The associated hearing loss may be
temporary or permanent. Apart from the employer/employee concerns with the inherent
hazards of noise, added attention has been brought to focus through regulatory
requirements. Under the Occupational Safety and Health Act, every employer is legally
responsible for providing a workplace free of health hazards, such as excessive
noise [6,7]. According to the Saskatchewan and Canadian legislation, the maximum
allowable exposure is 85 dB(A) based on the time-weighted averages over an eight-hour
day.

The maximum allowable noise levels associated with the operation of electrical
machines of different sizes and speeds are stipulated in the various standards [8].
Although these noise levels represent the upper limit, they do not necessarily reflect
upon the achievable levels with the present state of art in the design of electrical
machines. Considering the physiological characteristics of the human ear, magnetic
noise of electrical machines is particularly troublesome since it is characterised by many
pure tones. In this connection, the British Standard for noise levels permitted in mixed
residential and industrial areas - BS4142 requires the reduction of the broadband noise
by 5dB in the presence of pure tone components [9]. In practice, reducing the
broadband noise by 5 dB is much more expensive and difficult than eliminating the pure
tones. Even if the noise level is reduced, the pure tone components will be
distinguishable and they continue to be a source of annoyance. It is, therefore, essential
to eliminate or at least reduce the loudness of the pure tones in the electromagnetic noise
produced by electrical machines.

Excessive amplitudes of vibrations can cause failures of components by metal

fatigue, and cause radiation of noise and hence customer discomfort. To reduce the



noise generated by an electrical machine, it is more practical and economical to reduce
the vibrations produced within the machine itself by adopting an appropriate design
rather than to suppress the noise and vibrations through external means. As reported in
several references [9-13], quiet operation of electrical machines is achieved through
detailed engineering analysis of the total design and not by applying external remedies.
It is of paramount importance to reduce the mechanical response of both the stator and
the rotor to the electromagnetic forces. In view of the above, the determination of the
exciting radial-forces and the vibration response of the machine structures are very

important from the perspective of designing quieter electrical machines.

1.2 Review of the Published Literature

The noise producing Maxwell's forces are produced due to the pulsations of the
magnetic fluxes through the iron members of an electrical machine. Determination of
Maxwell's forces, therefore, requires accurate detefmination of the magnetic fields. The
harmonics in the magnetic fields are produced due to the distribution of the current
carrying conductors in slots around the periphery of the machine, slotting of the stator
and rotor surfaces, magnetic saturation of the iron, eccentricity of the rotor and the
harmonics in the power supply. The commonly used techniques for the determination
of the magnetic fields are the permeance-wave method [1,14,15], the rotating field
approach [16-18], the conformal transformation technique [19-21] and the finite element
methods [22-25]. It is well known that the technique of conformal transformation is
particularly suited to the slotting problems and it can account for sharp corners. In the
conformal transformation technique, unfortunately, it is necessary to consider the iron
boundaries to be highly permeable, which is not the case in practice. The effects of
saturation cannot be easily incorporated in the conformal transformation techniques. The
finite element and finite difference methods are well suited for the determination of flux
distributions in a machine while treating the effects of iron saturation. The conformal,
finite-element and finite-difference methods, however, require extensive computation and
the results apply only to the assumed condition of loading. Therefore, although the finite
element techniques are quite powerful and accurate, they may not be very effective and

convenient for the determination of the magnetic forces. This is mainly due to the fact



that the vibration response of the electrical machine structure cannot be determined with
the same level of accuracy as the magnetic forces. In addition, while determining the
mechanical response of the electrical machine structure it is more important to know the
frequency, circumferential and axial distributions of the magnetic forces accurately than
the amplitudes alone. This information can be easily, and accurately, determined with
the use of the permeance-wave approach. Since at any instant of time the spatial
distribution of the air-gap flux is not uniform along the circumference, the air-gap field
can be analyzed and represented as a series of rotating field-harmonics. The use of
permeance-waves reveals all the field-harmonics with proper orders, and provides
comprehensive information about the radial-forces. The permeance-wave approach has
been commonly used by many investigators because of its ease and the physical
perspective that it provides. Further, with the use of permeance-wave approach it is
possible to study the effects of saturation [26-28], eccentricity [15] and time-harmonics
in the power supply [29-32] easily. Oberettl [16,17] presents an interesting technique
which provides information about the air-gap fields assuming that both the stator and
rotor surfaces are smooth. In this technique the mutual interactions between the stator
and rotor MMFs are considered. In reference [33], an analysis is developed for the
determination of the air-gap fields of squirrel-cage induction motors by combining the
permeance-wave approach and Oberettl's techniques to account for the mutual
interactions between the stator and rotor windings. This analysis is simple and efficient,
and it provides acceptable results for various components of the magnetic field and
Maxwell's forces at desired load levels between no-load and full-load.

In order to reduce the radiated electromagnetic acoustic noise from electrical
machines, it is important to understand the vibrational behaviour of stators. Vibrations,
and therefore the radiated acoustic noise, can be reduced to a large extent if coincidences
between the exciting force-frequencies and the resonant frequencies of the stator of an
electrical machine are avoided. Often it is impossible to avoid such coincidences at all
operating conditions, such as under variable frequency operation of electrical motors.
Through the use of an analytical vibration model, a designer can predetermine the
resulting vibrations and thereby optimize the motor design from the perspective of noise

and vibrations. An accurate determination of the vibration characteristics and the



resonant frequencies of electrical machine stators is therefore of paramount importance
in the design of quiet electrical machines.

Several analyses have been developed for the determination of the resonant
frequencies of stators of electrical machines. Most researchers [1,34] confined their
attention to the lowest resonant frequency associated with a particular mode of vibration.
It was assumed that this frequency was the only significant resonant frequency of a
stator when considering vibrational problems in electrical machines. Although this can
be true for small size machines, it is certainly not the case in large machines where
several resonant frequencies for each mode of vibration may lie within the critical
frequency range of audible noise production [35,36]. Some of the early work in this
area treated the stator as a simple ring or a thin cylindrical-shell model [34]. In these
techniques, the teeth and the windings were either treated as additional mass or as
cantilever beams [37]. A comprehensive analysis incorporating the effects of the teeth,
windings and the frame was developed and reported in reference [9]. This analysis is
based on the three dimensional theory of elasticity and it uses the energy method
incorporating the Rayleigh-Ritz principles. The experimental validity of the analysis
with respect to short, medium and long length stators is reported in references [38,39].

If the frequency of the exciting force coincides with a resonant frequency of the
machine structure, the amplitude of vibrations will increase until the energy dissipated
is equal to the energy supplied by the exciting forces. Damping, which is a measure of
the energy dissipation in a vibrating system, is very beneficial in reducing the response
of a system at resonance. In the analytical determination of the resonant frequencies and
the associated mode-shapes satisfactory results can be achieved by neglecting the effects
of damping. It is important, however, to know the amount and nature of damping
present in the vibrating structure while determining its forced response. An accurate
mathematical formulation of the damping is very complex in a practical structure.
Nevertheless, it is possible to get good estimates of the damping forces and their nature
using the experimental methods [40,41]. With regard to the actual contributions of the
laminations and windings to the damping present in electrical machine stators, the
required information is not available in the published literature to the knowledge of the

author.



1.3 Objectives of the Thesis

As explained earlier, the various electromagnetic forces acting on the stator and
rotor of an electrical machine may produce excessive vibrations and noise, especially
when the frequencies of the exciting forces are equal to, or near, resonant frequencies
of the machine structure. The vibrations, and subsequently the radiated noise level,
produced by an electrical machine can be reduced to a large extent by designing the
machine in such a manner that the mechanical response of the vibrating structure to the
excitation forces is minimal.

Although extensive information on the determination of magnetic fields and the
resonant frequencies is available in the literature, the information on the spectral
distribution and magnitudes of the exciting radial-forces is extremely limited. A better
understanding of the noise producing radial-forces will definitely help in achieving a
good sonic design. Accordingly, a simple and comprehensive analysis needs to be
developed for the calculation of the various field-harmonics and radial-forces in squirrel-
cage and wound-rotor induction motors.

Most of the theoretical methods for the determination of the magnetic forces yield
a multitude of force components having different circumferential distributions at various
frequencies. To keep the analysis effective and manageable, it is often required to obtain
a short list of dominant components. The identification of the significant components
involves the consideration of the forces associated with fewer number of force-poles.
In references [31,42], the authors have neglected the force components that have more
than 4 pairs of force-poles. This condition is based on the assumption that the vibration
amplitudes of the electrical machine structure diminish with increasing number of pairs
of force-poles. This is valid for stators of small and medium size electrical machines.
In the case of stators of large machines, many resonances with higher modes occur in
‘the significant portion of the audible frequency range [35]. It is important to closely
examine the amplitudes, frequencies and circumferential distributions of the radial-forces.

The basic rule of avoiding excitation of resonances for a machine operating from
a sinusoidal source of supply at a constant frequency can be satisfied with some efforts.
Such a stringent requirement can not be always met under all operating conditions, such

as variable frequency operation of induction motors. At certain frequencies, the radial-



forces will excite some of the resonances of the machine structure. It is, therefore,
necessary to investigate the vibration response of the machine structure to the various
electromagnetic radial-forces at its resonances. Further, it would be necessary to
examine the correlation between the circumferential mode of vibration associated with
a resonance, and the circumferential distribution of the exciting electromagnetic radial-
forces.

The conventional methods of experimental determination of the vibration
behaviour involve the use of impulse or hammer excitation, and electromagnetic shakers
which can provide a point-excitation. Due to the use of a point-excitation-system, even
the resonances at or near a harmonic of the fundamental excitation frequency could be
excited. Also, it is difficult 0 avoid interferences from other near-by resonances in the
measurement. This is particularly true for laminated structures, such as stators and rotors
of electrical machines, where there could be many resonant frequencies occurring close
to each other [9,39]. The measurement of the modal-parameters are consequently
plagued with inaccuracies when they are determined using a point-excitation-system. In
view of these observations, experimental investigations on the vibration behaviour of
electrical machine stators using distributed excitation forces is highly desired.

Although a variety of instruments for the measurement of sound and vibrations
are commercially available, there exists a need to develop an experimental set-up which
is particularly suitable for the study of noise and vibration problems of electric machines.
The conventional methods for the measurement of resonant frequencies, vibration and
noise are very laborious and time consuming [43]. It is proposed to develop a suitable
measurement system based on digital processing of signals for the experimental

measurement of resonant frequencies, vibrations and noise.

1.4 A Brief Description of the Thesis Contents

This thesis presents theoretical and experimental studies of the electromagnetic
radial-forces produced in induction motors. The investigations are conducted with a
view to understand and predict the nature of the ensuing vibrations. The analytical
techniques and experimental investigations are provided to explain the production of the

radial-forces and the resulting vibrations from the perspective of noise problems.



In Chapter 2, an analysis of a general nature is developed for the determination
of the electromagnetic fields and radial-forces of squirrel-cage and wound-rotor type of
induction motors. The analysis is based on the permeance-wave method for the
determination of the air-gap fields. The use of permeance-waves reveals all the field-
harmonics with proper orders, and provides comprehensive information about the radial-
forces. The MMF distribution of the stator and rotor windings and the permeance
variation of the air-gap of the induction machine are analyzed and modelled in the form
of appropriate waves. The mutual interactions between the stator and rotor are
determined and they are incorporated in the formulation of the MMF-waves. The
permeance variations of the air-gap produced due to the presence of slots on the stator
and rotor are considered in the permeance-wave. Magnetic saturation is treated as an
additional effect. The effect of saturation is modelled as a variation in the air-gap
permeance. Its role in context with the overall production of the exciting-forces is
secondary. The general nature of the analysis permits easy extensions to incorporate the
effects of eccentricity of the rotor, different winding arrangements and the time-
harmonics in the supply.

In Chapter 3, a 10 hp (7.5 kW) squirrel-cage induction motor and a 94 hp
(70 kW) wound-rotor induction motor are analyzed. After discussing the calculated
results of the test motbrs, the experimental set-up and the procedures adopted to conduct
the experimentation are described. Also, the effects of loading on the radial-forces and
the ensuing vibrations are closely examined. The theoretical and experimental results
are presented with a view to determine the actual role played by the air-gap harmonic
fields on the radial-forces.

In Chapters 4 and 5, the vibration behaviour of stators of electrical machines are
studied using electromagnetic forces, which are distributed over the entire surface of the
stator. The conventional methods of experimentally testing the vibration behaviour of
stators involve the use of a point-excitation. Although the point-excitation system
provides useful information on the vibration response of the electrical machine structure,
it is necessary to examine the response of the electrical machine structure to the
distributed surface excitation which represents the actual condition in an electrical
machine. In Chapter 4, the experimental set-up which was designed and built to test the

10



stator models of a 120 hp induction motor using surface excitation is described. The
vibration response of the stator models to different circumferential distributions of the
electromagnetic forces are studied, and the results of the experimental investigations are
reported in Chapter 5. The distributed electromagnetic forces are used to individually
excite the resonances of the stator models, and thereby assess the nature and amount of
vibration damping present in the stator models.

Chapter 6 describes the considerations involved in the sonic design of induction
motors suitable for variable frequency operation. The requirement of a wide and
continuous range of speeds is popularly achieved by operating the induction motor from
a variable frequency power source. Such operating conditions make it impossible to
avoid coincidence between the excitation force-frequencies and the resonant frequencies
of the machine. The choice of design parameters, such as the number of stator and rotor
slots, determines the nature and distribution of the radial-forces. Finally, using the
information with regard to the mechanical response of the stator of an electrical machine
to distributed forces, the best choice of the slot-combination is identified from the
perspective of vibrations and noise.

The important conclusions are provided in Chapter 7.

Six appendices are given at the end of this thesis. In Appendix A, the effects of
the triplen-harmonic fields that are produced due to multiple armature reactions are
described. The computation procedure for the determination of the magnetic fields and
the radial-forces is provided in Appendix B. The design details of the rotor windings
used for the electromagnetic surface excitation system are given in Appendix C. The
relationship between the force-distribution and the circumferential mode of vibration is
described in Appendix D. The resonances of the rotor structure used in the
electromagnetic surface excitation system were determined using a magnetic shaker.
These investigations are reported in Appendix E. Finally, in Appendix F, the nature of

the damping mechanisms present in vibrating structures is described.
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2. THEORETICAL ANALYSIS FOR THE CALCULATIONS
OF MAGNETIC FORCES

The radial electromagnetic forces in induction motors, as already explained, play
very important role in the production of audible noise and vibrations. The magnetic flux
pulsations at the iron surfaces produce these radial-forces, which induce vibrations in the
stator and rotor structures. An analysis for the calculation of the various field-harmonics
and radial-forces in squirrel-cage and wound-rotor induction motors is presented in this

chapter.

2.1 Introduction

The presence of harmonic-fluxes in the air-gap of an induction machine produces
a variety of undesirable phenomena such as parasitic torques, stray-losses and
electromagnetic noise. The radial-forces, known as Maxwell's forces, that act on the
stator and the rotor are associated with the magnetic fluxes entering or leaving the iron
surfaces. Therefore, an analysis of the vibrations and hence the sound generated by an
electrical machine, can reveal the exact nature of the air-gap field. The harmonics in the
air-gap field are produced due to the distribution of the current carrying conductors in
slots, slotting of the stator and rotor surfaces and magnetic saturation of the iron. Also,
another inadvertent source of harmonic production is the eccentricity of the rotor.

In reference [21], the authors have examined the influence of slot-combinations
on the flux and force pulsations by employing a conformal transformation technique.
It is well known that the technique of conformal transformation is particularly suitable
for the slotting problems since it can account for sharp corners. In the application of
conformal transformation technique, unfortunately, it is necessary to consider the iron-
boundaries to be highly permeable which is not the case in practice. Therefore, the

effects of saturation cannot be easily incorporated in the conformal transformation
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technique. The finite-element and finite-difference methods are well suited for the
determination of flux distributions in a machine which allow for iron saturation.
However, these methods require extensive computing and the results apply only to the
given conditions of loading.

Although, these techniques are quite powerful and accurate the effort involved
may not be of great benefit for the determination of the magnetic forces in relation to
the noise and vibration problems of electrical machines. This is mainly due to the fact
that the vibration response of the structures of electrical machine cannot be determined
to the same level of accuracy as the magnetic forces. Secondly, while determining the
mechanical response of the electrical machine structures it is more important to know
the frequency, the circumferential distribution and the axial distribution of the magnetic
forces. The accurate determination of the magnitudes of the radial-forces is desirable
but is not absolutely necessary. The required information can be easily obtained with
the help of the permeance-wave approach. Since at any instant of time the spatial
distribution of the air-gap flux is not uniform along the circumference, the air-gap field
can be analyzed and represented as a series of rotating field components. The rotating
field approach has been commonly used by many investigators because of its ease and
the physical perspective that it provides. Furthermore, with the use of permeance-wave
approach it is possible to study the effects of saturation, eccentricity and time-harmonics
if present in the power supply [1,31,33,44].

Oberretl [16,17] presents an interesting technique which provides information
about the air-gap fields assuming that both the stator and rotor surfaces are smooth.
This technique considers the mutual interaction between the stator and rotor MMF's.
The authors of reference [31] have predicted the noise produced by an inverter-fed
motor. They considered the effects of harmonics in the inverter supply but neglected
the effects of slotting and saturation. However, in actual machines the distribution and
magnitudes of all the harmonic-fields are significantly affected by the permeance
variations due to the presence of slots on the stator and rotor surfaces.

The permeance-wave approach lends itself easily to incorporate the effects of
saturation and eccentricity [14,15,27,28]. The use of permeance-waves essentially

involves the consideration of only the radial field components in the air-gap. Despite
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this underlying approximation, the use of this method is justifiable since most of the
noise producing electromagnetic forces are radially directed in an electrical machine.
Also, the use of permeance-waves reveals all the field-harmonics with proper orders, and
provides comprehensive information about the radial-forces.

In this analysis, the permeance-wave approach is adopted to determine the air-gap
fields. In addition, the effects of multiple armature reaction and saturation have been

incorporated in order to investigate their effects on the radial-forces.

2.2 The Analytical Approach

The permeance method has its premises in the idea of treating the air-gap MMF,
permeance and flux-density to have a circumferential distribution along the air-gap.
They are, therefore, modelled and expressed as appropriate waves. The MMF-waves are
determined as the cumulative effect of the stator and rotor MMF's, taking into account
the mutual interactions between them. The permeance-waves are formulated by
incorporating the effects of slotting, and if necessary magnetic saturation and
eccentricity. The air-gap flux-density is then found by the multiplication of the MMF
and the permeance-waves. The Maxwell's force per unit area that acts on the stator and
rotor surfaces is proportional to the square of the flux-density. Thus, the forces acting
on the stator and rotor can be easily obtained from the air-gap flux-density distribution.

For the sake of simplicity the machine is assumed to operate on a symmetrical
m,-phase supply system. In so far as the acoustic noise producing magnetic forces are
concerned, the dominant force components are produced due to the stator and rotor
MMF-harmonics, and the permeance variations due to the stator and rotor slots. The
mutual interactions between the stator and rotor, which significantly affect the forces,
are taken into account. The effects of magnetic saturation and eccentricity can be treated
as additional effects, as their role in context with the overall production of the exciting-

forces is secondary.

2.3 MMF-waves
The MMF-waves are determined by assuming that all the current carrying

conductors are located on smooth stator and rotor surfaces. To account for the reduced
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average air-gap permeance in the presence of slots, a corrected value for the air-gap
length is used while calculating the air-gap harmonic fields produced by the stator and
rotor MMF's. The air-gap length extension factor is determined by using Carter's
coefficient for stator and rotor slotting [14,19]. At no-load, the rotor currents are
negligible and hence only the stator MMF acts across the air-gap. The stepped
distribution of the stator MMF produces space harmonic-fields in the air-gap of the
machine. As the load on the machine increases, the rotor slows down producing large
circulating currents in it's windings. Consequently, the ampere turns of the rotor tend
to demagnetise the machine, with the result that the stator draws additional current to
maintain the mutual air-gap flux. The stator produced air-gap harmonic fields induce
currents in the rotor windings at different slip frequencies, and their magnitudes depend
on the rotor winding arrangement. The non-sinusoidal current sheet of the rotor
produces additional harmonics in the air-gap. Further, the air-gap harmonic fields
generated by the rotor induce currents in the stator windings at frequencies related to the
number of rotor-bars and the speed of the rotor. This process of mutual interaction is
called multiple armature reaction, as illustrated in Fig. 2.1. Detailed description of this
phenomenon is given in reference [44]. Considerations up to the tertiary or quaternary
reactions are sufficient for most induction machines [16,17]. The stator and rotor MMF's
are found from their respective current sheets, and the net air-gap MMF is determined
as the cumulative effect of both.

From the discussion aforementioned, the air-gap of the induction machine is
assumed to have a constant uniform permeance, based on the corrected value of the air-
gap length, &'. Further, it is assumed that the iron has infinite permeability which will
produce a stepped air-gap field having the same form as that of the MMF-wave.

To make the analysis of general nature, let the stator have m,-phase windings,
and the voltage impressed across the k™ phase be given by:

Vg =V, V2cos| wt - (k-l)l—Z‘; Y| 2.1

1
Accordingly, the current drawn by the k™ phase from the supply can be written as:
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Figure 2.1 : Schematic diagram explaining multiple armature reaction.

I,=1I VZcos (mt - (k—l)i—w] , (2.2)
(f) '

where (g represents the stator current of fundamental frequency, f and it lags the voltage

by an angle y. The v* order harmonic air-gap field produced by an integral slot stator

winding can be shown to be:

N
ot K, .. I V2 cos (oot - vpol), 2.3)

B,, (6,) =qm2p
e VU w(vp) 8 (f)

where vp is the number of pole-pairs of the v** harmonic. Further,

v = harmonic order, which is given by:

\% =2mg +1; g =0 %I, £2,43, ., 2.4)
8, = angular co-ordinate with respect to the stator,

q, = number of slots per pole per phase of the stator winding,

N, = effective number of turns per coil of the stator winding,
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& = corrected air-gap length,

K, = stator winding factor for the v harmonic,
Sm( vir J
2m
vt = 1 _sin| v T, @5)
q, sin ( vrT J 2 "
1
2m q,
Y, o .
— = coil-pitch referred to the pole-pitch.
pl

2.3.1 Co-ordinate System

Since the rotor is revolving, it is necessary to establish a relationship between the
stator and rotor co-ordinates. Referring to Fig. 2.2, the co-ordinate system for the stator
and rotor can be easily obtained. Let the origin of the stator co-ordinate (8,), lie on the
magnetic axis (AA,) of the coil (CC,). For squirrel-cage induction motors, the magnetic
axis of a rotor mesh, formed by two bars and the end-rings, is chosen as the rotor
reference axis. In Fig. 2.2, BB, represents the rotor reference axis, which is the
magnetic axis of the mesh formed by the rotor bars z, and z,. In the case of wound-
rotor induction motors, the magnetic axis of a coil is chosen as the rotor reference axis.
The circumferential location of any point il:l mechanical radians from the reference axis

of the stator is denoted by 6,, while its location in mechanical radians referred to the

Figure 2.2 : Co-ordinate system for the stator and rotor.
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rotor axis is denoted by 6,. The symbols o and o are defined as:

2

ag =T = slot-angle of stator in mechanical radians, and (2.6)
ap = 27" = slot-angle of rotor in mechanical radians. 2.7

Since the rotor revolves with a speed of £ (1 -s) radians per second, the relationship

between 6, and 6, is given by:

9, =0, + %(1 -s)t. (2.8)

2.3.2 Flux-linkages of the Stator Produced Fields

The air-gap flux-density produced by the stator has various harmonics of order
v. These air-gap fields link with the stator windings, and the rotor windings. The flux-
linkages of these fields with the stator windings induce voltages in itself at the supply
frequency. The flux-linkages of these fields with the rotor windings cause currents to
flow in the rotor at frequencies dependent on its harmonic order v, and the speed of

rotation of the rotor.

2.3.2.1 Stator Self-inductance

The voltage equation of the stator, considering primary armature reaction,
includes all currents and voltages induced in the stator at the supply frequency. This
equation can be constructed by equating the voltage applied to the stator winding and
the various voltage drops in it. The voltage drops are chiefly due to the winding
resistance and the induced voltages associated with its self and mutual flux-linkages.

In order to formulate the voltage equation for the stator, it would be necessary
to know the self-inductance of the stator winding. The self-inductance of the stator
winding with respect to the v order rotating air-gap field can be found by determining
the total flux-linkages of this field with a particular phase per ampere current in that
phase. The air-gap harmonic fluxes linking a coil in the k™ phase can be found by
integrating the flux-density of the rotating air-gap field, given in Eqn. 2.3, over the span
of the coil. The rate of change of this flux with time will give the induced voltage in
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that coil. For an integral slot, symmetrical winding there are q, coils per phase-belt
spread over a pole, and 2p phase-belts in a phase winding. Let 1,...,X,...,q, represent the
coils in the phase-belt. The v order harmonic flux linking one turn of the x* coil in

a phase-belt of the k™ phase is given by:

0= (1) 2T - -y -
1 pl
G, = [ B, (8,)1,1d0, (2.9.2)
0, = (k-l)%‘:—;— . (x-1)ag - 2:—1
pl
N
:lcrqlmlsz_; ul l—sm v%i
m(vp)d vP Tp1 2.9.b)
X ﬁcos(mt Cvp(k-1) 2™ - vp(x-l)as],
() m, p

where 1, is the effective length of the coil-sides and r is the radius of the stator-bore.
The total flux of the v order harmonic linking a phase-belt in the k™ phase is the phasor
sum of all the fluxes linking the N, turns of the q, coils in that phase-belt, and it is
given by:

q
¢, =N, Z:l P (2.10.2)

Nz
—1rq’mdp—l (K, )2 L2 cos{ot -vp(k-1)22|. (210b)
w(vp)*¥ (f) m, p
From Eqn. 2.10.b, the self-inductance of a phase-belt in the k™ phase of the stator
winding with respect to the V™ order harmonic is given by:

2
Fo Nl

m(vp)? &
The total voltage induced in a phase-belt of the k™ phase due to the v** order rotating air-

L..= I,rq/m, 4p (K, ) (2.11)

gap field is the phasor sum of all the voltages induced in the q, coils of the phase-belt,
and it is given by:
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q
= d
E,, =-N — Y ¢, (2.12.2)

(f) dt x=1 v
2
o N .
= wl rq’m, 4p_°_12._l(Kvw1)2 I 2sinjwt - vp(k-1) 2m (2.12.b)
m(vp) 8 (f) m, p

The frequency of the self-induced voltage in the k™ phase due to the v** order rotating
air-gap field is the same as the fundamental or the supply frequency. This is because,
the v order air-gap field has v times the number of pole-pairs of the fundamental field, .
and it rotates with a circumferential velocity of 1 times that of the fundamental. Hence
all the fields of various harmonic orders v, vwill induce voltages of frequency f.
Accordingly, the total induced voltage in a phase-belt of the k™ phase due to the
composite air-gap field is the phasor sum of the voltages induced by the various

harmonic fields, and it is given by:

o]

E,= ) E. (2.13)
® V5 (b

Further, the total induced voltage in a phase-belt of the k™ phase can be expressed in

terms of the self-inductance for the fundamental field and a coefficient to account for

the harmonic fields. Therefore:

Ek = le.p [1 + adl,p] L ﬁsin(cot - (k-l)gmi), (2.14)
(f) f '

where L, is the self-inductance of a phase-belt in the k™ phase stator winding for the
fundamental field and it can be obtained by substituting v = 1 in Eqn. 2.11, and 0y, ; is

defined as the coefficient of harmonic-linkage. It is expressed as:

(2.15)

2
= - Kv 1 P
P Llvl’ vel v=-e VP K‘"
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Figure 2.3 : Squirrel-cage rotor windings, rotor currents and phasor representation.

2.3.3 The Case of Squirrel-Cage Rotors

The squirrel-cage rotor windings consist of a series of rotor bar conductors, which
are accommodated in the rotor slots. These bars are connected to a common conducting
ring at each end. The bars carry equal currents, with mutual phase difference, induced
by a particular field. The end-rings carry the summation of the adjacent bar currents.
The currents through a rotor-mesh, which comprises of two adjacent rotor bars and the
end-ring segments, Fig. 2.3, is used to construct the rotor voltage equations.

The mutual inductance of the stator to a rotor mesh is defined as the ratio of the
total flux linked by the rotor mesh to the current in the stator windings. In
reference [44], an expression was derived for the mutual inductance of the stator to a

rotor mesh. The important equations are reproduced here for the sake of clarity.

2.3.3.1 Stator to Rotor Mutual Inductance
The flux-linkages of the stator fields with the rotor windings, produce currents

in the rotor windings at the slip frequency. For a given speed of the rotor, the slip
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depends on the order of the stator field. To determine the flux linking the rotor
windings, it is convenient to refer the rotating air-gap flux-density, given in Eqn. 2.3,

to the rotor co-ordinate 8,. It is given by:

u, N
B, (6,) = q,m,2p —— IlﬁCOS(wt-VPOZ-VP%(l'S)t)- (2.16)

T (vp)& (f)

An examination of Eqn. 2.16 indicates that the v** order stator harmonic flux will induce

a voltage in the rotor windings at a frequency given by:

s, £=[1 - v(1-s)]f, @.17)

where s, is the slip associated with the v order stator harmonic field.
The mutual inductance of the stator to the rotor mesh, with respect to the v*"

order harmonic field, is given by:

. (2.18)

— to Ny [ 2 . ( “R]
M _]erq m?2p ——— Kvw = _sin|l vp —
12y 1y p'n'(vp)S’ | vp P )

These mutual flux-linkages of the v* order stator harmonic fields with the n™ rotor mesh

will induce a voltage in it, which is given by:

E, =-4
o.b 3¢ [$a, ] (2.19.2)

=s, oM, L V2 sin [s,@t - (n-1)vpag]. (2.19.b)
(f)

Effects of Rotor-Skew

The expressions in Eqns. 2.18 and 2.19 represent the condition with no rotor-
skew. Skewing of the rotor bars is commonly used to mitigate some of the MMF-
harmonics produced by the squirrel-cage rotor. Theoretically, if the slots in the rotor
core are skewed 2 electrical radians on the harmonic scale of a given slot harmonic
produced by the stator windings, the voltage induced in the rotor bar for that harmonic

along its length should cancel resulting in no net harmonic voltage. Since the
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Figure 2.4 : Relationship used to derive the skew factor.

corresponding harmonic currents are absent in the rotor bars, some benefits are achieved
in reduction of harmonic torques, additional losses and magnetic noise. In reality the
rotor bars are short circuited by the steel rotor core randomly, and they are not fully
predictable. This can provide a path for the currents to flow in the rotor core between
points having a potential difference corresponding to harmonic voltages. Nevertheless,
rotor-skewing is a useful and frequently used technique for small to medium-sized

induction motors, and it is beneficial for many applications.
Fig. 2.4 shows a portion of the rotor surface with skewed rotor bars. The line
AB represents the rotor bar under consideration. Point C on the rotor bar represents the

axial centre of the bar. In practice, the amount of rotor-skew is often specified in stator
or rotor slot-pitch. Further, it is usual to specify the advance in terms of the rotor slot-

The effects of the rotor-skew on the flux linkages of the rotor cage, and thereby

pitch.
the induced voltages, can be easily accounted for with the help of a skew-factor. The
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skew-factor is used in the same manner as the winding factor for the stator or rotor
windings. The skew-factor for the v** order harmonic is determined as follows. Let 8,
be the angular location of point C in terms of the rotor co-ordinate system. Therefore,

the angular location of any point D on the rotor bar is given by:

0, + —-=y. 2.20
* g ly (2.20)

]

Therefore the flux of the v order stator produced harmonic field linking with the n®

rotor mesh can be obtained as:

2
e 0,=(n-05)a - S

2 .
[ B, (8,)rdo,dy, (2.21.2)

l 2
* 8y =(n-15)ag - h’?’

- [ 4

y:

©
<
<
Il
—

u N 5 « sin(vp%)
:lcrqlleP——o 1 Kvwl[—sm(vp ZR )] =
vVp —

/
w(vp)$d VP - (2.2L.b)

x L Zcos(s,wt -~ vp(n-1)ayg).
(s, )

The revised value of the mutual inductance of the stator to the n™ rotor mesh, with

respect to the v* order harmonic field and accounting for the rotor-skew is given by:

[.LN 2 a sm(vpi)
M, =Lrqm2p———K, —sin(VP—‘i) —— (2.22)
w(vp)d vVp 2 szr—
h

2.3.3.2 Rotor Produced Harmonic Air-gap Fields

Under the action of the stator produced air-gap fields, currents are produced in
the rotor windings in such a way that it opposes the flux-linkages causing the induced
emf. The distribution of the rotor bars in slots around the periphery produces a non-

sinusoidal current sheet on the rotor. The resulting air-gap fields produced by the rotor
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will therefore be non-sinusoidal. As the air-gap permeance is uniform, the air-gap fields
produced by the rotor will be of the same form as that of the rotor MMF. These fields
are stepped in nature and they can be resolved into a Fourier-series consisting of various
sinusoidal components of different orders. Thus, the rotor in addition to producing the
harmonic fields of order v, will also inject air-gap harmonic fields of different orders p.

It was shown in reference [44] that the squirrel-cage rotor produces harmonic air-

gap fields whose orders are given by:

pL=v + gzg;g2 =0, ¥1, 52, ¥3,..., (2.23)
p

The various air-gap harmonic fields of order p produced by the rotor due to the induced
currents of frequency s f, are given by the expression:
o Z

a
(8,) = —2—sin [up—R) Iz V2 cos (s,wt - upd,).  (2.24)

B, , >
T (1p) 8 (s,f)

B.v

2.3.3.3 Flux-linkages of the Rotor Fields

The currents induced in the rotor windings can be split into separate components
according to the frequency s f at which they occur. The rotor fields produced by these
currents establish flux-linkages with the rotor, and also with the stator windings. Since
in the rotor windings there is no externally applied voltage, the sum of the induced
voltages and the resistance drops will be zero. This condition is used to derive the rotor

voltage equations.

2.3.3.4 Rotor Self-inductance

As discussed earlier, the voltage equations for the squirrel-cage rotor windings
can be formulated in terms of the n™ rotor mesh. With respect to the p™ order air-gap
field produced by the rotor, the self-inductance of the n” rotor mesh is defined as the
ratio of the total flux linked with the rotor mesh to the current I, . The rate of change
of this flux-linkage with time gives the voltage induced in the( Sr‘?Q rotor mesh.
The air-gap field produced by the rotor, and linking with the n" rotor mesh is

found by integrating the flux-density over the span of the n* rotor mesh. It is given by:
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6, =(n-05)ay
¢ = f BZ# ,(8,) 1 rda,, (2.25.2)

o,y
6, =(n-15)ag

2

y4
:ler—ﬂ—z—ﬂ[sin(upfﬁ) I \/'Z'cos[svmt-(n—l)ppaR]. (2.25.b)
m (up)?s 2 )] (s,f)

Therefore, the self inductance of the n™ rotor mesh with respect to the p* order rotor air-
gap field (L, ) is given by:

I
L, =l r——— 2{sin|up—
e e (up)?d P2

2
(2.26)

Hence, the voltage induced in the n™ rotor mesh due to the u™® order air-gap field is

given by:
E =-%7¢ 2.27
Ry,v - dt[ LITRY ]’ (2.27.2)
=s,0L,, Lk /2sin(s,0t - (n-1)vpay). (2.27.b)
(s, 1)

An examination of Eqn. 2.27.b indicates that all the air-gap fields of order pu induce a
voltage in the n® rotor mesh at the same slip frequency, s,f. Further, there is no phase-
difference in the voltages induced by the various air-gap fields of order p for different
values of g,, Eqn. 2.23. Therefore, the total voltage induced in the n™ rotor mesh, for
all orders of y, can be added up algebraically.

E, = ) E,, . (2.28.2)

26



V4 ay \ ]
:svwlcr&7 Z[Sin(vp—zfi)

Td

Ix V2sin{s,0t-(n-1)vpag]

f
(s, ) (2.28.b)

1

X :
p="= (2p)’

Eqn. 2.28.b is further simplified [44], and the total voltage of frequency s.f induced in

the n™ rotor mesh is given by:

E, :svcolcr-l—LE 2 I \/fsin[svmt—(n-l)vpak]. (2.29)

(s, ¥ Z (s,f)

An examination of Eqn. 2.29 reveals that the self-inductance of any rotor mesh is:
ﬂ’o 2
=122 .30
L,, =Lr 5 Z (2.30)
Also, L, can be defined as the self-inductance of the n™ rotor mesh, corresponding to
all the flux-linkages produced by the rotor mesh currents of frequency s f. Also, this
will represent the sum of all inductances (L,,), for various values of u [44].

2.3.3.5 Rotor to Stator Mutual Inductance

The rotor produced air-gap fields that link the stator winding induce voltages and
currents back in the stator windings at various harmonic frequencies. In the case of
squirrel-cage induction motors, these harmonic frequencies are directly related to the
number of rotor bars and the speed of rotation of the rotor. The mutual inductance of
the k™ phase of the stator with respect to the p® order rotor air-gap field can be
determined as the ratio of the total flux of the u™ order field linking with the k™ phase
to the current in the n™ mesh of the rotor.

In order to determine the flux-linkages of the rotor air-gap fields with the stator
windings, it is convenient to refer the rotor air-gap flux-density to the stator co-ordinate

0,. Rewriting Eqn. 2.24:
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(44
in p.p—E] I \/'2'cos(s ot -ppb), (231
2 ) (s,8) N

Bo Z
8§ 2w (up)

le‘-." (01) =

where Se, is the slip associated with the p™ order air-gap field. It is given by:

s, =1 +p-v(l -s),
&2 (2.32)

Z
=1+g,=(1-5s).
“p

These flux linkages of the u™ order field with the stator windings induce voltages and
currents in the stator windings at the slip frequency sng. The integration of the air-gap
flux-density of the p* order field over the span of the x” coil in a phase-belt of the k™
phase will give the total flux linking with it. Thus:

e (k-1Y2T . (x- LN
8, =(k l)mlp (x-1)ag Tr
Psiypy = f B, (6,)1.rdé, (2.33.2)
8, =(k-1) :::; . (x-1)ag - 2:):1
P

Ko yh ( aR) 2 . T Y1
= ILr————2sin|pp— || =sin|p-—
§' 2w (up) P2 [MP ( 27,,1)

x Iz 2cos (sgzwt -up(k-1) 2m -1p (x-l)as).
(s,f) m,p

(2.33.b)

The total flux of the p™* order rotor field, linking with a phase-belt in the k™ phase is
obtained by the phasor sum of all the flux-linkages with the N, turns of the q, coils.
Also since the rotor slots are skewed, the flux-linkages of Eqn. 2.33.b has to be
multiplied by the skewing factor. It is therefore expressed mathematically as:

sm(ﬂ'plhr') q
b v N, Z ¢(x.k) v’ (2.34.a)
[ I =1 [
#P—h- -
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. m
ZN sm(”'P—)
:l rﬂo lql Sin( paR)K#WI h

w(up)2s’ 2 p,p% (2.34.b)

x I \/icos(sgzmt -ppk-1) 2m )
(s, f) m, p

From Eqns. 2.21 and 2.34 it follows that the skewing factor can be defined as:

. w
sin (#P—h-)

=

for the u™ order harmonic field. Therefore, the mutual inductance of the rotor to the

K, = (2.35)

stator M, , with respect to the p* order rotor air-gap field is given by:

. T
ZN sm(’”’—) 2.36
M,, = lcr——u'0 12‘11/ sin (up a—ZR) K, _\ b (2.36)
T (1p)°s u,p%

From Eqn. 2.34.b and Eqn. 2.36, the voltage induced in a phase-belt of the k™ stator
phase due to the p™ order rotor air-gap field is given by:

\

_ . Z 2w
E, =s,0M,, Ip \/ism[sgzwt-(l +gz‘;J(k'1)E - @37

(Sg, ) (s, D)

It is seen from Eqn. 2.37, that all the rotor fields whose harmonic orders are such that:
L -v :gzE # 0, (2.38)
P

will induce a voltage in the stator winding at a frequency different from the supply
frequency f. Further, the phase-shift of the induced voltages in the various phases due
to different g, will be given by:

Z 2
Ye, = (1 + gz-;)(k—l)—lnll. (2.39)
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2.3.3.6 Secondary Armature Reaction

The reaction of the stator to the rotor field harmonics is called secondary
armature reaction. It should be emphasised that the voltages induced and the resulting
currents in the stator windings due to the various harmonic rotor air-gap fields depend
on the arrangement of the stator windings. In this analysis, it is assumed that the stator
has a double-layer, integral-slot winding with all the phase-belts of a phase connected
in series. The harmonic analysis of the stator MMF due to these induced voltages and
currents will give the harmonic fields thus produced. The stator winding generates

additional harmonic fields of order &, and they are given by [44]:

e:2mlg3+1+g2_—z-; g, =0,%1, ¥2, ¥3,.... (2.40)
P
The air-gap flux-density of the stator harmonic fields of order € is given by:
Ho Ny
B, (9,) =qm2p——-K_, L (Zcos(s, wt-epb,).
1 (%) = am, pw(ep)s’ ' (sg, ) B, PO) @an

The resulting fields produced by these stator air-gap flux-densities of order € establish
flux-linkages with the stator and rotor windings. In the following sections, general
expressions are derived for the self-inductance of the stator windings with respect to the
€™ order harmonic air-gap fields.

The total flux of the € order harmonic field linking with the x* coil in the k™

phase is given by:

— (1 e Zy(k - 27 | -Dae » Ty,
e O P L T
Panye = [ B, (8,) 1. rdé,, (2.42.2)
6, =(1 »sg%)(k-l)-n%’—’; - (x-1)ag - 22‘1
1 P
N
zlerqlm12P'—‘“o L - Ko ism(osp%!l.]]
m (€p) 8 P Tp1 (2.42.b)
x L 2cos|s, wt-ep(k-1)(1+ Z.)_?'_"L_e (x-1)a
(ngf) 1
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Therefore, the total flux of the £ order field linking with a phase-belt in the k™ phase

can be found as:

¢, =N, 21 bk, (2.43.2)

—_ 2 1 N 2

=1,rq’ m 4p ———(K,)’

w(ep)”d (2.43.b)
2

mlp

x L JZeos|s, ot -ep(l +g2£)(k—1)
2 P

From Eqn. 2.43.b, the self-inductance of the k™ phase of the stator winding with respect
to the €™ order air-gap field harmonic is:

N2
o™ gk 2 (2.44)
2 o/ ( SWI) -
m(ep)°é
All the voltages induced in the stator windings for various orders of €, that are

- 2

L, ,=lrq m4p

associated with the same g, in Eqn. 2.23, are of the same slip frequency s, f. Hence, the
2

voltage induced in a phase-belt of the k™ phase can be written as:

Ek = 582 Q)[ _Z; Ll,c]
(s, ) <7 8 =constant (2.45.2)
x L \/isin(sg mt-(1+g25)(k-1)3—"1),
(55, 2 P
= sgzm {(Ll.e)gs =0 [1 +ad1'52] }gzzconstanl
) 7 2 (2.45.b)
S ﬁsm[sgzmt - (1+g2—I-)—)(k—1)—m—1 s

(5,.5)

where G,,, is defined as the coefficient of harmonic flux-linkage, and is expressed
2

mathematically as:
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(2.46)

adl.gz -

L
[ l.e ]53 =0 g, =constant

2.3.3.7 Tertiary Armature Reaction
The tertiary armature reaction involves the consideration of the effects of the

stator harmonic fields of order £ on the rotor (Fig. 2.1). In order to determine the flux-

linkages of the € order stator air-gap field with the rotor, it is convenient to refer the

e® order air-gap flux-density to the rotor co-ordinate 6,. Rewriting Eqn. 2.41:

#o Ny K I

)5t VS (S0t mePh) @)

Bls (0;) =q,m,2p 1
(5,

where Sg, is the slip seen by the rotor to the € order stator air-gap field. It is given by:

s, = [sgz - €(1-s)],

g3 (2.48)
={1 - (2mg; + 1)(1-s)].

The stator air-gap harmonic fields of order €, for constant values of g;, will induce
voltages in the rotor at the same slip frequency sgsf. Further for g, = g,, the slip S, is
equal to s,.

The total flux of the € order harmonic field linking with the n® rotor mesh is

given by:
y =‘_; 6, =(n-05)ag * Ehlle!
¢, = [ [ B, (0,)rdd, dy, (2.49.2)

I, _ 2wy
=-2 0,=(n-15 -
y=-5 % (n-15)ag ~ 5o

(]
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N
= lcrqlm12p'l.l'0—l K1 [isin(ep %r )

w(ep) & €p 2 el (2.49.b)

x I ,/icos(sgzmt - ep(n-1) ag).
(54, )

Therefore, the voltage induced in the n™ rotor mesh due to the &® order stator air-gap
field is:

E, =s;, oM, L 2sn(s, ot-ep(a-1)ag), (2.50)
(sg, D) (522f) |
3

where M, , is the mutual inductance of the stator to the rotor mesh with respect to the
E

€™ order harmonic air-gap field, and it is given by:

o N 2 a sin (ep%)
MI,ZE =1, rqm2p— = 7 K. _Sin(GPTR) (2.51)
m(ep)d €p ep%

2.3.3.8 Voltage Equations

The voltage equations for the stator and the rotor considering primary, secondary
and tertiary armature reactions are formulated and written in a matrix form. Since the
stator has a double layer, integral slot winding, there are 2p phase-belts per phase. For
a series connection, the total voltage induced in a stator phase winding will be 2p times
the voltage induced in one phase-belt. With the help of Eqns. 2.1, 2.14, and 2.37, the
voltage equation for the k™ phase winding at the supply frequency is obtained. The rotor
fields of order pu = v induce voltages of supply frequency f, in the stator phase. These
fields correspond to the condition g, = O in Eqn. 2.23. The required voltage equation
for the supply frequency f is:
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A4 ﬁcos(mt -(k-l)—zml)={leﬂ/'2-+jm[2p Ly p(1rog ) * L p+ Ly, ]In/2
! () (6)
(2.52)

rjo ¥ 2pMz.1#IRﬁ} cos(c.n-(k-1)2—1r i
p=me (s,f) ) 5=0 T

In the above equation, Lg,, and Ly,, are the slot-leakage inductance and the end-
connection leakage inductance of the stator, respectively.
Considering now Egns. 2.37 and 2.45.b, the voltage equation for the k™ phase

winding of stator at the harmonic slip frequency s, f is written as:
2

0= {Rl.s f ) +jsgz “’[ZP(LL. Yg=0(1+04; 0 ) *Lgy o * I"Nl.gz] L2

% (sg,f) (sg,6)
., ) (2.53)
+jsg, @ Y 2pM,, I V2 oos(sgzwt - (k-1) <&
p=-® #(svf) ™y
pry 8, =constant

For the squirrel-cage rotor, the voltage equation is formulated in terms of the n*
rotor mesh. The voltage drops in the rotor mesh comprises of the drops caused by the
resistances and the inductances of the circuit. Let y,, be the total flux-linkages of the

n™ rotor mesh, and E, be the corresponding induced voltage. Therefore:
-— d _ - _
Z In Rn +a¢n—z Ian —En_o (2.54)

The n™ rotor mesh, Fig. 2.3, consists of the bars z and z+1, and the end-ring segments

on both sides of the bars, hence the resistive voltage can be formulated as:

I Roste = L. Ry + 2-I-R,n Rpz = Iy, Ry
(s,f) (s,f) (2.55)
= I, VZ | 2R, + 4R, sinz(vp%“] :

(s.f)

Similarly, the voltage drop in the n™ rotor mesh due to its leakage inductances can be
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written as:

js, 0 X I, L, = js,0 I [Ls2*Lg, |» (2.56)
(s, 1) (s,f)

where Lg, and L, are the slot-leakage inductance and the end-ring leakage inductance

of the rotor, respectively. Therefore, Eqn. 2.56 can be rewritten as:

= js, "’[ Iz Lg - Ipzuls + 2Tg.0 Ly,
(s, f) (s, f) (s, f)

. 2.57)

Considering Eqns. 2.19.b, 2.22, 2.29 and Eqn. 2.50, the voltage equation for the squirrel-

cage rotor mesh at frequency s,f is formulated as:

ap

0= HZRRz + 4R, sinz(vpaTR) +js, "’(Lz,v +2Lg, + 4Lg, sinz(vp—z—]]
(2.58)

+js, oM, I, V2

} cos(s,wt - (n-1)vpag).
(f) 8 =g “constant

It is convenient to represent this set of simultaneous equations, Eqns. 2.52, 2.53
and 2.58, in the form of a matrix which simplifies the determination of the solution.

These equations can be written in the form of a matrix as:

{_V_] :[5][1] «j[LI[I], (2.59)
W (1))
where
= | M (2.60)
Ml.2 LZ,Z
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o o o g

(2.61)

(1] =

36

I,y2
(f) 82 =0

I,V2

(55,0)

1,2

o2
(5.9 _,

Iy2
(s,f)

I, /2
(svf)

g1=-1

g, =+1

g, =-1

(2.62)

(2.63)



The voltage equations are solved to obtain the various harmonic components of
the currents in the stator and rotor windings. The term Ko in the expressions for the
stator and rotor produced air-gap fields represents the perm'zlance per unit area of the air-
gap bounded by smooth stator and rotor surfaces. Thus, the net MMF acting across the
air-gap is obtained by evaluating the expressions given in Eqns 2.3, 2.24 and 2.41 and

omitting the term ﬂ.

8/
The MMF-waves thus determined assume the general form given by:

M(6,t) = Y M, cos(npd, -wt). (2.64)

n=-o

2.4 Permeance-waves

The air-gap length of an induction machine is very small in comparison to the
depth of the slots that are provided to accommodate the current carrying conductors.
The presence of slots increases the air-gap reluctance by restricting the flux to a degree
depending on the width of the slot-opening, and the length of the air-gap. The reduction
in the flux due to this permeance variation is calculated from the physical features of the
machine. The variation of the air-gap permeance is modelled in the form of appropriate
permeance-waves [14]. The effects of magnetic saturation are ignored while calculating
the permeance variation due to slotting. Saturation effects are incorporated later in the
permeance-wave for a doubly slotted machine. The per-unit permeance for each member
is calculated separately. It is assumed that one member is slotted while the other is
smooth. The average permeance of the air-gap bounded by a smooth surface and a
slotted surface is commonly found using C‘arter’s coefficients [14,19], and it is taken as
the base permeance in the calculation of the per-unit permeances. The two per-unit
permeances are then multiplied, and the resulting product is further multiplied by the
average value of the air-gap permeance to obtain the effective distribution of the air-gap
permeance [44].

Generally, saturation causes further reduction in the flux in the middle region of
the poles. The effects of saturation are modelled as a variation in the air-gap permeance

having twice the pole-pairs of the fundamental field [26-28]. Hence, the resultant air-

37



gap permeance due to slotting and saturation is given in a general form as:

[« )

A(8,t) = 10[1 £ Y Ag,cos(pSH) }

p=1

0
2.
1+) Ag,cos [yZl) -Y—Z(l-s)mt] (2.65)
Y=1 p )

X

x [ > A cos [20(pf - wt)]] .

n=0

2.5 Air-gap Flux-density Waves

The air-gap flux-density is obtained as the product of the MMF-waves and the
permeance-waves. Since the stator and rotor windings are placed in the slots, some of
the harmonics introduced by the MMF-wave will be indistinguishable from those caused
by permeance variations due to slotting. Nevertheless, the harmonic composition of the
air-gap flux-density can be calculated with reasonable accuracy, and the existence of
various field components can be confirmed experimentally. The air-gap flux-density is

expressed in a general form as:

[+ -]
B(6,t) =Y B,cos (p,0-w,t+8,). (2.66)
=1
2.6 Radial-force Waves
The radial-force acting per unit area, on the stator and rotor surfaces is
proportional to the square of the air-gap flux-density at a given location. This force can

be found by squaring the expression in Eqn. 2.66, and then using the relationship :

F(0,t) = % B2(0,t) . (2.67)

0

The radial-forces acting on a stator or a rotor tooth will, therefore, be proportional to the
square of the magnetic flux passing through it. Since the air-gap flux-density wave has
components that rotate at different circumferential speeds in either direction, the force
acting on a tooth will vary periodically. A force component of certain frequency of

pulsation will produce sinusoidal deformations in the stator and rotor along the
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circumference. It is appropriate and convenient to express these radial-forces as waves
along the air-gap.

The expansion of Eqn. 2.67 will yield a variety of force-waves. The significance
of a force-wave depends on its magnitude, frequency and the mode of excitation
associated with it. In the event of the exciting force-frequency coinciding with a
resonant frequency of the machine structure, even a small exciting force can give rise
to appreciable vibrations. However, at conditions different from that at resonance, the
amplitude of the forced vibrations will be determined by the magnitude of the exciting
force-wave. Further, it should be emphasised that the flexural rigidity posed by the stator
and rotor is much higher to the force-waves having large number of poles [1].
Consequently, in such a case the dynamic deflections produced will be quite small.

The force-waves that give rise to lower modes of vibration are more important
with respect to the problem of noise and vibrations. The size of the machine is also an
important factor in the consideration of the force-waves according to their number of
poles. As the size of the machine increases, the mechanical response of its stator and
rotor would increase to some of the force-waves that give rise to higher modes of
vibration [35].

So far in this chapter, an analysis has been developed for determination of the
noise producing radfal-forces for squirrel-cage induction motors. In the following
sections, a similar analysis is developed for wound-rotor induction machines. A wound-
rotor induction machine is generally used when a large size machine is desired. While
dealing with large size machines, the magnetic noise considerations become very
important since the machine stator and rotor become more flexible and compliant to

higher modes of vibrations.

2.7 Analysis for Wound-Rotor Machines

As in the case of squirrel-cage induction motors, the permeance-wave approach
is used to determine the air-gap fields. Again, the MMF-waves are determined taking
into account the multiple armature reaction effects. The stator of a wound-rotor
induction machine has a configuration similar to that of squirrel-cage induction machine

stators. Hence, the analysis for the stator produced magnetic fields of order v is the
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same as that developed in section 2.3.2.

The essential difference, in so far as this analysis is concerned, arises from the
effects of the rotor windings. Since in practice it is not always possible to have an
integer-slot polyphase winding in the rotor, the analysis has been extended to treat
fractional-slot rotor windings. The rotor voltage equations are constructed in terms of
the phase-currents at each of the slip-frequencies sf. In the following, general
expressions are derived for the mutual inductances from the stator to the rotor and those

relating to secondary and tertiary reaction effects.

2.7.1 Stator to Rotor Mutual Inductance

Let the rotor have 1, ..., d, ..., m, phase windings, with a rotor skewing of 27
mechanical radians. The flux linking with one coil in the d™ phase of the rotor windiirllgs
is given by, Fig. 2.5:

gzl 6, = (@-1) 2T (x-1)ag -

2 m,p 2PTP2
Pxam = / B, (6,)rde,dy, (268.2)
I 27 Yy
= 0, =(d-1)— +~(x~- -
Y=g s gy e

™
= lerqlmIZp———M0 ! - K0y [-——2 sin[vpﬁﬁ] _\ b
m(vp) 3 vp 2y vp L (2.68.b)

x I, y2cos|s,wt-vp(d-1) 2w _ vp (x-1)ag ]
(H) P
Therefore, the total flux linking with the d® phase of the rotor winding is given by:
& (2.69.a)
by, = 2P El Ny drav | e
x =

2
= Ml,z,v(Ifl\/i 005[(“‘1);2“’ -s,0t}, (2.69.b)
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Figure 2.5 : Schematic diagram showing a typical wound-rotor winding
arrangement with skew.

where;
4 NN sin(vp %)
M1 2, — le rq, q,m, 4p2 — 2 vwl w2 [T | (2.70)
" m (vp)* & vp™
| h

is the mutual inductance of the stator windings to a rotor phase-winding, with respect

to the v* order harmonic field.

2.7.2 Rotor Produced Harmonic Air-gap Fields

The wound-rotor differs from the squirrel-cage rotor in the sense that it limits
voltages and currents induced in its windings under the action of the stator produced
harmonic fields. This effect due to the polyphase windings on the rotor is beneficial in
reducing the propagation of secondary effects associated with the harmonic air-gap

fields. A generalised procedure is adopted in this analysis to also consider the effects

41



of having a fractional slot-winding.
Let n, be defined as a positive integer which represents the smallest denominator

of the fraction q, = L As an example, if Z=28, p=2, m,=3, then q, = B _7

2pm, 12 3°
and n,=3. As a second example if Z=30, p=2, m,=3, then n,=2. Further, n,=1 represents

integer slot windings. Thus n, can assume odd or even integer values.
A voltage, and hence the corresponding current, will be induced in the rotor
windings only when the stator produced harmonic fields of orders v satisfy the following

conditions:

For odd values of n, :

vn, =2g' +1;g' =0, £1, £2, 43, ... (2.71)
For even values of n, :

vn, =2¢g; g =0, %1, £2, £3, ... (2.72)
Eqn. 2.4 lists the various orders v, of the harmonic fields produced by the stator
windings. Only a few stator produced harmonic fields of order v will satisfy the
conditions given in Eqns. 2.71 and 2.72. Denoting these harmonic orders as v,, the

voltage induced in the d®-phase of the rotor windings is:

E ., . Z[Q{ vz]: (2.73.a)
. 2m V,

=s,0M,, I Zsin|s,ot-(d-1)=—=—=], (2.73.b)
(f) m, 1,

where; for odd values of n, : r, = 1/ n,, and for even values of n, : r, =2 / n,. These

voltages produce currents in the rotor at slip-frequency (s,,f), and are given by:

s, ot -(d-1)2T 2

Ly, vV2=1, 2cos
' m, I,

(sv2 f) (sv2 f)

(2.74)

It should be noted here that the phase-sequences of the voltages induced are the same
for orders; v, = 1, 7, 13, ..., while it is negative for orders of v, = §, 11, .. .-

These rotor currents produce harmonic air-gap fields of order u, where;



2m,
= v, + 0,¥1,%2,... . (2.75)
ge[ o, ] & =

The various air-gap fields of order p that are produced by the rotor due to the induced

currents of frequency s,,f are given by :

NZ
B, _(8,) =m,2pgq,

o2 t - upé,).
2,02 ()3, (sz)\/_cos(vzm 1pb,).  (2.76)

2.7.3 Flux-linkages of the Rotor Fields

Similar to the case of squirrel-cage induction motors, the currents induced in the
wound-rotor windings are split into separate components according to the frequency, s.f,
at which they occur. The rotor fields produced by these currents establish flux-linkages
with the rotor and also the stator. Since in the rotor there is no externally applied
voltage, the sum of the induced voltages will be equal to the voltage drops. This

condition is used to construct the rotor voltage equation.

2.7.4 Rotor Self-inductance

The voltage equations for the wound-rotor are formulated in terms of the
d"-phase winding. With respect to the u™ order air-gap field produced by the rotor, the
self-inductance of the d®-phase winding is defined as the ratio of the total flux linked
with the d®-phase winding to the rotor current I, at the slip-frequency s,,f. The rate of

change of this flux gives the voltage induced in the d"-phase winding of the rotor.

Therefore;
— rd -1V 2T o fx o o - Ty,
%2 =D P (x-ag 2pTy
b xdy = f B,,(6,) 1. rde,, (2.77.2)
- - ﬂ.o - a - 'ﬂ'y:
Y R TT
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N,
= lerq2m22p Fo & ;7 w2 iSIIl l-"l;"y_z']
™ (up)d Hp Tp2 (2.77.b)
x L /Zcos|s ot-up(d-1)2" —pp(x-1ag |-
(SVZf) mzp
Therefore, the total flux linked by the q, coils in the d*-phase winding is:
& 2.78
¢y, = 2P 2:1 N, b, 4, (2.78.2)
=L, I,J2 cos (d—l)z—fr -5, Wt
2.0 L2 o Kp —S,, (2.78.b)
(SVZ 2
where;
po Ny
L,, =lrqmdp?—""— K. .79

is the self-inductance of the rotor windings with respect to the u* order harmonic field.

2.7.5 Rotor to Stator Mutual Inductance

Again, the rotor produced air-gap fields that link the stator winding induce
voltages and currents back in the stator windings at various harmonic frequencies. In
the case of wound-rotor induction motors, the harmonic frequencies at which the
voltages are induced in the stator windings are related to the number of phases of the
rotor windings, and the speed of the rotor. The mutual inductance of the k®-phase of
the stator with respect to the u™ order rotor air-gap field can be determined as the ratio
of the total flux of the u® order field linking with the k"-phase to the current in the d"-
phase winding of the rotor.

Rewriting the air-gap flux-density produced by the rotor with reference to the

stator co-ordinate 0,;



o N,
B, ,(8)=2pg,m,——=K,,, L Zcos(s, wt -puph), (280
' m(kp)d (s,,f) :

where s, is the slip associated with the u™ order air-gap field, which is given by:

— 1 +p-v,(1-s),

58
2 , (2.81)
=1+g,—2(1 -s).
-,

These flux linkages of the u™ order field with the stator windings induce voltages and
currents in the stator windings at the slip frequency sng. The integration of the air-gap
flux-density of the u™ order over the span of the x"-coil in a phase-belt of the k"-phase
will give the total flux linking with it. Thus:

0, =(k-1) 2T« (x-1)ag - ™h
m;p 2p7p,
P uve = [ B, .(6,)1,rde, (2.82.)
27 TY,
9, =(k-l)m - (x-1)ag - 2pr:,,
KN, . y
:lcrm,_,q22p_—_° ~ ,sz,,‘ _2—5111[#1—;'—1
T (1up)é 1p L (2.82b)
. 2
(s,2f) m, p

The total flux of the u™ order rotor field, linking with a phase-belt in the k™-phase is
obtained by the phasor sum of all the flux-linkages with the N, turns of the q, coils.
Also, since the rotor slots are skewed, the flux-linkages of Eqn. 2.82.b has to be

multiplied by the skewing-factor. It is, therefore, expressed as:

q sm(ﬂp%J
G, = NI DBy, — (2.83.2)
3 x=1 H #pl
h
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sin(up%)
:lerq1q24p2mlm2 Kot K2y ———
'n'( P)'3’ . p,p% (2.83.b)

x I \/—'ccs(sg wt - upk- 1)

(SVZf) mlp )

Therefore, the mutual inductance of the rotor to the stator M,, with respect to the p®

order rotor air-gap field is given by:

. mw
sm(“'pi) (2.84)

np=
h

My, =Lrq,9q, 4p’m,m, ( "8’ Kot Koz

From Eqn. 2.83.b and Eqn. 2.84, the voltage induced in a phase-belt of the k™-stator
phase due to the u™® order rotor air-gap field is given by:

2
E, =s,_ oM, L Zsin sgzwt—(1+g2%]

(5,0 (5,0

(2.85)

1

It is seen from Eqn. 2.85, that all the rotor fields whose harmonic orders are such that:

2
n -V :gz—miz— # 0, (2.86)

n,

will induce a voltage in the stator winding at a frequency different from the supply
frequency f. Further, the phase-shift of the induced voltages in the various phases due
to different g, will be given by:
2m,
Y, = 1+g2—)(k 1) 2T 287)

m,

2.7.6 Secondary Armature Reaction

As explained earlier, the stator will produce additional harmonic fields of order

€, where:
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2m,

€e=2mg, +1+g,—; g, =0 %1, F2,F3,.... (2.88)
n,
The air-gap flux-density of the stator harmonic fields of order € is given by:
N
B, (8,) =q,m,2p —‘/ K., L V2cos (Sg, @t - €po, ). (2.89)
 (€p)é (sg,5)

Continuing, the resulting fields produced by these stator air-gap flux-densities of order
€ establish flux-linkages with the stator and rotor windings. In the following sections,
general expressions are derived for the self-inductance of the stator windings with
respect to the £ order harmonic air-gap fields.

The stator produced harmonic fields of the € order are given in Eqn. 2.89. The
total flux of the €™ order linking with the x"-coil in the k™-phase stator winding is found

as:

2 27 ™
e, = rgy—=)(k-1)— + (x- -
L =0 s 0D I oD -

P7p1

ey, = f B, (6,)1,1df,, (2.90.)
—(1 2m, _ 2_1?* _ ™
6, =(1 Szj.'z—)(k 1)mlp (x-1)ag TT

N
=1 rqup__l_L_o_L_K isin EPE_}II_
c 1 1 / ewl 2
w(€p) €p Tp1 (2.90.b)

2m, 24

x I, 2 cos sgzwt—ep(k—l)(1+g2?

(54, 5)
Therefore, the total flux of the €® order field linking with a phase-belt in the k™-phase

-€p (x-1)ag

1

can be found as:

4
¢k€ = Nl z:l ¢(x,k)€’ (2918)
=
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2
#o Ny

= l,rq/ m 4p ——— (K,.,y)"
™(€p)"d (2.91.b)
2
x I yZcos|s, ot —ep(1+g2—mz—)(k-1) 2 |,
(sng) N n, m,p

From Eqn. 2.91.b, the self-inductance of the k™-phase of the stator winding with respect

to the € order air-gap field harmonic is:

o N/

L £=lcrq2m 4p —Mm8—
v F T m(ep)?s

(Kew )* 292)
All the voltages induced in the stator windings for various orders of g, that are

associated with the same values of g, in Eqn. 2.75, are of the same slip frequency s, f.
2

Hence, the voltage induced in a phase-belt of the k™-phase can be written as:

E, = 582(0 _Z; Ll"
(55, ) B, =constant (2.93.2)
_ 2
x 1, ﬁsm(sg ot - (1 *gz"&)(k‘l)’zﬂ:]’
(55,9 2 R
= ngw {(LI")&,:O [1 +ad1'32] }gzzconsmnt

. 2m, 2 | (293D)

X 1, ﬁsm[sgzwt - (l*rng)(k‘l);1 ;

(s,.D)
where oy, s is defined as the coefficient of harmonic flux-linkage, and is expressed

mathematically as:

E Ll.c

S L-» L,ﬂ (2.94)
L [Ll.e] .

83 =0 8, =constant
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2.7.7 Tertiary Armature Reaction

Considerations of the tertiary armature reaction involve determining the effects
of the stator produced harmonic fields of order € on the rotor. In the following, the
mutual inductance of the stator to the rotor with respect to the " order harmonic field
is derived.

The total flux of the £* order linking with the x®-coil of d"-phase winding of the

rotor is given by:

le = - 2—"' - + Y2 ¢_2ﬂ
I T
Pxde) = f f 316(02) rde, dy, (2.95)
=_le _ - 2T (X~ _ wYya .m
Yy ? 02 - (d I)EZF (X I)QR ——zp‘rpz hle

Therefore, the total flux linking with the d"'-phase of the rotor windings is:

%
2.96.
bae =2P| Y Nz'¢x,d,e) (2.96.2)
x=1
sin(ep f—)
po N; N h
=1l.rq,qm 4p2_0_12i, ewl Dew2 [T
T (ep)°d €p % (2.96.b)

x I ﬁcos(sgzwt - e(d-l)z—”).
(sg, f) m,
Therefore, the voltage induced in the d"-phase of the rotor windings due to the &" order

stator air-gap field is:

-4

. 2
E, =s,_oM,, L V2 sm(sg wt —e(d—l)___]’

: e 3 2.97
(5, ) (sg,) m, (2.97)

where M,, is the mutual inductance of the stator to the rotor with respect to the "
-4

order harmonic air-gap field, and it is given by:
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2 BN N,

. mw
Sm(ep H)
m (ep)* &’

w
Ep—h'

(2.98)

ewl “Tew2

M,, =1rqq,m4p

2.7.8 Voltage Equations

The voltage equations for the stator given in Eqns. 2.52 and 2.53 will hold good.
For the wound-rotor, the voltage equations are formulated in terms of the d"-phase rotor
winding. The voltage drops in the rotor phase-winding comprises of the drops caused
by the resistances and the inductances of the circuit. Therefore, considering
Eqns. 2.73.b, 2.79, and 2.97, the voltage equation for the rotor at frequency s.f is

formulated as:

0= {[sz +js,o (L, , + Lg, + LNz)] Iz‘/i

s f
(s,f) 2.99)

+jsvauv11\/§} cos(svmt -v(@-127)
(f) 83 =8; =constant m2

As explained earlier for squirrel-cage induction motors, the voltage equations are
organised in the form of matrices which aids in the determination of the solution. The
calculated values of the currents are then substituted in the corresponding expressions
to obtain the various harmonic field components. Adopting the procedure described in
Section 2.3.3.8, the net MMF acting across the air-gap is obtained from the various
harmonic field components. These are then appropriately modelled as MMF-waves for

the wound-rotor induction motor.

2.7.9 Radial-force Waves

The permeance-waves are constructed for the wound-rotor induction motor in
accordance with the description provided in Section 2.4. The air-gap flux-density waves
are then obtained as the product of the MMF-waves and the permeance-waves. As

described in Section 2.6, the radial-force waves are obtained by using the relationship
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provided in Eqn. 2.67.

In the case of the squirrel-cage induction motor, the harmonic fields produced
due to the rotor MMF-harmonics and the rotor permeance-harmonics are
indistinguishable from each other. In contrast, in the case of wound-rotor induction
motors these occur as distinct components. In wound-rotor induction machines, most
of the radial-forces are produced at lower frequencies and they also have many more

force components. They induce lower modes of vibrations.

2.8 Comments

In this chapter, an analysis of a general nature for the determination of the
magnetic radial-forces in squirrel-cage and wound-rotor type induction motors has been
presented. This method can be easily extended to incorporate the effects of different
stator and rotor winding arrangements, while considering the mutual interactions between
the stator and rotor MMF's. It also has the added advantage of using the permeance-
wave method, and the analysis presents a convenient procedure for treating the effects
of saturation.

In the next chapter, a squirrel-cage induction motor and a wound-rotor induction
motor are analyzed to verify the validity of the analyses. Theoretical and experimental
results are presented with a view to determine the actual role played by the air-gap
harmonic fields on the radial-forces. Also, the effects of loading the motor on the radial-

forces and the ensuing vibrations are critically examined in the following chapter.
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3. CALCULATED RESULTS, EXPERIMENTAL
PROCEDURES AND EXPERIMENTAL RESULTS

In the previous chapter, analyses for the calculation of the various field-
harmonics and radial-forces in squirrel-cage and wound-rotor induction machines were
developed. In this chapter, a 10 hp (7.5 kW) squirrel-cage induction motor and a 94 hp
(70 kW) wound-rotor induction motor are analyzed to verify the validity of the analysis.
After discussing the calculated results for the test motors, the experimental set-up and
the procedures adopted to conduct the experimentation are described. The theoretical
and experimental results are presented with a view to determine the actual role played
by the air-gap harmonic fields on the radia:l-forces. Also, the effects of loading on the

radial-forces and the ensuing vibrations are closely examined.

3.1 Calculated Results for the 10 hp Squirrel-Cage Induction Motor

In order to verify the validity of the analysis and to acquire a physical
understanding of the nature of the radial-forces, extensive investigations were carried out
on a 10 hp squirrel-cage induction motor. The salient design details of the test motor
are provided in Table 3.1. Further details are available in reference [44].

The harmonic currents in the stator and rotor windings are determined using the
theoretical analysis presented in Chapter 2. Some of the additional data required for the
theoretical analysis is provided in Table 3.2. As discussed earlier, the harmonic air-gap
fields produced by the stator and rotor MMF's are determined by assuming the stator and
rotor surfaces to be smooth. A corrected value for the average air-gap length is used
while determining the harmonic fields produced by the stator and rotor MMF's. The
stator produced space-harmonic air-gap fields of order v, have v times the number of
pole-pairs of the fundamental air-gap field. These air-gap fields rotate at 1 times the
synchronous speed. Further, the rotor produces harmonic fields of o;’der p. In

accordance with Eqn. 2.23, the harmonic orders p for the test machine are given by:

52



Table 3.1 : Relevant data for the 10 hp induction motor.

Output power 10 hp
Line voltage 460 V (Series Connection)
Rated speed 1740 rpm
Number of poles 4
Outside diameter of stator laminations 229 mm
Diameter of stator-bore 152.4 mm
Air-gap length 0.4 mm
Stator stack length 106 mm
Stator slot-opening 2.5 mm
Average stator tooth-width 6 mm
Stator slot-pitch 13.3 mm
Type of stator winding Double layer lap
Number of stator slots 36
Coil-pitch Slot 1 to 8
Number of rotor slots 43
Rotor slot-opening I mm
Rotor slot-pitch 11.14 mm
Rotor skew advance along the length o‘f rotor, 2w
mech. rad. 43
m :ngzi +v; g=0,%1,%2,%3,.. 3.1

As explained in Chapter 2, the secondary armature reaction of the stator to the rotor
fields produces fields of order €. The harmonic orders, €, can be obtained from

Eqn. 2.40, and for the test machine these are:
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Table 3.2 : Additional parameters for the 10 hp squirrel-cage induction motor.

Carter's coefficient for stator slotting 1.145

Carter's coefficient for rotor slotting 1.127

Corrected value of the air-gap length, millimetre 0.512

Number of turns per coil in the stator winding 13

Number of slots per pole per phase of the stator winding 3

Resistance of the stator winding per phase, ohms 0.88

Stator slot-leakage inductance per phase, H 0.011

Stator end-winding leakage inductance, H 0.00465

Resistance of rotor bar, ohms 9.045 x 107°

Resistance of the end-ring segments between bars, Q 2.234 x 10°7°

Rotor slot-leakage inductance, H 3.577 x 1077

Rotor end-ring segment leakage inductance, H 5.150 x 107°
€ :6g3+1+g2123-; g;=0,¥1,%2,%3,... (3.2)

Table 3.3 lists the various air-gap field harmonics produced by orders v, p and € in the
test machine. In Table 3.3, the second column gives the pole-pairs associated with stator
space-harmonic fields, i.e. (v.p) pole-pairs for various values of g,. The rotor produced
harmonic air-gap fields with (u.p) pole-pairs will be the same as the stator space-
harmonic fields when g, = 0. For the various combinations of v and g,, the pole-pairs
of the rotor produced fields (u.p) is given in the cell which is common to the respective
row and the column. It is noted that for the series connection of all the phase-belts in
a phase winding, the harmonic orders € of the fields produced due to secondary armature
reaction will be the same as orders p.

All the rotor produced fields listed in a particular column of Table 3.3 will
induce currents in the stator windings at the same frequency. Similarly, all the stator
produced fields listed on the same row will induce currents in the rotor cage winding at

the same frequency. The rotor produced fields that correspond to g, = +1 and g, = -2,
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Table 3.3 :  Pole-pairs of the various air-gap harmonic fields produced in the test
machine, for different values of g;, g, and g,.

g | 0 -1 +1 2 +2 -3 +3 1
9] * * g3
0 2 41 | 45 -84 88 4127 | 131 | 0
-1 -10 -53 33 | 96 76 -139 119 | -1
+1 14 29 |57 | <712 | 100 | -115 | 143 | +I
-2 22 -65 21 | -108 | o4 151 | 107 | -2
+2 26 17 | 69 | -60 | 112 | -103 | 155 | +2
-3 -34 71 9 -120 | 52 -163 95 -3
+3 38 5| 8t 48 | 124 91 167 | +3
4 | 46 | 89 |3 | 32| 4 | -175| 8 | 4
+4 50 7 |93 | -36 | 136 -79 179 | +4

"Minus sign” denotes the fields which rotate in the direction opposite to that of the fundamental.
* Shaded area denotes fields that are of triplen orders.

are shown in the columns with darker back ground. These are triplen harmonic fields
(i.e. the pairs of poles are a multiple of 3), and they induce zero-sequence voltages in
the stator windings. Since the stator has a 3-phase winding connected in star, these rotor
fields will be undamped, as evident from Appendix A.

The currents in a stator phase-winding and in a rotor mesh are calculated by
solving the voltage Eqns. 2.52, 2.53 and 2.58. To have an appreciation of the
magnitudes of the various currents in the stator winding, Table 3.4 provides the
information at no-load and rated load conditions. The current components other than the
fundamental at 60 Hz are produced by the harmonic rotor fields. It is recalled that the
various rotor fields of order u induce currents in the stator windings at different slip

frequencies, which are given by:

s f:[gz—z-(l—s) +1|f. (3.3)
. P

As explained before, the triplen harmonic fields that correspond to g, = +1 and -2 induce

zero-sequence voltages in the stator windings. Considering the test machine to be
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operating at no-load (s = 0), these zero-sequence voltages will be induced at 1350 Hz
and 2520 Hz. Since it is assumed that the star-point of the stator winding is not
connected to the supply neutral, the zero-sequence currents cannot exist in the stator
windings.

To have a better understanding of the magnitudes of the various currents in a
rotor mesh, Table 3.5 provides information pertaining to the no-load and the rated load
conditions. The component at the slip frequency (sf) is produced mainly by the
fundamental air-gap field at the load condition. This current is quite small at no-load,
but it increases as the rotor slows down with load. At the ideal no-load condition, i.e.
slip = 0, the rotor revolves at the synchronous speed and hence there is no voltage
induced in its squirrel-cage windings due to the stator fields produced by the
fundamental current. As the machine is loaded, the rotor slows down and the currents
in a rotor mesh increase with the load. The increase in the rotor current at the slip
frequency (sf) would amplify all the rotor fields whose harmonic orders are listed in the
first row of Table 3.3. The stator produced harmonic air-gap fields due to orders v and
g, which are listed on the same row of Table 3.3, will induce currents in the rotor mesh
at the same frequency. The frequencies of the induced currents that correspond to
different harmonic orders, v, are given by:

s f=[1-v(1-s5)1f. (34)

Again, the various MMF-harmonics produced by the harmonic currents were
calculated both for the no-load and rated load conditions. The magnitudes of these
MMF-harmonic components are listed in Table 3.6 and Table 3.7 for the no-load and
rated load conditions, respectively

At no-load, the significant MMF-harmonic components are those due to the
fundamental currents, (g, = 0, g,=0), and the stator slot-MMF-harmonic components,
(g, = £3, g, = 0). Among the rotor produced MMF-harmonics those corresponding to
the undamped field components shown in shaded columns of Table 3.6, are generally
much higher than the other MMF-harmonic components. With load, most of the rotor
produced MMF-harmonic components show an appreciable increase. Again for the case
of the machine operating at load, the dominant MMF-harmonic components are those

related to the stator slot-harmonics and the undamped fields.
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Table 3.4 : Calculated values of the currents in a stator-phase winding at no-load
and rated load conditions.

No-load, slip = 0 Rated load, slip = 0.033
Freq., Hz Current, A Freq., Hz Current, A
60 3.368970 60 10.998240
1230 0.023282 1187 0.099689
1350 0.000000 1307 0.000000
2520 0.000000 2435 0.000000
2640 0.000082 2555 0.002438
3810 0.000099 3682 0.001153
3930 0.000024 3802 0.000072
5100 0.000043 4930 0.000105
5220 0.000010 5050 0.000433

Table 3.5 : Calculated values of the currents in a rotor mesh at no-load and rated
load conditions.

No-load, slip = 0 Rated load, slip =0.033
Freq., Hz | Rotor mesh current, A | Freq., Hz | Rotor mesh current, A

0 0.220980 1.98 695.840200

1.320495 350.10 4.311357

360 2.563116 346.14 8.370069

0.821297 698.22 2.680831

720 0.101362 694.26 0.303631

0.689019 1046.34 2.249089

1080 0.492671 1042.38 1.920936

0.039188 1394.46 0.128903

1440 0.055921 1390.50 0.262473
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Table 3.6 : Magnitudes of the various air-gap MMF-harmonics in Ampere-turns,
produced in the test machine, for different values of g, g, and g; at
no-load condition.

2 0 -1 +1 2 +2 -3 +3
:4) * * g3

0 319.86 0.0 0.2 0.0 0.0 0.0 0.0 0
-1 0.98 04 1.0 0.1 0.0 0.1 0.1 -1
ll +1 3.9 0.7 0.7 02 | 00 0.1 0.1 +1

-2 3.6 04 | 24 | o1 00 | 0.1 01 | -2
+2 1.0 13 [-07 | 03 | 00 | 01 | 01 | +2
|| -3 18.6 02 | 34 | o1 00 | 00 | 01 | -3
“ +3 | 167 | 13 |02 | 01 | 00 | 01 | 00 | +3

4 0.6 00 | 36 | 00 { 00 0.0 00 | «4
|| +4 1.9 19 |.03.} 027 00 | 01 [ 00 | +4

* Shaded area denotes fields that are of triplen orders.

Table 3.7 : Magnitudes of the various air-gap MMF-harmonics in Ampere-turns,
produced in the test machine, for different values of g, g, and g; at
rated load condition.

- =1
[ gl 0 d |+l | o2 | 42 -3 +3

00 | 00 | 00 | 0
00 | 02 | 02 | -I
01 | 03 | 02 |+
o1 | 03 | 03 | -2
01 | 04 | 02 [ +2]
o1 | 02 | 02 | -3 “
00 | 02 | 01 | +3

00 | o1 | 01 | «4 \
00 | 03 | 01 | +4 l

-1 3.2 1.2
“ +1 12.7 23
-2 11.9 1.3
+2 3.1 4.3
-3 60.7 0.8
“ +3 54.5 3.9
" -4 1.9 0.1
“ +4 6.3 6.4

“ 0 306.2 0.0

* Shaded area denotes fields that are of triplen orders.

58



Permeance-waves
As explained in chapter 2, the permeance-wave is constructed using the physical
dimensions of the machine. The various coefficients and the average value of the air-

gap permeance for the 10 hp squirrel-cage induction motor are provided in Table 3.8.

Flux-density waves
The air-gap flux-density is obtained as waves through the multiplication of the

MMF and permeance-waves. From the perspective of noise and vibrations, it is
important to know the flux pulsations through the teeth. Experimental information on
the flux pulsations through a stator tooth is commonly obtained with use of search-coils.
More description of the search-coils is provided later in this chapter in Section 3.3.3.2.
Since the search-coil is a loop of copper conductor placed around a stator tooth at its tip,

the voltage induced in the search-coil is proportional to the flux pulsations through the

Table 3.8 : Permeance-wave coefficients for 10 hp squirrel-cage induction motor.

Average value of the air-gap permeance per unit area, A, 245 x 10‘3’2
henrys/metre
Stator Permeance Coefficients
Coefficient of order I, Ag, 0.207
Coefficient of order 2, A, 0.173
Coefficient of order 3, Ag, 0.127
Rotor permeance coefficients
Coefficient of order 1, Ay, 0.060
Coefficient of order 2, Ag, 0.057
Coefficient of order 3, Ag, 0.053
Saturation permeance coefficients
Coefficient of order 0, A4 1.000
Coefficient of order 1, A, 0.250
Coefficient of order 2, A,,, 0.088
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tooth. In order to assess the accuracy of the air-gap field calculations, comparisons with
the experimentally measured information are made. Hence, the calculation of the

induced voltages in the tooth-width search-coil is required.

3.1.1 Voltage Induced in a Tooth-width Search-coil

The flux linking with the search-coil is obtained by integrating the air-gap flux
density wave over the span of the search-coil. The rate of change of this flux will thus
provide information on the voltages induced in the search-coil.

Figs. 3.1 and 3.2 show the spectra of the calculated values of the induced
voltages in the stator search-coil at no-load and at the rated load, respectively. The
amplitudes are shown on a log scale relative to the component at 60 Hz, so that even the
smaller harmonic components can be displayed. The fundamental air-gap field, and all
the stator space harmonic fields of order v induce a voltage in the stator search-coil at
the line-frequency, f. The components marked S1, S2 and S3 are produced either due
to the harmonic rotor MMF's, and or the slotting effects. They occur at slip-dependent

frequencies which are given by:

s&f=[l+g,2%—(1—s)]f. (3.5)

Saturation harmonic fields induce voltages at 3f, 5f, 7f, ..., and the side-bands on either

side of a slot-harmonic. These side-band components occur at frequencies of:
[(1 +2n)+g2-§(1—s)]f, (3.6)
P

where n =0, ¥1, ¥2, ... .

The magnitude of the fundamental air-gap field component at 60 Hz, and the
saturation harmonic components at 180 Hz and 300 Hz remain relatively constant with
the changes in load. All the slot-harmonics and their saturation side-band show an
increasing trend with the increase in load. This increase is caused by the increase in the
rotor MMF-harmonics with load. Also, some of the higher order effects of the rotor

MMF become more pronounced with increase in the load.
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3.1.2 Radial-Forces

As explained in Section 2.6, the force-distribution is obtained as waves from the
air-gap flux-density wave. The forces acting on a stator tooth is obtained by integrating
the force-waves over the span of the stator tooth. The computation procedure for the
determination of the radial-forces is provided in Appendix B.

Figs. 3.3 and 3.4 show the calculated spectra of the radial-forces that act on a
stator tooth at no-load and at the rated load, respectively. The amplitudes of the various
force components are shown in Newtons, and also as a percentage relative to the radial-
force at twice the line frequency. This method of displaying the radial-forces has
distinct advantage in identifying the various components, and also in tracing their
origins. The significant force at twice the line frequency is predominantly produced by
the fundamental air-gap field. The interaction between the slot-harmonic fields and the
fundamental air-gap field produces forces at the slot-harmonic frequencies.
Mathematical description of the production of the slot-harmonic forces has been given
in reference {44], Appendix G. The slot-harmonic forces of orders 1 to 6 are identified
in Figs. 3.3 and 3.4 as Fsl, ..., Fs6. The effects of saturation leads to the production of
components at 4f, 6f, 8f, ..., and the side-bands on either side of each of the slot-
harmonic forces.

It is observed that the loading of the induction motor results in an increase in the
amplitudes of the slot-harmonic forces. Again, the increase in the rotor MMF-harmonics
with load is the source for the increase in the amplitudes of the slot-harmonic forces.
The increase in the MMF-harmonics also introduces higher saturation effects, which
leads to the pronounced saturation side-band components in the force spectra at rated

load conditions.

3.2 Calculated Results for the 70 kW Wound-Rotor Induction Motor

In order to acquire a physical understanding of the nature of the radial-forces in
wound-rotor induction motors, a 70 kW induction motor is analyzed using the procedure
detailed in the previous chapter. In reference [17], the author has reported the theoretical
and experimental investigations on the harmonic currents induced in the stator and rotor

windings of this 70 kW motor. As explained in Chapter 2, the author [17] has neglected
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the effects of the permeance variations due to the slots and also neglected the effects of
magnetic saturation. In the analysis presented herein, these effects are considered along
with the multiple armature reaction effects.

In the following, the 70 kW motor is analyzed to obtain the noise producing
radial-forces. The salient design details of the 70 kW wound-rotor induction motor are
provided in Table 3.9. Fig. 3.5 shows the dimensions of the stator and rotor slots.
Table 3.10 lists the pole-pairs of the various harmonic fields produced due to the
multiple armature reaction. As in the case of squirrel-cage induction motors, the stator
produces space-harmonic air-gap fields of orders v, and they are listed in the first
column of Table 3.10. In distinction to squirrel-cage motors, the rotor of a wound-rotor
induction machine produces harmonic fields of order p in accordance with the following
relationship:

po=(6g+v); &=0FL,%2,%3,.... (3.7
Again, the secondary armature reaction of the stator to the rotor fields produces fields
of order €. The harmonic orders & for the 70 kW wound-rotor induction machine are
given by:

e=(6g3+1+6g,2); g =0,¥1,72,%3,.... (3-8)
The rotor produced fields that induce voltages at the same frequency in the stator
windings are listed on the same column. Similarly, all the fields listed on the same row
of Table 3.10 will induce a voltage in the rotor windings at the same frequency.

The voltage equations, Eqns. 2.52, 2.53 and 2.99, are solved for the motor at no-
load and rated load conditions. The cases of no-skewing, 1/48 skewing of the rotor slots
and 5/6 chording of the stator windings are considered. The currents in the stator and
rotor windings are provided in Tables 3.11, 3.12, 3.13 and 3.14. As expected, these
currents agree quite well with those reported by the author in reference [17].

It is recalled from Chapter 2 that the various rotor produced harmonic fields of
order p induce voltages in the stator windings at frequencies given by:

S, =[g2my(1-8) + 1)f . (3.9)
It is observed from Table 3.11 and 3.12 that, in contrast to squirrel-cage induction
motors, the current harmonics for wound-rotor induction motors occur at lower

frequencies. For this machine, the current harmonics at 247 Hz and 347 Hz have
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Table 3.9 : Salient data of the wound-rotor induction motor.

Output power 70 kW
Supply voltage, V - Connection 430 V / Phase
Supply frequency 50 Hz
Number of poles 4

Air-gap length 0.9 mm
Number of stator slots 48

Stator bore diameter 261.8 mm
Stator length 298.4 mm
Stator slot-pitch 17.13 mm
Stator slot-opening 3 mm
Number of turns in series per phase of stator 64

Carters coefficient for stator slotting 1.091

Number of rotor slots 36

Rotor slot-pitch 22.69 mm
Rotor slot-opening 2 mm
Number of turns in series per phase of rotor 24

Carters coefficient for rotor slotting 1.031

10 =] | '~—28.689:~|L._8 ‘_1

= <
-l

20.18

ezt

N Tt

Stator

— N

0]

Rotor

Figure 3.5 : Dimensions of the stator and rotor slots in mm.
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Table 3.10 : Pole-pairs of the various air-gap harmonic fields produced in the
70 kW wound-rotor induction motor, for different values of g,, g, and

83-
I gl 0 -1 +1 -2 +2 -3 +3 -4 +4
g g3
0 2 -10 14 -22 26 -34 38 -46 50 0
-1 -10 =22 2 -34 14 -46 26 -58 38 -1
+1 14 2 26 -10 38 =22 50 -34 62 +1
-2 -22 -34 -10 -46 2 -58 14 -70 26 -2

+2 26 14 38 2 50 -10 62 -22 74 +2
-3 -34 | -46 -22 -58 -10 -70 2 -82 14 -3
+3 38 26 50 14 62 2 74 -10 86 +3
-4 46 | -58 -34 -70 -22 -82 -10 -94 2 -4
+4 50 38 62 26 74 14 86 2 98 +4

"Minus sign" denotes the fields which rotate in the direction opposite to that of the fundamental.

substantial amplitudes and these range between 4 to 5 % of the fundamental. In the
course of the investigations it is observed that the chording of the stator windings is
more effective in reducing these current harmonics than the skewing.

To have a better understanding of the magnitudes of the various currents in a
phase of the rotor windings, Tables 3.13 and 3.14 provide information pertaining to the
no-load and rated load conditions, respectively. The increase in the fundamental rotor
current at the slip-frequency (sf) with the load will amplify all the rotor fields whose
pole-pairs are listed in the first row of Table 3.10. The stator produced harmonic fields
of orders corresponding to v and € that are listed on the same row of Table 3.10 will
induce currents in the rotor windings at frequencies given by:

s,f=[1-v(1-s)]f. (3.10)
Again, as with the stator current harmonics, chording of the stator windings is more
effective than the skewing of the rotor in reducing the harmonic components of the rotor
currents.

After having calculated the various current harmonics, the MMF-harmonics

produced due to the stator and rotor are then determined. The magnitudes of these
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Table 3.11 : Calculated values of the currents in a stator phase-winding at no-load,
f=50 Hz, 1499 rpm.

1/48 rotor-ske;

Straight slots 1/48 rotor-skew |Straight slots
with no and no and 5/6 stator- |and 5/6 stator-
Freq., | chording chording chording chording
I{z Currents Currents Currents Currents
A %0 A % A % A %o
50| 14.129 | 100.0| 14.129 |100.0| 15.128 | 100.0 | 15.128 100.0
i -249.8{ 0.153 1.08 0.146 1.03 | 0.003 | 0.02 0.003 | 0.02
349.8| 0.326 | 2.31 0314 | 222 | 0.009 | 0.06 0.009 | 0.06
-549.6/ 0.035 | 025 | 0.031 022 | 0.035 | 0.23 0.030 | 0.20
649.6| 0048 | 034 | 0.042 | 030 | 0.038 | 025 0.035 | 0.23
-849.4| 0.088 | 0.62 | 0.065 | 046 | 0.003 | 0.02 0.002 | 0.01
949.4| 0.086 | 0.61 0.068 | 0.48 | 0.003 | 0.02 0.002 | 0.01
_11492] 0.041 | 029 | 0.024 | 0.17 | 0.047 | 031 0.029 | 0.19
1249.2| 0.062 | 044 | 0.040 | 0.28 | 0.068 | 045 0.045 | 0.30
| I N S S E—

* . Minus values for frequency indicates reversed phase-sequence.

Table 3.12 : Calculated values of the currents in a stator phase-winding at rated
load, f=50 Hz, s=0.01, 1485 rpm.

Straight Straight
slots with | 1/48 rotor-skew and |slots and |1/48 rotor-skew &
no chording 5/6 stator- |5/6 stator-chording
chording chording
Calculated Calculated | Measured17]| Calculated Calculated | Measured(17]
% A % % A % A % %
58.48|100 | 59.14|100 {100 63.45|100 | 63.33|100 [100
1.74| 298| 1.65]|2.79 3.20( 0.03]{ 0.04|0.025| 0.04 0.84
1.77] 3.03| 1.67| 2.82 3.20| 0.03} 0.04{0.025| 0.04 0.51
0.30| 0.51| 0.27| 0.46 0.40| 0.27] 0.42]|0.241| 0.38 0.48
0.30| 0.52| 0.27| 0.46 0.52| 0.27}0.42]|0.2411 0.38 0.47
0.09| 0.15| 0.07| 0.11 0.02| 0.03| 0.019] 0.03
0.09| 0.15| 0.07] 0.11 0.02{ 0.03{0.019} 0.03
0.09] 0.16] 0.08] 0.13 0.11| 0.17| 0.076} 0.12
0.11} 0.19] 0.08] 0.13 0.11] 0.1810.082} 0.13

* . Minus values for frequency indicates reversed phase-sequence.
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Table 3.13 : Calculated values of the currents in a rotor phase-winding at no-load,
f= 50 Hz, 1499 rpm.

Straight slots 1/48 rotor-skew | Straight slots 1/48 rotor-
and no chording |and no and 5/6 stator- |skew and 5/6
chording chording stator-chording
F';;‘" Currents Currents Currents Currents
* A % A % A % A %
0.03 1047 | 100 1046 | 100 1083 | 100 10.82 | 100
299.83 090 8.62 0.87 | 8.33 0.00( 0.02 0.00 | 0.02
-299.77 041 391 039 3.74 001} 0.06 0.01 | 0.06
599.63 0.13| 124 0.12| 1.12 0.10| 093 0.09 | 0.84
-599.57 0.10| 091 0.08| 0.81 009 0.85 0.08 | 0.75
899.43 024 | 2.28 0.19} 1.82 000| 0.02 0.00 | 0.01
-899.37 024 232 0.18| 1.74 0.00( 0.02 0.00 | 0.02
1199.23 0.17] 1.64 0.11| 1.06 0.18 1.71 0.12 | 1L.12
-1199.2 0.11} 1.07 007 | 0.64 0.12 1.14 0.07 | 0.69

* . Minus values for frequency indicates reversed phase-sequence.

Table 3.14 : Calculated values of the currents in a rotor phase-winding at rated
load, f=50 Hz, s=0.01, 1485 rpm.

W
and no and no and 5/6 stator- | and 5/6 stator-
chording chording chording chording

Fl;zq” Currents Currents Currents Currents

* A % A % A % A %

05| 14652 1] 100 | 14739 | 100 | 152.83 | 100 | 15243 100
297.5 478 | 3.27 455 3.09 0.02 | 0.01 0.02 | 0.01
-296.5 4,50 | 3.07 429 | 291 0.09 | 0.06 0.08 | 0.06
594.5 0.82 | 0.56 0.72 | 049 0.69 | 0.45 0.62 | 0.40
-593.5 0.80 | 0.55 0.72 | 0.49 0.69 | 0.45 0.61 | 040
891.5 0.26 { 0.17 0.21| 0.14 0.03 | 0.02 0.02 | 0.01
-890.5 0.27 | 0.18 0.18| 0.12 0.03 | 0.02 0.02 | 001
1188.5 0.34 | 0.23 024 | 0.16 035|023 025} 0.16
-1187.5 0.22 | 0.15 0.16 | 0.11 0.23 | 0.15 0.17 | 0.11

* . Minus values for frequency indicates reversed phase-sequence.
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MMF-harmonics for the case of straight slots with no chording are provided in
Tables 3.15 and 3.16 for the no-load and rated load conditions, respectively.

At no-load, the significant MMF-harmonic components are the fundamental
(g,=0, g,=0), and the stator slot-MMF-harmonic components (g,=+4, g,=0). With the
increase in load, most of the rotor produced MMF-components show an appreciable
increase. The dominant components are those associated with the fundamental currents
in the stator and rotor windings. These are the MMF-harmonic components listed in the
first row and first column of Table 3.16.

The permeance-waves are constructed from the geometrical dimensions of the
machine. For the saturated air-gap flux-density wave-shape, a form similar to that used
for the 10 hp squirrel-cage induction motor is adopted for the 70 kW wound-rotor
induction motor. Hence, the permeance coefficients for saturation have the same values
as provided in Table 3.8. The air-gap flux densities and the force-waves are then
calculated.

Having determined the force-waves, the forces acting on a stator tooth is
calculated by integrating the force-waves over the surface of a stator tooth. The various
significant components in the radial-force spectrum of the 70 kW wound-rotor induction
motor are listed in Table 3.17. The important components in the force spectrum are the
force at twice the line frequency and the components at the slot-harmonic frequencies.
The slot-harmonic components are identified according to their orders as F, to Fg,. The
n™ order slot-harmonic components occur at frequencies which are given by:

[2 -n-2m, (1 -s)]f, [n 2m, (1 -s)]f, [2 +n-2m, (1 —s)]f.
Saturation effects produce the components at 4f, 6f, ... etc., and also the side-band
components on either side of each of the slot-harmonic components. Table 3.17 also
provides the amplitudes of the various force components at 1499 rpm and 1485 rpm,
respectively.

Figs. 3.6 and 3.7 show the calculated spectra of the radial-forces acting on the
stator teeth at no-load and the rated load, respectively. The force component at 100 Hz
is mainly produced by the fundamental air-gap field, and also the various stator space-
harmonic fields of order v. The 100 Hz component exhibits a small decrease from

419 N to 366 N when the machine is loaded from no-load to its rated capacity. The
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Table 3.15 : Magnitudes of the various air-gap MMF-harmonics, in Ampere-turns,
at no-load condition.

ol o -1 +1 2 2 3 +3 4 +4
L g
0 39570 | 5.09| 294 193 | 200| 6.77| 6.06 1.13 | 0.86 0
-1 1729 0.12| 040 057 023} 006 | 0.15] 0.06| 0.50 -1
+1 961} 014 0.03) 0.16| 025} 0.10| 008 | 0.26| 0.04 +1
2 493 | 004| 034 006| 005 003} 003| 004 | 0.04 -2
+2 417 008 0.16| 0.03)] 005| 0.15| 001} 0.01 0.02 +2
-3 385} 0.21 008| 001} 007 008} 0.13} 0.02}| 0O.11 -3
+3 453 009| 040 009 | 003 ]| 0.13] 006} 0.17 | 0.02 +3
4 1796 | 004 | 020| 0.06| 005| 002]| 0.19| 0.02| 0.08 -4
+4 1653} 0.10] 0.04| 0.02| 004 009]| 002| 007 | 0.04 +4

(No chording of stator-coils and no skewing in rotor)

Table 3.16 : Magnitudes of the various MMF-harmonics, in Ampere-turns, at rated
load condition.

nll o -1 +1 -2 ) 3 +3 4 +4

& _ &
0 377.58 | 70.90 | 41.36 | 26.97 [ 28.01 [ 94.79 | 84.81 | 15.77 | 12.02 0
-1 71.00| 029 129| 301 | 1.18} 050| 091 | 035 | 2.74 -1
+1 3893 101 | 035| 1.86| 271 0.84| 038 2.94| 0.38 +1
2 2033 | 006 | 1.79| 048 | 011 0.07| 0.24| 027 | 0.19 2
+2 17.18| 095 1.04| 007} 029 | 044 | 007 | 0.18| 0.23 +2
3 1649 | 2.20| 0.60| 0.06| 035| 0.09| 092 | 0.02| 0.14 -3
+3 19.221 054 2.07| 026 | 006 092] 0.07| 0.18| 0.03 +3
4 7437 | 039 071} 0.14| 0.17| 003} 0.24| 0.07 | 054 -4
+4 68.47 | 0.47 0.2_9 0.13| 005| 0.11{ 0.02 | 0.53 | 0.06 +4

(No chording of stator-coils and no skewing in rotor)
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Table 3.17 : Important components in the force spectrum of the 70 kW wound-rotor
induction motor at 1499 and 1485 rpm, f = 50 Hz.

No-load, 1499 rpm

Rated load, 1485 rpm

Source

Freq.,
Hz

Amplitude,
Newtons

% relative
to funda-
mental

Amplitude,
Newtons

% relative
to funda-
mental

Fundamental

100.0

419.05

100

365.96

100

200.0

7.09

1.69

12.09

3.30

1'300.0

25.54

6:09 |

2031

555

Saturation _

[#000

246 |

0:59 |

0.54

Saturation side-band

998 |

0.13 |

003 |-

e '2;69

0.74

F51 - 2f

199.8

5.38

1.28

67.86

18.54

FSI

299.8

1.54

0.37

16.85

4.60

F,, + 2f

399.8

1.76

0.42

26.34

7.20

‘Saturation side-band

499:8

~0.06 -

001 |+

11.75

321

: S_'a'tura_tion; gidéai;'and !

3996 | .

o -128 |

0.35

Fsz‘Zf

499.6

0.31

0.07

7.70

2.10

FSZ

599.6

0.09

0.02

2.14

0.58

Fg, + 2f

699.6

7.32

2.00

Saturation:side-band.|

799 |

040

Saturation sideiband’

6994

1.15

Fi, - 2f

799.4

5.59

1.19

0.72

- 'r~.', ..' . :'v0;1:6';

Fs4'2f

1.25

Fs

0.20

Fg, + 2f

1299.2

0.17

T R T LT | B TR [ C Rt A a0
‘Saturation*sri'dejbandf 3‘1'39912“-' e ] I LA "E & 3' e 0.04
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saturation components at 4f, 6f, and 8f decrease slightly with the increase in the load.
The slot-harmonic components which were insignificant at no-load become very
prominent with the load. At rated load, the dominant components in force spectrum are
the slot-harmonic force components of orders 1 and 2.

The effects of using either a skewed-rotor, or 5/6 chording of the stator-coils,
or both together on the slot-harmonic force components were closely examined. The
amplitudes of the various slot-harmonic force components for each of these conditions
were calculated neglecting the effects of saturation. Tables 3.18 and 3.19 provide the
information for the cases of no-load and rated load conditions, respectively. These tables
reveal that the chording of the stator-coils is more effective in reducing the amplitudes
of the higher order slot-harmonic force components than the skewing of the rotor.

Comparing the spectra of the forces produced by the squirrel-cage and wound-
rotor induction motors discussed in the foregoing, it is evident that the squirrel-cage
induction motor is very rich in harmonics. In both the motors, the significant force
components in these spectra are the slot-harmonic forces and their saturation side-bands.
In the case of squirrel-cage induction motors, the slot-harmonic forces usually exist in
distinct and separate frequency bands, and they are usually spread over a major portion
of the audio-frequency range. In contrast, the force components for wound-rotor
induction motors are confined to the lower portion of the audio-frequency range. The
frequencies at which these slot-harmonic forces are produced depend on the number of
phases on the rotor windings, and the speed of the machine. Since it is very common
to use 3-phase windings on the stator and the rotor, the slot-harmonic forces do not
occur separately as distinct bands in the force spectra of a wound-rotor induction motor.
Further, it is often desired to have integral-siot windings due to the simplicity of its
installation in the stator and rotor, which constrains the choice of the number of stator
and rotor slots. The use of preferred number of slots, such as 36, 48, 72, 96, etc., lead
to the various force components having a circumferential distribution with force-poles
of 0, 4, and 8. In distinction, the squirrel-cage induction motors often have many more
force components with force-poles less than 4. The force-distribution with fewer force-
poles are more harmful from the perspective of noise and vibrations. The importance

of the force-poles is discussed in the subsequent chapters.
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Table 3.18 : Relative amplitudes of the slot-harmonic force components for the
different arrangements at no-load, f=50 Hz, 1499 rpm.

Source | Freq., Straight slots | 1/48 Rotor-Skew | Straight slots | 1/48 Rotor-Skew

Hz and no and no chording | and 5/6 stator | and 5/6 stator

chording chording chording

2f 100.0{ 100.000% 100.000%| 100.000% 100.000%
199.8 1.189% 1.189% 1.328% 1.327%
Fs, 299.8 2.050% 2.049% 2.122% 2.118%
399.8 0.222% 0.217% 0.074% 0.071%
499.6 0.059% 0.058% 0.019% 0.018%
Fg, 599.6 0.066% 0.063% 0.018% 0.018%
699.6 0.011% 0.006% 0.020% 0.019%
799.4 0.740% 0.726% 0.657% 0.653%
Fg, 899.4 0.698% 0.696% 0.977% 0.976%
999.4 0.001% 0.001% 0.001% 0.001%
1099.2 0.003% 0.003% 0.004% 0.004%
F, 1199.2 0.002% 0.002% 0.000% 0.000%
1299.2 0.000% 0.000% 0.000% 0.000%

Table 3.19 : Relative amplitudes of the slot-harmonic force components for the
different arrangements at rated load, f=50 Hz, 1485 rpm.

Source Freq,, Straight slots | 1/48 Rotor-Skew | Straight slots | 1/48 Rotor-Skew

Hz and no and no chording | and 5/6 stator | and 5/6 stator

chording chording chording

2f 100 100.000% 100.000% | 100.000% 100.000 %
197 18.587% 18.406% 20.155% 20.106%
F, 297 30.162% 29.812% 31.955% 31.825%
397 3.421% 3.360% 1.529% 1.518%
494 1.681% 1.666% 0.891% 0.879%
Fs, 594 3.985% 3.898% 1.010% 1.002%
694 1.396% 1.379% 0.773% 0.767%
791 3.689% 3.709% 2.121% 2.123%
Fg, 891 7.895% 7.796% 8.059% 8.018%
991 0.194% 0.189% 0.154% 0.151%
1088 1.001% 0.989% 0.940% 0.930%
Fg, 1188 0.240% 0.225% 0.046% 0.044%
1288 0.057% 0.056% 0.051% 0.050%
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In order to verify the validity of the theoretical calculations, and also to acquire
a physical understanding of the nature of the radial-forces and the ensuing vibrations,
extensive experimental investigations were conducted. In the following sections, the
experimental set-up which has been developed along with the procedures that are
adopted to measure the magnetic fields, magnetic forces, resonant frequencies, vibrations
and the air-borne noise is described. Experimental results pertaining to the magnetic
fields, forces and vibrations are then provided for the 10 hp squirrel-cage induction

motor, and comparisons are made with the theoretical predictions.

3.3 Experimental Set-up and Procedures for Measurement of Resonances,
Vibrations and Radiated Acoustic Noise

The conventional methods for the measurement of resonant frequencies,
vibrations and noise are laborious and very time consuming. This section presents the
laboratory-techniques which have been developed for the measurement of resonant
frequencies, vibrations and noise based on digital processing of signals. The
measurement set-up acquires and processes signals from several transducers with the

help of a data-acquisition system and a personal-computer [43].

3.3.1 Introduction

The prediction of the vibration behaviour, and the sound radiated from electrical
machines require accurate determination of the resonant frequencies and exciting radial-
forces. Often experimental investigations are required to find the resonant frequencies,
and also the forced vibration response. In addition, experimental information is needed
to verify the validity of the theoretical predictions.

It is desired that the measurement set-up that has been developed be also capable
of measuring and analyzing the radiated sound. To specify the noise produced by a
machine, the testing has to be conducted in accordance to the test codes described in the
various national and international standards [45,46]. The sound pressure level around
an electric machine varies with distance from the machine, and also with angular
location around it. The test codes stipulated in the various standards, therefore, require

the calculation of the space averaged sound pressure level from the measurements taken
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at a number of different points on an imaginary surface enclosing the machine. An array
of fixed microphone positions is used for this purpose [45,46]. The measurements are
commonly conducted by using a single microphone and moving it from one location to
the next, or by having a number of fixed microphones and their outputs are sampled
sequentially. The major limitation on the number of microphones is dictated by the
number of signals that can be analyzed with the commercially available frequency
analyzers. The cost of these frequency analyzers increases exponentially with the
number of signals that it can process simultaneously, or sequentially, without human
intervention. To obtain results with accuracy, the noise measurements are made in free-
field conditions (anechoic chamber) and the measuring points are chosen to be as many
as possible. Often for economical reasons, the number of measuring points is limited
to 20 or less. The error introduced by having insufficient number of measuring points
has been examined by the authors in reference [47].

Vibration measurements on electrical machines can be classified into two
categories. The first category involves the determination of the resonances, and the
vibration behaviour at resonance of the vibrating structure. The second category
involves the vibration measurements made on the electrical machine structure during its
operation. This, therefore, entails the determination of the forced response of the
machine structure. The vibration measurements in general, irrespective of the objectives
of the measurements, involve measurement of the vibration acceleration at various
locations on the vibrating structure and ascertaining the relationship between the
vibration signals. Since the conventional instruments usually limit the number of
vibration signals that can be acquired and analyzed simultaneously, the measurements
conducted using the conventional instruments are very time consuming and laborious.

The magnetic forces that induce vibrations, and thereby lead to acoustic noise
being radiated by electrical machines, are generated due to the pulsations of the magnetic
fluxes through the iron-members. The stresses known as Maxwell's stresses are
generated at the surface of the iron members adjoining the small air-gap of an electrical
machine. It is, generally, not possible to directly measure the Maxwell's stresses.
However, there are two methods of indirectly obtaining information on the Maxwell's

stresses. The first method involves the measurement of the flux-pulsations through the
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iron surfaces with the help of search-coils, and then calculating the Maxwell's stresses
from the flux-pulsations. The second method involves the measurement of the vibrations
on the machine stator, and after knowing accurately the vibration behaviour of the stator
the magnetic forces can be determined. In this second method, the vibration
measurements can be made on the outside surface of the machine or at the surface of
the stator-tooth. Although the vibration measurements made on a stator-tooth would
have the least influence due to the mechanical response characteristics of the stator, it
is plagued with many problems due to the harshness of the environment at the location
of measurement. Also, the magnetic flux-densities in the air-gap are quite high and it
is usually very difficult to avoid magnetic inference in the measuring arrangements.
Most importantly, the physical space restrictions imposed by the length of the air-gap
is a major limitation. The air-gap lengths vary from about a fraction of a millimetre
for small machines to little over a millimetre for large machines. In view of the several
difficulties mentioned above, information on the magnetic radial-forces is assessed from
the search-coil signals and the vibration measurements made on the surface of the
machine using piezoelectric vibration accelerometers. Although these are indirect means
of measuring the magnetic radial-forces, both the methods provide very useful

information.

3.3.2 Measurement Set-up

Although a variety of instruments for the measurement of sound and vibrations
are commercially available, there exists a need to develop an experimental set-up that
is particularly suitable for the study of noise and vibration problems of electric machines.
The experimental set-up developed for such purposes is described in the following.

Fig. 3.8 shows the schematic block diagram of the measurement system. This
system acquires signals from accelerometers, microphones and search-coils. Vibration
measurements usually require a modal-analysis which involves the study of the vibration
distribution along the machine or stator surface. To conduct a modal-analysis, it is
therefore necessary to measure the vibration signals from different locations at the same
instant of time. In order to achieve this requirement, a high speed data acquisition board

with the capability of simultaneously acquiring data from the various channels is used.
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In the case of microphones, the experimental arrangement multiplexes sequentially the
microphone inputs and processes the information according to the test-code of a given
standard.

The heart of the data acquisition and measurement system is a high speed data
acquisition board. In the present system, the data acquisition board has the provision for
16 channels of single-ended analog inputs. Further, this board has the data acquisition
speed of 250 kHz for A/D conversion with the resolution of 12 bits. For simultaneous
acquisition, four sample-and-hold amplifiers are used to track and hold the various input
channels while the A/D converter digitizes the amplifier outputs sequentially. Thus, a
maximum sampling frequency of 50 kHz per channel is possible for simultaneous
acquisition from the four channels.

Depending on the span of the search-coil used and the size of the machine, the
voltage at the terminals of the coils may range from 0.2 V to tens of volts. Isolated
wide-band signal conditioning modules, Analog Devices model 3B40/3B41, are used to
condition these signals before they are fed to the A/D converter. These modules are
designed to have a continuous differential input protection of upto 220 V at its input
terminals. A transformer coupling is used in these signal conditioning modules for
stable galvanic isolation between the input and the output. The magnetic coupling
provides a reliable isolation upto 1500 V (peak) between the output and the input. The
signal conditioning module has a plug-on ranging card which houses resistors that
determines its gain.

Piezoelectric accelerometers are used to measure vibrations. The vibration
signals are pre-conditioned using charge-amplifiers. The accelerometers are mounted on
the machine surface using bee-wax. These accelerometers produce a signal proportional
to the acceleration, and have a charge sensitivity of 3.2 pC/ms? and a voltage sensitivity
of 2.71 mV/ms®. For measurement of relative vibrations such as in a modal-analysis,
the use of voltage-amplifiers provides satisfactory results. For an accurate measurement
of the vibration levels, charge-amplifiers are preferred over the conventional voltage-
amplifiers. The output voltage of the charge amplifier is proportional to the charge
applied at the input. Thus, with a charge amplifier the transducer sensitivity is relatively
independent of the cable length [48]. Briiel and Kjer Charge Amplifiers Type 2635 are
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used in the experimental set-up. B&K 2635 is a four stage amplifier consisting of an
input amplifier, low-pass filter amplifier, integrator amplifier and output amplifier. The
overall gain of the B&K 2635 is adjusted in the input and integrator amplifiers in order
to provide a rated output level switchable between 0.1 mV/unit to 1 V/unit in 10 dB
steps. With these nine steps, the output signal level can be adjusted to best utilize the
input requirement of + 10 V for the A/D converter.

Condenser microphones are used in conjunction with microphone preamplifiers
and they are interfaced to the data acquisition board. In addition, provisions are made
to measure the voltage across the stator winding terminals and the currents through them
using the wide-band amplifiers described above. The signals corresponding to the
currents through the stator windings are obtained by sampling the voltage drop across
a calibrated resistance which is connected in series with the stator circuit.

The final step in the measurement process involves the processing of the acquired
signals and displaying the results. The data acquisition board has an on-board memory
which allows storage of 2'® samples without the intervention of the PC's processor. A
continuous data transfer mode is used that allows half of the on-board memory to be
filled while the other half of the on-board data buffer is emptied into the PC-system
memory. This permits the processing of the signals in almost real-time. The software
developed for processing of the signals allows monitoring of the signals in the time-
domain as an oscillogram with a continuous display of its peak and rms values. In
addition, an FFT analysis is used to determine the frequency spectra of the vibration,

sound and the force signals.

3.3.3 Procedures for the Measurements
In the following sections the methods adopted to acquire and process the various
measurement are described. Also, the merits of automation in the measurement process

are discussed.

3.3.3.1 Measurement of Resonant Frequencies
As mentioned earlier, a physical system exhibits two classes of vibrations, namely

free and forced vibrations. Free vibrations take place when a system oscillates under the
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action of the forces inherent in the system. A system, when given an initial disturbance,
will vibrate at one or more of its natural frequencies. These frequencies exists as
properties of the dynamical system and they are determined by its mass and stiffness
distribution. Under free vibrations, the motion will continue ad infinitum in the absence
of damping. Damping, therefore, indicates the nature of the dissipative sources within
the vibrating structure.

Forced vibrations take place under the action of external forces. When the
excitation force is oscillatory, the system is forced to vibrate at the excitation frequency.
If the frequency of excitation coincides with one of the natural frequencies of the
system, the amplitudes of the vibrations could build up to dangerously high levels. As
very well known, this phenomenon is called resonance and the vibration amplitudes at

resonance are limited only by the damping present in the system.

3.3.3.1.1 Magnetic Shaker Excitation

The test model is excited using an electromagnetic shaker, which excites the
model at various frequencies using a pin. The exciter has a linear response from 400 Hz
to 10 kHz. A beat-frequency oscillator together with a power amplifier is used to
energize the coil of the shaker. The frequency of the oscillator can be varied
continuously by linking it to an external drive. To acquire vibration signals, several
accelerometers were mounted at different locations on the surface of the model under
test. The basic method of measurement is similar to that reported in reference [9].

In the previous investigations, the frequency spectrum of the accelerometer signal
was plotted, and the resonant peaks were identified from the plot. In the previous
method, due to the use of point-excitation-system a peak in the plot would be registered
when a harmonic of the fundamental excitation frequency coincides with a resonant
frequency. The various peaks were then individually checked for fundamental excitation
by observing the Lissajous-patterns on an oscilloscope. This procedure was repeated for
several measuring points on the test-model. Only those resonances which showed
persistence over most of the measuring points were recorded as resonances for the test-

model.
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In the present technique, the oscillator signal is acquired along with the signals
from the various accelerometers. The software determines the frequency of the
excitation signal, and the accelerometer signals are then filtered with a constant narrow
width band-pass filter centred at the excitation frequency. Thus, the frequency response
recorded using this technique eliminates the harmonic-resonances of the fundamental
excitation frequency. Further, in the case of laminated stator models localised parasitic
resonances were registered in the resonance plots using the previous technique [39,43].
These parasitic peaks are avoided in the present measuring system by comparing the
acceleration levels at the various measuring locations. A resonance peak is registered
only when two or more accelerometers show an appreciable change in the acceleration
level. The present method has also the advantage of continuously exciting the model at
a desired frequency and to observe the filtered output of upto six accelerometers. This
greatly facilitates the determination of the mode-shape of vibrations at the various
resonant frequencies. To determine the mode-shapes, the model is excited at the
resonant frequency under investigation, and the phase differences in the filtered outputs
of various acceleration signals are then used to find the mode of vibration associated

with that resonant frequency.

3.3.3.1.2 Impulse Response

In the second method for detecting the resonant frequencies, hammer excitation
technique is used to obtain the impulse response. In the theoretical sense, an impulse
is a function of infinite amplitude with virtually zero width. In practice, the model is
struck sharply with a force small enough to elicit a vibration response. Although this
excitation deviates from that of an ideal impulse, it does excite all the significant
resonances of the model. This method provides a quick procedure for finding the
significant resonant frequencies. Since the energy distribution of the forcing spectra is
actually a function of the pulse duration, the resonance amplitudes diminish with
increasing frequencies. The vibration signal is measured with the help of 4 to 6
accelerometers, and the analog signal from one of the accelerometers is used to trigger
the acquisition of the data. The ensuing vibrations are recorded, and the Fourier-analysis

will reveal the significant resonant peaks of the model being tested.
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The magnetic shaker excitation method and the impulse response technique are
used in the present investigations to determine the resonant frequencies and their
associated mode-shapes of electrical machine stators. The results and the comparisons

are provided later in Chapter 5.

3.3.3.2 Measurement of Magnetic Radial-forces

The forces acting on a stator tooth are determined from the information contained
in the induced voltage of a search-coil wound around the tooth. The search-coil which
is placed at the top of the stator tooth, Fig. 3.9, provides information on the magnetic
fluxes entering or leaving the stator tooth. The voltage induced in the search-coil is
proportional to the rate of change of magnetic flux linking with it. The forces acting on
the tooth are proportional to the square of magnetic flux pulsating through the tooth.
Fig. 3.9 shows a part of the cross-sectional view of the machine stator, and explains the
arrangement of the search-coils. The search-coils used have various spans ranging from
the smallest of one tooth-width to the largest of onme pole-pitch. Expressed

mathematically, the voltage induced in a tooth-width search-coil is given by:

e = 21 e,sin(at+y )= —% 2;1 ¢ cos (@ t+y ) (3.12)

where, e, is the n™ harmonic component in the induced voltage at the harmonic
frequency ®, radians/sec. The integration of e, with respect to time will give the net
flux pulsating though the span of the search-coil with a frequency , radians/sec. Since
the tooth-width search-coil is mounted just under the tooth-lips at the surface of a stator
tooth, the signal would provide information on the flux-pulsations through the stator
tooth.

The force acting on a stator tooth can be determined from the well-known

relationship:
B2
F, = —A,,
2o, (3.13)
2u,A,

where, B, and ¢, are the flux-density and the flux pulsating through a stator tooth, A, is

86



Search-coil conductors
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Wedge
insulation

Windings

Stator—core

Back of core

Figure 3.9 : Arrangement of the search-coils in the stator;
(1,2) : search-coil having a span of 1 tooth-width,
(3.4) : search-coil having a span of slot-pitch,
(5,6) : search-coil to sense the flux in the stator-core.

the area of the stator tooth-surface. Using Eqns. 3.12 and 3.13, the net force on the

stator tooth is obtained as the sum of the various force components:

- 2
2u0A,
[ o 2 (314)
Y fensin((ont -¢,) -dt]
F = n=1
' 2uyA,

In an electric machine, the magnetic radial-forces occur at twice the supply
frequency and at higher frequencies depending on the number of rotor slots and the
supply frequency. To obtain the information on the magnetic flux pulsations through a
stator tooth, the integration of the search-coil signal would lead to a low-pass filter
effect. It, therefore, becomes difficult to determine the forces at higher frequencies from
the squared flux-signal. To circumvent this problem, the significant peaks in the
spectrum of the induced voltages are first isolated. The integration process is then
achieved in the frequency domain by dividing the spectral components by their
corresponding angular frequencies. The flux-signal is then squared to acquire

information on the forces acting on a stator tooth.
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3.4 Experimental Results of a 10 hp Squirrel-Cage Induction Motor

In order to verify the validity of the theoretical calculations, and to acquire a
physical understanding of the nature of the radial-forces, extensive experimental
investigations were carried out on a 10 hp, 4-pole, 3-phase squirrel-cage induction motor,
the data for which has been provided in Table 3.1. The machine has 36 stator slots
which contain a double-layer winding connected in star. The rotor cage winding is
placed in 43 semi-closed rotor slots. To investigate the nature of the flux pulsations
through a stator tooth, search-coils having a span equal to the tooth-width were used.
The stator-core is supported by the frame with 8 ribs that are distributed around the
circumference. The motor was isolated from the foundation using rubber pads, and also
a flexible coupling was used to isolate the shaft from the loading device. Further, the
end-shields were removed and the rotor was supported using pedestals on either side of
the stator. This ensured the elimination of any rotor effects which could creep into the
vibration measurements made on the stator. The vibration measurements were made on
the stator frame at locations above the ribs. The test motor and its mounting assembly

is shown in Fig. 3.10.

e

-3 -

Figure 3.10 : Photograph of the test motor and mounting arrangements.
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The oscillograms of the signals measured from a tooth-width search-coil at no-

load and at rated load are shown in Fig. 3.11. The increase of the ripples in the

oscillogram is indicative of the increase in the slot-harmonic components in the induced

voltages with load. Figs. 3.12 and 3.13 show the experimentally measured spectra of

the induced voltages at no-load and full rated load, respectively. An amplitude scale

similar to that used in Figs. 3.1 and 3.2 has also been used here. The various

components have been identified in these figures. A comparison of the spectra of the

voltages induced in the tooth-width search-coil obtained through the theoretical

calculations and the experimental measurements is made in the following:

i)

it)

iii)

All the components predicted by the analysis in the calculated results are
distinctly present in the measured spectra of the induced voltages at no-load and
rated load conditions, respectively. There are additional components which
correspond to magnetic saturation effects in the measured spectra at 7f, 9f, 11f,
and on either side of the slot-harmonic components. In the calculations, only two
harmonic orders of the saturation permeance-wave were considered. The
presence of additional components in the measured spectra reveals that further
orders of magnetic saturation also need to be included.

As explained earlier, the significant harmonic components in the spectra of the
induced voltages are the slot-harmonic components at S1, S2, S3 and S4.
Comparing the calculated and experimental values of the slot-harmonic
components, it is observed that the correlation between the two is better for the
full-load condition. In most cases, the difference between the predicted and
measured amplitudes of the slot-harmonic components is within 5% of the
amplitude of the fundamental component.

Although the form chosen for the saturated wave-shape in the theoretical
calculations is empirical, it does predict with reasonable accuracy the various
components produced due to magnetic saturation effects. Further, since the
terminal voltage is maintained constant at all the load levels the flux-densities
and the level of magnetic saturation remain relatively constant in the theoretical
calculations. This causes the amplitudes of the various saturation harmonic

components in the calculated spectra to assume similar percentage values with
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respect to the fundamental component at the no-load and full load conditions.

In contrast, in the measured spectra noticeable reductions are observed for the

components at 3f, 5f, 7f and 9f from the no-load to the full load condition. Also,

the saturation side-band components that are present on either side of each of the
slot-harmonic components in the measured spectra have higher values than those
predicted by the theoretical model. This suggests that the saturation of the teeth
predominates over the saturation of other iron sections in the magnetic flux path.

Consequently, saturation effects influence the slot-harmonic components

significantly in comparison to the fundamental air-gap field. Hence, different

values for the permeance-coefficients used to model saturation need to be

incorporated in the calculations for the fundamental and slot-harmonic saturation

field components.
The calculated values of the slot-harmonic components are, in general, slightly higher
than those measured because of the insufficient treatment of the magnetic saturation
effects. The experimental investigations suggest that the saturation effects may need to
be revised in the theoretical procedures. As explained earlier in Chapter 2, the accuracy
obtained here in the calculations of the air-gap field amplitudes is satisfactory from the
perspective of noise and vibrations.

The vibration response was obtained by exciting the stator with an
electromagnetic shaker. The stator has three major resonances at 730, 1942 and
2046 Hz. The resonant frequencies of the stator without windings was also
measured [44]. The vibration spectra of the empty stator has a series of sharp peaks
between 6 and 8 kHz. These peaks correspond to the lateral resonant frequencies of the
stator teeth. '

Figs. 3.14 and 3.15 show the spectra of the radial-forces acting on a stator tooth
determined from the information provided by the voltage induced in a tooth-width
search-coil when the machine was operating at no-load and rated load conditions,
respectively. The important slot-harmonic components in the spectra of Figs. 3.14 and
3.15 are identified according to the frequencies at which they occur. In the following,
comparisons are drawn between the calculated and measured spectra of the radial-forces

acting on a stator tooth.
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Here again, all the components predicted by the theoretical calculations are
present in the measured spectra of the forces. There are some additional
components which correspond to magnetic saturation effects in the measured
spectra at 8f, 10f, and those on either side of the slot-harmonic components.
As explained earlier, the significant harmonic components in the spectra of the
radial-forces are the slot-harmonic force components at Fg,, Fs;, Fgi, etc.
Comparing the calculated and experimental values of the slot-harmonic force
components, it is observed that the correlation between the two is better for the
full-load condition as expected. In most cases, the difference between the
predicted and measured amplitudes of the slot-harmonic force components is
within 10% of the amplitude of the fundamental force component at 2f.

The saturation force components at 4f, 6f, and the slot-harmonic side-band force
components have higher values in the measured spectra than those predicted in
the calculated spectra. In the theoretical calculations of the forces, the
circumferential distributions of the forces were also considered. In view of the
increasing flexural rigidity of electrical machine structures to higher modes of
vibrations, only the force components with fewer than 8 pairs of force-poles were
included in the calculation of the force spectra. The effects of saturation on the
fundamental air-gap field produces the force components at 4f and 6f which are
associated with 8 and 12 pairs of force-poles, respectively. Since the forces are
determined through the measurement of flux and flux-pulsations, this may lead
to some discrepancy between the calculated and measured values of the force

components.

Although the measured values of the various force components are smaller than those

calculated, nevertheless the measured spectra confirms the existence of all the predicted

force components.

Figs. 3.16 and 3.17 show the measured spectra of the vibration signals when the

machine was operating at no-load and rated load conditions, respectively. The various

components in the spectra of Figs. 3.16 and 3.17 are identified according to the

frequencies at which they occur. The components near important resonant frequencies

are identified by ®). At no-load operation, only some of the 1¥ and 6™ order slot-
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Figure 3.17 : Measured spectral distribution of the vibrations at full rated load.
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Figure 3.18 : Plot of the variation of the slot-harmonic vibration components
with load, the amplitudes are shown relative to their magnitudes
at no-load.

harmonic components are present in the vibration spectra. The calculated values of lower
side-band of the 1% order slot-harmonic forces, produced due to saturation, have
relatively small amplitudes. Due to their proximity to a resonant frequency at 1200 Hz,
these components acquire large amplitudes in the measured vibration signals. It is
interesting to note that the measured vibration spectra, when the machine was operating
at rated load, indicates the presence of the 1%, 2, 4% 5™ and 6™ order slot-harmonic

components. The 1* order slot-harmonic forces, and its lower saturation side-band force
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components, show an appreciable increase from their magnitudes at no-load. Also, the
2, 4" 5™ and 6™ order slot-harmonic forces have substantially large amplitudes in
comparison to their corresponding magnitudes at no-load. The stator exhibits a
noticeable damping effect on the forced vibrations between 3 and 5 kHz.

The vibration measurements were made with varying load levels between no-load
and full rated load conditions. Fig. 3.18 shows the variation of important slot-harmonic
components in the measured vibration signal with load. The variations are plotted in
terms of their amplitudes at no-load. Most of the slot-harmonic components increase to
about 10 times their amplitudes at no-load. It is interesting to note that the 4™ order

slot-harmonic component increases to about 35 times its no-load magnitude.

3.5 Comments

An analysis of a general nature for the determination of the radial-forces in
induction motors was described in Chapter 2. In this chapter, the analysis is used to
determine the stator and rotor currents, MMF"'s, air-gap fields and the radial-forces for
a 10 hp squirrel-cage induction motor and a 70 kW wound-rotor induction motor. It is
shown that the analysis can be easily extended to incorporate the effects of different
stator winding arrangements, while considering the mutual interactions between the stator
and rotor MMF's. Due to the suitability of the permeance-method, the effects of
magnetic saturation on the air-gap fields and the radial-forces could be conveniently
investigated.

Most of the noise producing electromagnetic forces are produced at the slot-
harmonic frequencies and their saturation side-bands. Theoretical and experimental
results presented in this chapter show that the magnitudes of the slot-harmonic forces
and the ensuing vibrations increase significantly with load. The amplitudes of these
forces are influenced by the stator and rotor winding arrangements. Further, the
circumferential distribution of the noise producing radial-forces depend on the choice of
the stator and rotor slots. Although, in this chapter, the amplitudes and frequencies of
the various radial-forces have been studied to identify the various components in the
vibration spectrum, there exists a need to investigate the vibration response of electrical

machine structures to distributed electromagnetic forces. The first benefit of such a
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study will aid in identifying the significant components from the vast majority of
calculated force components. Secondly, since it may not always be feasible to apply the
condition of isolating the force-frequencies from the resonant frequencies such as in
variable frequency operation of electric motors, it is then essential to determine methods
of rendering some of these force components ineffective in inducing high levels of
vibrations even when it occurs close to resonances of the machine structure. In the
following chapters, the experimental study of the vibration response of electrical machine

stators to electromagnetic forces which are distributed over its entire surface is described.

101



4. ELECTROMAGNETIC SURFACE EXCITATION SYSTEM;
THEORY, EXPERIMENTAL SET-UP, MODELS AND OPERATION

In this chapter, the electromagnetic excitation system for inducing vibrations in
stators of electrical machines using distributed forces is described. After explaining the
theory and the benefits of using distributed forces, the experimental set-up especially
designed and built to achieve the distributed electromagnetic forces is described here.
The chapter concludes with a summary of the capabilities of this electromagnetic

excitation system.

4.1 Introduction

As explained earlier, forced vibrations in a system take place when the system
oscillates under the action of external forces. When the excitation force is oscillatory,
the system is forced to respond at the excitation frequency. If the frequency of
excitation coincides with one of the natural frequencies, resonance is encountered. At
the resonance, the distribution of the vibration displacements assumes well-defined
sinusoidal patterns around the circumference and length of the model. These well-
defined deformation patterns are commonly described as the circumnferential and
longitudinal modes of vibration. The circumferential mode of vibration, n, is defined
as the number of cycles of deformation around the circumference of the model. The
longitudinal mode of vibration, m, is defined as the number of half-cycles of
deformations along the length of the model. The electromagnetic surface excitation
system has been designed to prominently induce vibrations of a particular mode.

In an electrical machine, the electromagnetic forces that induce vibrations in the
stator and rotor of a machine are distributed over the entire surface adjoining the air-gap.
Further, depending on the number of poles of the magnetic fields these forces induce
different modes of vibration. In the conventional methods for experimentally obtaining

information on the resonances and their -associated mode-shapes, a point-excitation
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system is generally used. In the following, the merits and demerits of using a surface

excitation system over a point-excitation system are discussed.

4.2 Theory Underlying the Electromagnetic Surface Excitation System
Practical structures such as stators of electrical machines are commonly analyzed
using vibration system models having multiple degrees of freedom [41,49,50]. The
properties of a continuous structure can be simulated to any desired accuracy by a
system possessing a finite number of degrees of freedom. Each of these degrees of
freedom corresponds to a natural frequency and its associated mode-shapes. Each
natural frequency and the associated mode-shape can be examined individually.
Considering a system with two degrees of freedom as shown in Fig. 4.1, the equations
of motion of the system are:
mX; + (C+C,)X; - C %, + (K + k)%, -k, %, = F,,
m,&, + (C,*C3)%, - €, %X, + (k, +k3)x, -k x; = Fy,

which can be written in a matrix form as:

(4.1.a)

m, 0 |[%] jerre, -6 |[%) (ki+k, -k, x| (F, (4.1.b)
0 m,||%, €, GG % ko Kk )% F.)
— F, — F,

k1 kz k3
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Figure 4.1 : A vibratory system with two degrees of freedom.
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[m]x+[c]x+[k]x = [F]. (4.1.c)
Neglecting the effects of damping, the natural frequencies and the associated
mode-shapes of the system can be easily determined. The effects of damping are
discussed later in the next section. The equations of motion, therefore, reduce to:
[m]x +[k]x =0. (4.2.a)
Assuming a harmonic motion, i.e. X; = -A;X;, where A; = 0}12, and @; is the angular
frequency of oscillation. Eqn. 4.2.a can be rewritten as:

[-A[m]+[k]] x =0, (4.2.b)
[[m]?[k]-A[I]]x =0, 4.2.0)

where [I] is an identity matrix. For the set of equations in Eqn. 4.2.c, it is well known

that a non-trivial solution exists if the determinant of the coefficients is zero. Thus:

|[m]™ [k] - A[T]| - 0. (43)

Eqn. 43 is called the characteristic equation of the system. The roots of the
characteristic equation are called eigen-values, and the undamped natural frequencies are

determined from the relationship:

A= @l 44)

The eigen-vectors for the system in Eqn. 4.2.c, correspond to the deformation pattern of
the structure for the corresponding natural frequencies [41,49]. A system with n degrees
of freedom will have n eigen-values and n corresponding eigen-vectors. A particular
eigen-value and the eigen-vector will satisfy Eqn. 4.2.c, giving:

[k]{®;} = A[m]{&} . .3)
where {¢;} is an eigen vector corresponding to A;. Premultiplying both sides with the

transpose of another mode-shape vector {¢;}, we get:
(@)T[K]{¢y) = {8} [m] {4} (4.6)

Similarly, the equation for the jth mode can be premultiplied by the transpose of the i

mode, and it is given as:
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@) k1) = A 8) [(m] {8} @.7)

As [m] and [k] are symmetric matrices,
@7kl {8} = () (K] {8}, 4.8)
@} (ml @} = )7 [m] &) -9)
Subtracting Eqn. 4.7 from Eqn. 4.6 yields:
0 = (A -4){#)  [m] ), (4.10)

implying that when A; # A, (i.e. considering two different natural frequencies),
#)TIm1(8) - 0. .10
. . T _
Similarly,  {¢;}" [k]{#)} = 0. (4.12)
Eqns. 4.11 and 4.12 define the orthogonal properties of the mode-shape vectors with
respect to the system mass and stiffness matrices, respectively. In Eqn. 4.10, if i=j, then

the two mode vectors are not necessarily orthogonal. Therefore Eqns. 4.11 and 4.12 are

equal to some scalar constant other than zero. Therefore:
@) mlg) - M, @13
{¢i}T[k]{¢i} =K =M = “JizMi ’ (4.14)

where M; and K| are called the generalized mass and stiffness, respectively.

4.2.1 Modal-analysis

The equations of forced motion neglecting the effects of damping are rewritten

[m]{&} « [k]{x} = {F}. (4.15)

In solving the above equations for the response {x} for a particular set of exciting
forces, the major obstacle encountered is the coupling between the equations. In
Eqn. 4.15, it can be seen that while the stiffness matrix is symmetric it is not diagonal

resulting in an elastic coupling.
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If the system of equations can be uncoupled so that one can obtain diagonal mass
and stiffness matrices, then each equation will be similar to that of a single degree of
freedom system. These equations can be solved independently of each other. The
process of deriving the system response by transforming the equations of motion into an
independent set of equations is called modal-analysis [41].

The required co-ordinate transformation is one that decouples the system mass
and stiffness, and therefore it yields diagonal mass and stiffness matrices. The
orthogonal properties of the mode-shapes are used for this purpose. The {x}
co-ordinates are transformed to {n} using the following relationship:

x} = [6]m}, (4.16)
where [¢] = [¢;, Oz, ..., 9] is referred to as the modal matrix and {n} is called modal
co-ordinates. Therefore, rewriting Eqn. 4.15 with respect to the new co-ordinates, we

get:
[m]{x} +[k]{x} = {F}, (4.17.2)

[m][o]{X} + [k][#]{n} = {F}. (4.17.b)

Premultiplying both sides by the transpose of the modal matrix (6], we obtain:

[617[m][61{x} + [6]"[k][®]{n} = [¢]" {F}. (4.18)

Eqn. 4.18 represents a set of equations of the form:

Miﬁi +Ki17i = {¢i}T {F} = Fi’ 4.19)
where each equation represents a single-degree of freedom system, M; and K; are the i

modal mass (generalised mass) and i modal stiffness (generalised stiffness),
respectively. Eqn. 4.19 forms the basis underlying the use of distributed force excitation
of structures. Thus, if the excitation force is chosen such that it resembles a particular
mode of vibration, the system response will be similar to that of a system with a single
degree of freedom. This would permit each of the resonant frequencies to be
individually examined.
The analysis presented in this section is summarised in the following:
@) If the excitation force is oscillatory, the system is forced to respond at the
excitation frequency. Resonance will occur when the frequency of excitation

coincides with one of the natural frequencies of the vibrating structure.
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(ii)  The deformation patterns at resonance are called the mode-shapes of vibration.
The orthogonal properties of the mode-shape vectors are used to diagonalise the
mass and stiffness matrices.

(iii) Eqn. 4.19 forms the basis underlying the use of distributed force excitation of
structures. When the distribution of the excitation forces is chosen such that it
resembles a particular mode of vibration, the system response will be similar to
that of a system with a single degree of freedom. This process of isolating the

resonances would permit each of the resonances to be individually examined.

4.2.2 Vibration Damping Effects

The assumption, heretofore, that the vibrating system has no internal damping is
only hypothetical. There are several types of damping that are present in the real
systems, and they are commonly classified as viscous, hysteresis, frictional, aerodynamic,
etc. Although it is very difficult to ascertain the nature of damping present in a system,
certain simplifying assumptions can be made to account for them. First, it is assumed
that the distribution of the damping is proportional. By proportional damping it is
implied that the damping matrix [c] is proportional to the stiffness matrix (k] or the mass
matrix [m], or to some linear combination of the two. Therefore,

[c] = e[m]+B[k], (4.20)
where o and P are some constants. Due to the assumption of proportional damping, the
co-ordinate transformation that diagonalises the mass and stiffness matrices will also
diagonalise the damping matrix. Thus the coupled equations of motion for a
proportionally damped system can be uncoupled to many single-degree of freedom

systems as:

M;ii, + Ci, + Kim = {8} {F} = F,. 4.21)

When the damping matrix is not proportional to the mass or the stiffness matrix,
it cannot be diagonalised using the modal matrix. Hence, the equations of motion for
a non-proportionally damped system cannot be uncoupled. Damped vibration modes do
exist for non-proportionally damped systems [41]. For non-proportionally damped

systems, the vibration modes in the presence of damping are different from the
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undamped vibration modes. This difference is manifested by the fact that for undamped
natural modes, all points on the structure pass through their equilibrium positions
simultaneously, which is not the case for the complex modes associated with non-
proportionally damped systems.

For the undamped modes, various parts of the structure move either in phase or
180° out of phase with respect to each other. In the case of non-proportionally damped
structures, there are other phase differences between the various parts of the structure,
which result in complex mode-shapes. This difference in the vibration response at a
resonance is manifested by the fact that for undamped modes all points on the structure
pass through their equilibrium positions simultaneously, which is not the case for the
complex modes. Thus, the undamped modes have well-defined nodal points and appear
as a "standing wave", while for complex modes the nodal points are not stationary [41].

The vibration response of a continuous structure, i.e. a multiple degree of
freedom system, to any force can be represented by the superposition of the responses
in its individual modes, considering each mode to respond as a single degree of freedom
system. The forced vibration response of a continuous structure can therefore be
obtained in terms of its modal parameters provided the mass, damping and stiffness of
the structure are accurately known. It is sufficient to know the mass and the stiffness
of the structure to satisfactorily determine the natural frequencies of the structure. For
the determination of the forced response, it is additionally required to know the damping
present in the structure. In general it is very difficult to determine the type of damping
present in a structure, however it can be deduced with reasonable accuracy from the
experimental data. The previous studies of machine stators, references [9,43,51],
indicate the presence of well-defined mode-shapes at the various resonant frequencies,

thereby indicating the presence of proportional damping.

4.2.3 Benefits of a Surface Excitation System

A vibration response test involves the quantitative measurement of the effect of
a vibratory force on a structure. If the structure is linear and elastic, and excited by a
sinusoidal force, then the resulting vibratory motion will be directly proportional to the

exciting force and at the same excitation frequency. Measurement of the exciting force
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and the resulting motion at a number of points over a range of frequencies would be
sufficient to describe the vibratory behaviour of the structure.

The first part of information that can be extracted from the vibration response is
the natural frequencies of the structure. It can be shown theoretically [40,49] that the
peaks in the vibration response will be displaced slightly from the undamped natural
frequencies due to the effect of damping. The second part of information is the amount
of damping at a particular mode. This is usually determined by the sharpness of the
resonant peaks, and it is measured in terms of the loss-factor. The loss-factor is defined
as the ratio of the -3 dB (half power level) bandwidth to the centre frequency.
Generally, the use of point-excitation may be sufficient to draw these inferences from
the vibration response of a lightly damped structure, whose natural frequencies are
widely spaced. However, such a test is not very suitable for actual stator models as they
possess significant amount of damping and may also have resonant frequencies very
close to each other [9,51,52].

To mitigate some of these difficulties, a distributed force excitation is preferred
over the single point-excitation. By using a distributed excitation force, a larger amount
of energy can be fed more uniformly into the structure. This is especially true for
laminated stators where the vibration energy is quickly dissipated within the structure
producing widely different vibration amplitudes at various locations. Further, a
particular mode of vibration at a resonant frequency can be isolated with the use of a
distributed force. The distributed force is chosen such that only the mode of interest is
dominantly excited in that frequency range. The structure would then respond only in
that principal mode as a single degree of freedom system, and the modal parameters can

be easily determined.

4.3 Stator Models

The electromagnetic surface excitation system is used to test the vibration
behaviour of two stator models. Model I is a smooth thick cylindrical shell made of
mild steel. The model is shown in Fig. 4.2, and its dimensions are also given in
Table 4.1. The dimensions of this model are exactly the same as the stator of an actual

4-pole, 550 V, 120 hp induction motor. The Model II is made from about 1090 stator
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laminations, which were punched for the 120 hp induction motor mentioned above. The
details of the laminations used in Model II are shown in Fig 4.3, and its dimensions are
provided in Table 4.1. The laminations are held together with the help of eight bolts
placed equidistantly along the circumference, and two end pressure-plates. These end
pressure-plates are slotted to form teeth which match with that of the stator laminations.
Photographs of Model I and Model II are given in Figs. 4.4 and 4.5. 14 gauge copper
wires are installed in the slots of Model II so that they resemble the actual windings
installed in an electrical machine stator. In order to avoid any possible asymmetries, the

overhang sections of the windings have been trimmed off in Model II.

4.4 Electromagnetic Surface Excitation Set-up

A rotor was designed and built, having special constructional features, to house
the windings required to excite the stator models using distributed electromagnetic
forces. The physical details of the rotor structure are also provided in Table 4.1. The
windings that are installed on the rotor are designed to induce the circumferential modes
n=0, 1, 2, 3 and 4 of vibrations. For this purpose, two separate windings, one with 2
magnetic poles and the other with 4 magnetic poles, are installed on the rotor. The
windings are so designed that there is virtually no mutual inductive coupling between

these two windings. This allows simultaneous operation of both the windings.

4.4.1 Design of the Rotor Structure

The constructional features of the rotor structure are shown in Figs. 4.6 and 4.7.
The rotor body is formed by stacking the laminations of the 120 hp induction motor
rotor on the shaft. The laminations are compressed using two non-magnetic steel end-
pressure plates. Grinding on the body of the rotor was done to obtain the required
outside-diameter. In order to meet the stringent power requirement of windings, the air-
gap length between the stator and rotor is kept small. To overcome the difficulty of
assembling the set-up, an elaborate mounting arrangement, which includes rails and
pedestals, was designed and built. The stator and rotor structures are seated on rubber
pads to avoid any vibration transmission through the supporting structure.
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Figure 4.2 : Dimensions of the 120 hp stator-shell, Model L.

Figure 4.3 : Details of the 120 hp induction motor stator laminations used in
Model II.

111



Figure 4.5 : Photograph of Model II.
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Figure 4.6 : Front and side-views of the rotor.

Figure 4.7 : Photograph of the rotor.
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Table 4.1 : Salient dimensions of the Stator models and the rotor.

Outside Diameter of Stator Shell-model, mm 476.1
Outside Diameter of Stator, mm 476.1
Length of Stator Shell-model, mm 5229
Length of Stator, mm 522.9
Stator-shell bore diameter, mm 316.9

| Stator bore diameter, mm 316.9

" Outside diameter of rotor, mm 314.706
Air-gap length, mm 1.097
Length of rotor, mm 5334
Weight of rotor structure, kgs 327.27

| Weight of Stator Shell-model, kgs 404.40
Outside diameter of Shaft, mm 111.125
Length of Shaft, mm 1143
Number of Slots on Stator 72
Number of Slots on Rotor 56

4.4.2 Details of Rotor Windings
As mentioned earlier, the windings are installed in the rotor to produce
distributed electromagnetic forces which induce n =0, 1, 2, 3 and 4 modes of vibration.
The two windings produce pulsating magnetic fields having 2 and 4 poles, respectively.
Let the 2-pole winding produce a magnetic field in the air-gap having a

maximum flux-density of B 2 Thus, the air-gap flux-density distribution due to 2-pole
winding is given by:

B(6,t) = B, cos(#) cos(w,,t), (4.22)

where B(8,t) is the net air-gap flux-density distribution due to the 2-pole winding.
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Similarly, let the 4-pole winding produce a magnetic field in the air-gap having

a maximum flux-density of B ap- Thus, the air-gap flux-density distribution due to the
4-pole winding is given by:

B(8,t) = B, cos(26) cos(w,,t), (4.23)

where B(0,t) is the net air-gap flux-density distribution due to the 4-pole winding.
These windings can be excited separately, or can be excited simultaneously. For
the case, when both the windings are excited together, the net air-gap flux-density is

given by:
B(6,t) = B,, cos(8) cos(w,,t) + B, cos(26)cos(w,,t). (4.24)

The forces acting on the stator surface due to the presence of the magnetic field are
given as:
2
F(o,1) = [BOD (4.25)
2u,
Substituting Eqn. 4.24 in Eqn. 4.25, the net force-distribution acting on the stator surface
is given by:
B,,

F(0,t) = m[l +0s(20) +cos(2w,,t) +c0s(28) cos(2w,,t) |

2
+ B“"[1 +c0s(40) + cos(2w,,t) + cos(48) cos(2w,,t) |
8u P P
0 (4.26)

B, B,
+ _241”'0—"[cos(l))cos[(mzp + @,,)t] + cos(8) cos[(@,, - 0,,)t]]

. _B%?j_p[cos(3g) COS[ (@5, + @ ;)] + 005 (30) cos[(@,, - ©,,)t] .
0

The various terms in Eqn. 4.26 are rearranged according to the mode of vibration they
will induce, and they are listed in Table 4.2. It can be seen from Table 4.2 that for each
mode there exists two force components. For modes n = 0, 2 and 4, only one winding
needs to be used. To induce vibrations of modes n=1 and n=3, both the windings are

excited using the same frequency. This would produce the desired force components at
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Table 4.2 :  List of force components due to the presence of a 2-pole and 4-pole
magnetic field distribution in the air-gap.

Mode, n | Frequency, Hz | Magnitude, N Source
0 2f,, (ﬁzp)z / (81,) 2-pole winding
0 2f,, (’]‘34p)z / (8) 4-pole winding
1 £ + Iy 'ﬁzpﬁ4p ! (4415 2- & 4-pole windings
1 fop - £ %Zpﬁ‘tp / (4u,) 2- & 4-pole windings
2 2f,, ('ﬁzp)Z / (8uy) 2-pole winding
3 £, + £, 'szﬁdp / (4u,) 2- & 4-pole windings
3 fop - 'szﬁ4p ! (4uy) 2- & 4-pole windings
4 2f4p (§4p)2 / (8[,[0) 4-p018 Wmding

twice the excitation frequency. The other force components which are also produced
corresponding to the difference terms in Eqn. 4.26, result in a non-pulsating or time

independent steady force.

The amplitudes of the air-gap flux-densities, B, and B, , are chosen such that

they would be sufficient to induce an appreciable level of vibrations in the stator models.
It is desirable to keep the air-gap length as small as possible to alleviate the load on the
power supply. In view of the physical constraints imposed by the stator models and the
rotor with respect to their size and weight, the air-gap length was set to be 1 millimetre.
After careful considerations with respect to the high frequency limit imposed by the
power supply, it was chosen to have a nominal value for the maximum amplitude of air-
gap flux-density at 0.05 Tesla. It was, therefore, possible to excite the stator models
with a sinusoidally distributed force having a maximum amplitude of about 15 Newtons.
At lower frequencies, it is possible to circulate higher currents through the windings and

thereby achieve higher values of the air-gap flux-densities, and hence the forces acting
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on the stator-models.

As mentioned earlier, two separate windings having 2 and 4 magnetic poles are
installed on the rotor. These windings are energised using a single-phase variable-
frequency power supply to produce the required pulsating force-distributions. Further,
provisions are also made to connect the coiis of the windings in a 3-phase configuration.
The 3-phase windings are energised from a 3-phase variable-frequency power supply to
produce rotating force-distributions capable of inducing vibrations of modes n=2 and
n=4. The design details of the coil-arrangements and their connections are provided in

Appendix C.

4.5 Analysis of the Distributed Forces

In this section, the winding arrangements used for inducing vibration modes of
n=0 to n=4 are analyzed. The force-distributions, thus produced, are calculated and
analyzed to determine its suitability for the electromagnetic surface excitation system.
In addition, the rotating force-distributions obtained by using the 3-phase connections

of the 2-pole winding are also analyzed.

4.5.1 Pulsating Forces for Mode n=2 Vi.brationS

The pulsating force-distribution needed for inducing the n=2 circumferential mode
of vibration is obtained by energising the 2-pole winding from a single-phase supply.
The force-distribution produced with this configuration is stationary, and the forces thus
produced pulsate at twice the frequency of the power supplied to the 2-pole winding.
The various coil-groups shown in Fig. C1 are connected in series, and a current of
constant value of 2.5 Amperes is maintained through the 2-pole windings while the
supply frequency is varied from 200 Hz to 5 kHz. This frequency range of the power
supply corresponds to a frequency range of 400 Hz to 10 kHz for the forces.

The important information for the operation of the 2-pole winding in this
configuration is provided in Table 4.3. The air-gap MMTF, the resulting flux-density and
the associated force-distribution were calculated, and they are shown in Fig. 4.8. The
x-axis in Fig. 4.8 represents the circumferential location and it is denoted in terms of the

rotor slot-numbers from | to 56. The vibration measurements are made on 16
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Table 4.3 : Salient calculated information for the 2-pole winding.

Salient Details of 2-Pole Winding
Number of turns per coil 2
Number of coils connected in parallel per slot 24
Maximum value of the air-gap flux-density produced, Tesla 0.088
Total current drawn from the power supply, Amperes 2.5
Net terminal inductance of winding, mH 26.2
Maximum value of the force acting on the rotor tooth, Newtons 57.24
Force acting on the rotor teeth under a pole, Newtons 535.61
Total force acting on the—Stator model, Newtons 1071.23

equidistant points along the outside circumference of the stator models, and their
locations are identified in Fig. 4.8. Since the forces are produced on the rotor teeth, the
force-distribution is shown in terms of rotor tooth numbers in Fig. 4.8.c.

Since the magnetic flux produced under the north-pole is same as that under the
south-pole, the important orders of the space-harmonics in the flux-density distribution
will be of odd orders. They are of orders 3, 5, 7, etc. The 3™ order space-harmonic will
have three times the pairs of poles as that of the fundamental field, thereby it produces
a force component that will induce n=6 mode of vibration. Similarly, the 5* and 7*
order space-harmonic components will induce circumferential modes of n=10 and n=14,
respectively. The deflections produced on the stator are inversely proportional to the 4"
power of the mode of vibration [13]. The magnitudes of the 3, 5%, and 7* order space-
harmonics are much smaller than the fundamental component. Therefore the effects of
the space-harmonics in the force-distribution will be minimal, and they can be neglected.

The force acting on a rotor tooth is proportional to the square of the flux-density
at the location of the tooth. Since the air-gap flux-density distribution consists of the

fundamental and the various space harmonics, the force-distribution will have additional
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Figure 4.8 : Air-gap MMF, flux-density and radial force-distributions produced by
the 2-pole winding.
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Figure 4.9 : Fourier components in the circumferential distribution of the pulsating
forces produced by the 2-pole winding.

components corresponding to the interaction terms in the expansion of square function
of the flux-density. The interaction between the fundamental and the space-harmonic
flux-density components will produce force components with 4, 8, 10, etc., pairs of
force-poles. Fig. 4.9 shows the Fourier components in the circumferential distribution
of the forces. Further as explained in Appendix D, the pairs of force-poles correspond

to the associated mode of operation.

4.5.2 Pulsating Forces for Mode n=4 Vibrations

The pulsating force-distribution required to induce the n=4 circumferential mode
of vibration is obtained by energising the 4-pole winding from the single-phase supply.
The force-distribution produced with this configuration is stationary, and forces that are
produced pulsate at twice the frequency of the power supply. The various coil-groups
of Fig. C2 are connected in series, and a current of 5 Amperes is maintained constant
through the 4-pole winding while varying the frequency from 200 Hz to 5 kHz. This
frequency range of the power supply provides a frequency range of 400 Hz to 10 kHz
for the forces.

The important information for the operation of the 4-pole winding in this
configuration is provided in Table 4.4. The air-gap MMF, flux-density and the
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Table 4.4 : Salient calculated information for the 4-pole winding.

Salient Details of 4-Pole Winding
Number of turns per coil 2
Number of coils connected in parallel per slot 24
Maximum value of the air-gap flux-density produced, Tesla 0.088
Total current drawn from the power supply, Amperes 5.0
Net terminal inductance of winding, mH 15.1
Maximum value of the force acting on the rotor tooth, Newtons 57.24
Force acting on the rotor teeth under a pole, Newtons 269.85
Total force acting on the Stator model, Newtons 1079.41

associated force-distribution were calculated and these are shown in Fig. 4.10. The
circumferential distribution of the forces is also shown in polar co-ordinates in
Fig. 4.10.d.

The Fourier components in the circumferential distribution of the forces produced
by the 4-pole winding is shown in Fig. 4.11. It should be observed that the total force
exerted on the stator in both the cases of modes n=2 and n=4 is kept approximately
same. This ensures that the amount of total vibrational energy fed to the stator is

virtually kept at the same level.

4.5.3 Pulsating Forces for Modes n=1 and n=3 Vibrations

Due to the constraints of space in the rotor slots, no separate winding
arrangements were installed for producing a force-distribution with 1- or 3- force-poles.
However as explained in Section 4.4.2, a combined excitation of existing 2-pole and 4-
pole windings can be used to obtain the force-distribution necessary to induce n=1 and
n=3 circumferential modes of vibrations. The coil-groups in the individual windings
were connected in series. A current of 1.25 Amperes was maintained through the 2-pole

winding, while the current through the 4-pole winding was maintained constant at
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Figure 4.10 : Air-gap MMF, flux-density and radial force-distributions

produced by the 4-pole winding.
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pulsating forces produced by the 4-pole winding.

2.5 Amperes throughout the frequency range of 200 Hz to 5 kHz. The air-gap MMF,
flux-density and force-distribution produced by the combined excitation of the 2-pole and
4-pole windings were calculated and these are shown in Fig. 4.12. Fig. 4.12.d shows
the circumferential distribution of the forces in polar co-ordinates. Fig. 4.13 shows the
Fourier components in the circumferential distribution of the forces. This arrangement
produces force-distributions giving rise to mode n=1 and mode n=3 vibrations, having

amplitudes of about 8 and 7 Newtons, respectively.

4.5.4 Rotating Forces for Mode n=2 Vibrations

The coils of the 2-pole winding were connected in a 3-phase configuration in
order to produce a rotating force-distribution with 2 pairs of force-poles. The coils of
the 2-pole winding is connected in accordance to the winding diagram provided in
Appendix C, Fig. C4. The three phases are connected in star, and a current of
4.71 Amperes was maintained through each of the phases when the frequency of the
supply is varied from 200 Hz to 5 kHz. The air-gap MMF, flux-density and the
associated force-distribution were calculated and they are shown in Fig. 4.14. Again,
the circumferential distribution of the forces is shown in polar co-ordinates in

Fig. 4.14.d. The Fourier components in the circumferential distribution of the forces
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2-pole and 4-pole windings.

produced by the 3-phase connections of the 2-pole winding are shown in Fig. 4.15. This
arrangement produces a rotating force-distribution with 2 pairs of force-poles having an

amplitude of 30 Newtons.
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configuration.
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4.6 Summary

In this chapter, the basis underlying the modal-analysis is described. To conduct
a modal-analysis on the stator models of a 120 hp induction motor, force-distributions
over the entire surface of the stator model are used. The desired force-distributions are
achieved by electromagnetic excitation of specially designed windings. The
experimental arrangements involve the design and construction of a rotor which houses
a 2-pole and a 4-pole winding. The electromagnetic forces produced have distributions
which help in selectively exciting resonances of the stator models. Using the
experimental set-up described in this chapter it is possible to induce vibrations of modes
n=0, 1, 2, 3, and 4 in the stator models. In the next chapter, the results of the
experimental investigations on the vibration behaviour of the two stator models using the

distributed electromagnetic forces are described.
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5. EXPERIMENTAL INVESTIGATIONS ON THE
VIBRATION BEHAVIOUR OF THE INDUCTION
MOTOR STATOR MODELS

The experimental results of the investigations conducted on the 120 hp induction
motor stator models using impulse and distributed electromagnetic forces are presented
in this chapter. Additionally, the resonances of the rotor structure were determined using
a magnetic shaker, and these investigations are reported in detail in Appendix E. In
Chapters 2 and 3, the spectra of force-components for squirrel-cage and wound-rotor
induction motors were presented. It was observed that a multitude of force-components
were present at the various frequencies. To keep the analysis simple and manageable,
it is often necessary to identify the significant force-components with respect to their
ability in inducing vibrations in the stator of an electrical machine. The important
attributes of the various force-components are their amplitudes, circumferential
distribution and the frequencies at which they occur. The importance of these aspects
are closely examined in this chapter.

As explained earlier, it is not possible to avoid excitation of all the resonances
of the machine structure under certain operating conditions, in particular the variable
frequency operation. In general, it is only when resonances are excited which produce
high levels of vibrations creating the vibration and noise problems. One of the
objectives of these investigations is to find the importance of the force-distribution on
the vibration behaviour at a resonance. It, therefore, involves an examination of the
correlation between the circumferential distribution of the forces and the circumferential
mode of vibration associated with the resonance.

In the modelling of vibration systems, it is essential to know the damping present
in the system under investigation. It is often difficult to theoretically model the amount
and type of damping present in practical structures. Hence, one has to frequently resort
to the experimental information. For the accurate experimental determination of

damping, ideally it is required to excite the vibrating structure at each of its resonances
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individually. Since each resonance of a practical structure is associated with different
circumferential and longitudinal modes of vibration, the selective excitation is of benefit
and it is possible with the use of the distributed electromagnetic forces described in the

previous chapter.

5.1 Vibration Response of the Stator-Shell Model

The first model tested under the various force-distributions is the smooth stator-
shell model, which has been described in the previous chapter. From the perspective of
vibration analysis, the stator-shell is a simple model which permits the desired
experimentation with considerable ease. Since the stator-shell model is a solid steel
structure, the damping present in this structure would be small. The resonance peaks in
the vibration response are expected to be distinct and the amount of force required to

dominantly excite the structure at the resonances would be small.

5.1.1 Impulse Response

The impulse response of the stator-shell model was measured by striking the
model lightly at a location on the centre-plane. The ensuing vibrations were also
measured on the centre-plane. All the resonances with anti-symmetric longitudinal
modes of vibrations, i.e. m=1,3,5, . . ., will have a node of vibration on the centre-plane
of the model, while the resonances with axi-symmetric longitudinal modes will have an
anti-node on the centre-plane of the stator-shell. Further, the circumferential location of
the excitation and also the measurement location are so chosen that they would be near
an anti-node of vibration for all the axi-symmetric resonances. Using a Fourier-analysis
of the measured signal, the spectral composition of the vibration acceleration is
determined. The impulse response of the stator-shell model when it was excited and
measured on the centre-plane is shown in Fig. 5.1. The amplitudes of acceleration levels
are plotted on a logarithmic scale versus frequency. The acceleration amplitudes are
shown in mm/sec?, and also in dB relative to 1072 mm/sec’.

The resonances of the stator-shell model were investigated in detail and the
experimental results were obtained using the point-excitation technique by the authors

in references [51,53]. The impulse response technique is an elegant and fast procedure,
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and it provides good results for lightly damped structures [43]. The response of any
vibration system to an impulse excitation will be to excite all its significant resonances.
The various peaks in the impulse response, therefore, correspond to the resonances of
the stator-shell model. These peaks correspond very well to the resonances reported by
the authors in references [51,53]. Table 5.1 lists the resonances of the stator-shell model
investigated in this study. These resonances are selected such that they represent
resonances of circumferential modes n=0 to 5. Further, for each of the circumferential
modes of vibration an axi-symmetric and an anti-symmetric resonances are chosen. The
various peaks of interest in the impulse response are identified according to the item
serial numbers given in Table 5.1. As expected, it is evident from the impulse response
shown in Fig. 5.1 that the axi-symmetric resonances of the stator-shell model are quite

pronounced, i.e. resonances corresponding to items # 1, 4, 6, 7,9 and 11.

Table 5.1 : Selected resonances and associated modes of the stator-shell model.

S.No. | Frequency, | Circumferential | Longitudinal Type
Hz mode, n mode, m

l 1242 2 0 Axi-symmetric
2 1432 2 1 Anti-symmetric
3 3032 l | Anti-symmetric
4 3197 3 0 Axi-symmetric
5 3432 3 1 Anti-symmetric
6 3456 1 2 Axi-symmetric
7 3942 0 0 Axi-symmetric
8 4154 0 | Anti-symmetric
9 5513 4 0 Axi-symmetric
10 5729 4 1 Anti-symmetric
11 8012 5 0 Axi-symmetric
12 8193 5 1 Anti-symmetric
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Fig. 5.2 shows the impulse response of the stator-shell model when it was excited
on an off-centre plane. In this case, the vibration measurements are made away from
the centre-plane of the shell. Here, resonances with both axi-symmetric and anti-
symmetric longitudinal modes are excited well. The resonant peaks of interest are again
identified according to Table 5.1.

5.1.2 Response to 2 Pairs of Force-Poles Pulsating Force Excitation

The stator-shell model was excited using the force-distribution produced by the
2-pole winding when it was energised from a variable-frequency single-phase supply.
The vibration measurements were made on the centre-plane and also on an off-centre
plane. The corresponding spectra of the measured vibration acceleration signals are
shown in Figs. 5.3 and 5.4, respectively. The spectra are plotted in similar manner as
that of the impulse response. The various resonant peaks are again identified according
to Table 5.1. The amount of vibrational energy injected into the stator-shell with the
distributed electromagnetic forces is much higher than that injected with the impulse
excitation. Consequently, the vibration accelerations measured are about 20 dB or ten
times greater than those measured using the impulse excitation.

One of the benefits of inducing higher levels of vibrations in the stator model is
that the resonance peaks are very well defined and their peak amplitudes are much
greater than the ambient noise present in the acceleration signal. Further, as expected
the peaks corresponding to the anti-symmetric resonances # 2,3.5,8,10 and 12 have very
small amplitudes when the measurements are made on the centre-plane. These anti-
symmetric resonances have significantly higher amplitudes when measured on the off-
centre plane, except for anti-symmetric resonance #12 which had a node of vibration
close to the measurement location. In general, it is observed from the spectra of
Figs. 5.3 and 5.4 that in this excitation configuration the resonances associated with
circumferential modes of 0, 2, and 4 are excited well. The resonance peaks
corresponding to modes n=1, 3 and 5 have relatively smaller amplitudes. More detailed

comparisons of the various spectra are provided later in this chapter.
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5.1.3 Response to 4 Pairs of Force-Poles Pulsating Force Excitation
Vibration measurements were made on the stator-shell model when it was excited

using the 4 pairs of force-poles pulsating force-distribution, which was produced by

energising the 4-pole winding from a single-phase variable-frequency supply. Again, the
vibration measurements were made on the centre-plane and also on an off-centre plane.

The corresponding spectra of the measured vibration acceleration signals are shown in

Figs. 5.5 and 5.6, respectively. These spectra are plotted similar to the earlier plots, and

the various peaks have been identified.

Comparing the spectra of the induced vibrations in Figs. 5.5 and 5.6 with those
measured using the 2-pole winding, i.e. Figs. 5.3 and 5.4, the following observations are
made:

(@) It is observed that the ambient level of vibrations at frequencies away from the
resonance peaks has increased. For the frequency range of 1500 Hz to 3000 Hz,
the vibration levels measured using the 4-pole winding are about 20 dB higher.

(i)  As expected, the vibration levels at the resonance peaks corresponding to
circumferential modes n=0 and 4 are prominent. It is interesting to note that in
this excitation configuration, the resonances corresponding to n=3 and n=5
circumferential modes of vibration are excited better than with the 2-pole
winding. In comparison to the previous case, some of the peaks in these two

spectra are flattened.

5.14 Response to 1 and 3 Pairs of Force-Poles Pulsating Force Excitation
Vibration measurements were also made on the stator-shell model when it was
excited using the 1 and 3 pairs of force-poles pulsating force-distributions which were
produced by energising the 2-pole and 4-pole windings simultaneously from a single-
phase variable-frequency supply. Here again, the vibration measurements were made on
the centre-plane and also on an off-centre plane. The corresponding spectra of the
measured vibration acceleration signals are shown in Figs. 5.7 and 5.8, respectively.
These spectra are plotted in the same manner as the earlier plots, and the various peaks

have been identified.
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Comparing the spectra of the induced vibrations shown in Figs. 5.7 and 5.8 with
those measured using the 2-pole and 4-pole windings, i.e. Figs. 5.3, 5.4, 5.5 and 5.6, the
following observations are made:

@) It is observed that the ambient level of vibration at frequencies away from the
resonance peaks are similar to those measured with the 2-pole winding
arrangement.

(i1) As expected, the resonances corresponding to circumferential modes n=0, 1 and
3 are prominently excited. In this excitation configuration, the resonances
corresponding to mode of n=5 vibrations are also very well excited. However,
since the force-distribution produced by using this arrangement has Fourier-
components corresponding to 2 and 4 pairs of force-poles, the resonances with

n=2 and n=4 modes of vibration are also excited.

5.1.5 Response to 2 Pairs of Force-Poles Rotating Force Excitation

In order to examine the effect of rotation of the force-distributions on the
vibration response of the stator-shell model, the shell model was excited using the 2-pole
winding when it was connected in a 3-phase configuration. The predominant force
component produced using this arrangement has 2 pairs of force-poles and it rotates in
the air-gap at the synchronous speed corresponding to the frequency of the 3-phase
supply. Since the frequency of the 3-phase oscillator in the power supply had to be
manually changed, these tests were conducted only in the frequency range of the selected
resonances. These plots are shown later in the chapter while discussing the damping

present at each of the selected resonances.

5.1.6 Comparison of Vibration Amplitudes at the Resonances

In all the spectra shown earlier, the accelerometer was placed at a fixed location
while varying the excitation signal through the frequency range of interest. A judicious
choice was made to keep the accelerometer away from a node of vibration. In order to
measure the maximum values of vibration amplitudes at the resonances, the
accelerometer was moved around the periphery of the stator-shell model to measure the

vibration acceleration levels at an anti-node of the vibration. The acceleration levels
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measured are provided in Table 5.2 in dB relative to 0.01 mm/sec’. Using the analysis
provided in Chapter 4, the calculated values of the total, maximum and average forces
that act on the stator-shell model are also provided in Table 5.2. The vibrational force
acting on the stator-shell model for the pulsating force-distributions with 2 and 4 pairs
of force-poles are similar. However, it should be noted that they are different for the
combined excitation of the windings and 3-phase operation of the 2-pole winding.
Although the amplitudes of pulsating force-distributions with 2 and 4 pairs of
force-poles are almost identical, it is observed that the maximum acceleration levels

measured with the 4 pairs of force-poles are higher in most cases by about 10 to 15 dB.

Table 5.2 : Maximum values of acceleration measured in dB relative to
0.01 mm/sec® at selected resonances of the stator-shell model using
different electromagnetic force-distributions.
Freq, Hz | n | m firlzl-;sol(:afs fzr[;:t;sofei ' ::r:c;e!-);(l)ll-:s()f firzz;so;)ei

Force type Pulsating Pulsating Pulsating Rotating

Total force, N 1071.23 1079.41 537.66 1600.00
Maximum force, N 57.24 57.24 32.20 83.97
Average force, N 19.13 19.28 9.60 28.57

3942 010 57.1 dB 734 dB 60.6 dB 56.0 dB

4154 01 30.0 42.2 36.3 34.0
3456 112 244 379 44.5 33.8
3032 111 21.6 279 299 159
1242 2|0 274 31.1 27.9 43.6
1432 211 254 353 234 36.3
3197 3|10 28.2 56.1 61.3 50.0
3432 311 15.9 154 36.6 31.0
5513 410 384 65.3 53.9 67.6
5729 411 28.6 414 32.5 470
8012 510 473 62.3 63.0 439
8193 5|1 * * * 29.2

* - could not be measured, (n = circumferential mode, m = longitudinal mode).
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The difference is almost twice for the mode n=4 resonance at 5513 Hz. Interestingly,
the maximum values of the accelerations measured at the mode n=2 resonances of
1242 Hz and 1432 Hz were higher with the pulsating force-distribution of 4 pairs of
force-poles. The other resonance which was significantly excited by the force-
distribution with 4 pairs of force-poles is the mode n=3 resonance at 3197 Hz.

The total force associated with the combined excitation of the 2-pole and 4-pole
windings is roughly one-half, in comparison, that acts on the stator-shell model. As
explained in Chapter 4, the force-distribution produced in this case has Fourier-
components with 1, 2, 3, and 4 pairs of force-poles. Therefore, it is expected that most
of the resonances of the stator-shell will be well excited. With this arrangement,
pronounced increases in the acceleration levels were observed at the mode n=l
resonances of 3456 Hz and 3032 Hz, and also at the mode n=3 resonances of 3197 Hz
and 3432 Hz. The maximum vibration accelerations at modes n=1 and n=3 resonances
are at least 6 dB or twice the values obtained with other force-distributions.

The 3-phase operation of the 2-pole winding produces a much higher total force
in the stator-shell model. The prominent Fourier-components associated with this force-
distribution have 2, 4, and 6 pairs of force-poles. As shown in Chapter 4, the
fundamental component with 2 pairs of force-poles is the dominant one. At the mode
n=2 resonances of 1242 Hz and 1432 Hz, this force-distribution induced high levels of
vibrations. Surprisingly, this force-distribution was equally effective in inducing the
mode n=4 vibrations at 5513 Hz and 5729 Hz. Also, this force-distribution was able to
induce the n=1 and n=3 modes of vibrations.

At the mode n=0 resonances of 3942 Hz and 4154 Hz, as expected, all the force-
distributions gave rise to significantly high levels of vibrations. For the circumferential
mode n=5, the resonance at 8012 Hz was excited well by the combined 2-pole and 4-
pole winding arrangement, and also the pulsating force-distribution with 4 pairs of force-
poles.

In general, all the force-distributions were able to excite the resonances of the
stator-shell model irrespective of the type of the associated circumferential mode. The
measured values of the maximum acceleration levels were significantly higher for force-

distributions with pairs of force-poles that matched the circumferential mode of
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vibrations. It was observed that there is significant coupling between the force-

distributions with 4 pairs of force-poles and the mode n=2 vibrations, and vice-versa.

5.1.7 Damping-Ratios at the Various Resonances

All mechanical structures, including electrical machine stators and rotors, have
many built-in mechanisms for dissipating the vibrational energy. Often damping
prevents extraneously excited vibrations from being noticed, and the importance and
need for damping is frequently not recognised. As advances are made towards building
efficient light-weight structures, some of the damping normally present in the structure
is inadvertently eliminated. Hence the damping mechanisms need to be studied and
efforts be made to incorporate more damping in these re-designed structures in a more
reliable and cost-effective way [54].

Damping in mechanical structures appear in many forms such as viscous,
hysteresis, frictional, Coulomb's, etc. The properties of the damping mechanisms differ
from each other, and not all of them are equally suitable to mathematical formulation.
Fortunately, small amount of damping has very little influence on the resonant
frequencies, which are normally calculated by neglecting the effects of damping.
However, in calculating the response under forced-vibration it is necessary to include the
damping effects. Often one has to resort to experimental information to determine the
damping present in practical structures.

The present experimental set-up and the measurement techniques permit the
calculation of the damping-ratio associated with each mode of vibration with more
accuracy and simplicity. The amount of damping present at a particular mode is derived
from the amplitude response curve at the resonance. Damping is determined from the
sharpness of the peak, and it is normally measured in terms of the Loss-Factor given by
the ratio:

=227 (5.1)

2w,
where @, is the natural frequency, and ®, and , are frequencies on either side of the
natural frequency where the peak amplitude is reduced by 3 dB, and € is called the

damping-ratio. To eliminate any interference from other near-by resonances, a "least-
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error square curve-fit" is used through the experimental data points to obtain the
damping-ratio. The damping model, which is general enough to cover the viscous,
hysteresis and frictional damping, is used for the curve fitting procedure [55].
Theoretically, the damping-ratio § is defined as the ratio of the damping present
in the vibrating structure at a resonance to the critical damping associated with that

resonance [49]. It is mathematically expressed as:

C - i _ C - C
¢, 2/km 2mQg’ (5.2)
~c={-(2maw,),

where c, is the critical damping, m is the mass of the vibrating structure and @, is the
undamped natural frequency of vibration. The equations of motion provided in Eqn. 4.1,
Chapter 4, are written in terms of the damping-coefficient c. Using Eqn. 5.2, the
damping-coefficients associated with the various resonances can be determined from the
measured damping-ratios.

The amplitude response at the selected resonances of the stator-shell are shown
in Figs. 5.9 to 5.13. The damping-ratio is estimated using the vibration response of the
stator-shell to different excitation force-distributions. The damping-ratios corresponding
to the various resonances of the stator-shell model are listed in Table 5.3. It is seen
from Table 5.3 that the damping-ratios measured using electromagnetic forces are much
greater than that obtained using impulse (hammer) excitation. It is well-known that
when a cyclic magnetic field is applied to a ferromagnetic material, some of the energy
supplied is transformed into heat through the phenomenon of eddy-current losses,
magnetic hysteresis losses and losses through mechanical deformations. Mechanical
stress and magnetic fields have a similar effect on the movement of the magnetic-
domains through the property of magnetostriction such that the cycles of stress result in
magneto-mechanical hysteresis. Adams [54] has shown that the magneto-mechanical
energy dissipation per cycle varies as ¢*, where © is the cyclic stress and n is a constant
ranging from 3.27 to 8.78 for commonly used steels. The magneto-mechanical
hysteresis effect is responsible for the significant difference in the damping-ratios

between those measured using impulse excitation and using electromagnetic forces.
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Since the stator shell is a homogenous steel structure, the damping present in it
is very small. Although measurement of damping in such lightly damped structures is
often associated with experimental difficulties, considerable effort was made to keep the
measurement errors as small as possible. Due care was taken to obtain sufficient
number of data points to construct the vibration response curves. In the case of impulse
response, the sampling frequency and the number of data samples measured were chosen
such that the vibration levels are obtained at intervals of 2 Hz. For the single-phase
pulsating force-distributions, a beat-frequency oscillator was used. As explained in
Chapter 3, the oscillator is linked mechanically to an external drive in order to vary its
frequency. Further since the frequency of the oscillator varies on a logarithmic scale,
even with very low drive-speeds, the frequency of the oscillator varied in fairly big
steps. This resulted in limiting the data points required for the construction of the
response curves at different frequencies. In the case of the rotating force arrangement,
the frequency of the 3-phase oscillator had to be varied manually.due to inherent
difficulties of the oscillator-circuits.

In Figs. 5.9 to 5.13, it is seen that the resonant frequency drifts by a few Hertz,
which indicates the presence of damping other than hysteresis damping. The drift of
resonant frequency could also be due to the differential influence of the neighbouring
resonances. Another factor which contributes to the variation of the damping-ratio is the
temperature-rise of the stator-shell. During the tests conducted using the distributed
electromagnetic forces, it was not possible to prevent the stator-shell from getting warm.
Although the stator-shell was cooled using a forced draft from a fan, the model got
much warmer when excited using 4 pairs of force-poles pulsating force and the 2 pairs
of force-pole rotating force-distributions as compared to the other electromagnetic force-
distributions. In general, raising the temperature causes a reduction in the damping [54].

Fig. 5.9 shows the measured vibration response to the various excitation
arrangements at 3942 Hz. Since this resonance is associated with n=0 and m=0 modes
of vibrations, all the excitation arrangements excite this resonance effectively. The
damping-ratios determined using the various excitation systems are provided in

Table 5.3. Fig. 5.10 shows the measured vibration response to the various excitation
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Figure 5.9 : Measured vibration response at the resonance of 3942 Hz, n=0, m=0 using;
(a) Impulse excitation, (b) 2 pairs of force-poles pulsating force,

(c) 4 pairs of force-poles pulsating force, (d) 1&3 pairs of force-poles pulsating force,
(e) 2 pairs of force-poles rotating force.
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Figure 5.10 : Measured vibration response at the resonance of 3456 Hz, n=1, m=2 using
(a) Impulse excitation, (b) 2 pairs of force-poles pulsating force,

(c) 4 pairs of force-poles pulsating force, (d) 1&3 pairs of force-poles pulsating force,
(e) 2 pairs of force-poles rotating force.
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Figure 5.11 : Measured vibration response at the resonance of 1242 Hz, n=2, m=0 using
(a) Impulse excitation, (b) 2 pairs of force-poles pulsating force,

(c) 4 pairs of force-poles pulsating force, (d) 1&3 pairs of force-poles pulsating force,
(e) 2 pairs of force-poles rotating force.
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Figure 5.12 : Measured vibration response at the resonance of 3197 Hz, n=3, m=0 using
(a) Impulse excitation, (b) 2 pairs of force-poles pulsating force,

(c) 4 pairs of force-poles pulsating force, (d) 1&3 pairs of force-poles pulsating force,
(e) 2 pairs of force-poles rotating force.
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Figure 5.13 : Measured vibration response at the resonance of 5513 Hz, n=4, m=0 using
(a) Impulse excitation, (b) 2 pairs of force-poles pulsating force,
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Table 5.3 : Damping-ratios for resonances of the stator-shell model with different
excitation force-distributions.

Pulsating | Pulsating Pulsating Rotating

SNo | Freg | n |m | B0 | e | omepores | oo | toepete
excitation | excitation | excitation | excitation

1 1242 | 2 | 0 | 0.00061 | 0.00195 | 0.00086 | 0.00074 | 0.00043
2 1432 1 2 | 1 | 0.00046 | 0.00072 | 0.00053 | 0.00064 | 0.00060
3 3032 | 1| 1| 0.00065 | 0.00108 * 0.00024 | 0.00238
4 3197 | 31 0 | 0.00012 0.09037 0.00036 | 0.00053 | 0.00050

5 3432 | 3| 1 | 0.00019 | 0.00233 * 0.00091 | 0.00055
6 3456 | 1 | 2 | 0.00031 | 0.00189 | 0.00082 | 0.00058 | 0.00076

7 3942 [ 0| O | 0.00035 | 0.00047 | 0.00017 | 0.00063 | 0.00036
8 4154 | 0| 1 | 0.00031 | 0.00037 | 0.01089 | 0.00026 | 0.00021

9 5513 {4 { 0| 0.00036 | 0.00050 | 0.00074 | 0.00040 | 0.00011
10 | 5729 | 4 (1 | 0.00008 | 0.00098 * 0.00045 | 0.00047
11 {8012 |50 000019 | 0.00091 | 0.00056 | 0.00038 | 0.00017

12 | 8193 | 5|1} 000014 | 0.00261 | 0.00028 | 0.00065 *

* : Could not be measured, (n = circ. mode, m = long. mode).

arrangements at 3456 Hz. This resonance is associated with n=1 and m=2 modes of
vibration. There is another resonance at 3432 Hz, which is associated with n=3 and m=1
modes of vibrations. Since the resonance at 3456 Hz is an axi-symmetric resonance, the
vibration measurements were made on the centre-plane to avoid interference from the
resonance at 3432 Hz. It is observed that the interference from the neighbouring
resonance at 3432 Hz is negligible, except for Fig. 5.10(c). Further, better vibration
responses are obtained with the impulse excitation and the combined 1 and 3 pairs of
force-poles excitation. Fig. 5.11 shows the measured vibration responses to the various
excitation arrangements at 1242 Hz. This resonance is associated with n=2 and m=0
modes of vibrations. Although all excitation systems give a similar form to vibration
response curve, it is surprising that the pulsating force with 2 pairs of force-poles gives

the highest value for the damping-ratio. Fig. 5.12 shows the measured vibration
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response to the various excitation arrangements at 3197 Hz. This resonance is associated
with n=3 and m=0 modes of vibrations, and it is best excited using the force-distribution
with 1 and 3 pairs of force-poles. Also, there is an interfering resonance at 3139 Hz
(n=2, m=2). Since both the resonances are axi-symmetric resonances, the measurements
were made closer to the antinode for the resonance at 3197 Hz. Surprisingly, here again,
a higher value for the damping-ratio was obtained with the force-distribution that best
excites this resonance, Fig. 5.12(d). In Fig. 5.13, the measured vibration responses to
the various excitation arrangements at 5513 Hz are shown. This resonance is associated
with n=4 and m=0 modes of vibrations, and it is best excited using the force-distribution
with 4 pairs of force-poles. The closest neighbouring resonance is at 5548 Hz (n=0 and
m=0). Again, a higher value for the damping-ratio was obtained with the force-
distribution having 4 pairs of force-poles, Fig. 5.13(c). As expected, for all the
resonances the vibration response measured with the pulsating and rotating 2 pairs of
force-poles excitations were similar.

The damping ratios obtained with the various excitation arrangements for the
resonances investigated herein are listed in Table 5.3. The values for the damping-ratios
measured using impulse excitation varied from a high of 0.00061 at 1242 Hz to a low
of 0.0008 at 5729 Hz. Damping-ratios measured using the electromagnetic forces are
higher than those determined using the impulse excitation. Further with the
electromagnetic force-distributions, the damping-ratio determined was slightly higher for
the force-distribution that best excites the resonance. This suggests that elevated levels
of vibrations may be expected over a slightly wider range of frequencies for force-

distributions whose force-pole-pairs match the circumferential mode of vibrations.

5.1.8 Mode-Shapes Measured at the Various Resonances

The distribution of the vibration amplitudes along the surface of the vibrating
structure is referred to as its mode-shape. It was interesting to observe that a standing-
wave type deformation pattern was measured for all resonances irrespective of the type
of the excitation force used. Even in the case of rotating force-distribution, distinct and
stationary nodes were observed on the stator-shell model. The circumferential modes

of vibrations were well defined patterns of deformation for all the exciting force-
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Figure 5.14 : Circumferential mode-shapes measured at 1242 Hz using;
(a) 2 pairs of force-poles pulsating excitation,
(b) 4 pairs of force-poles pulsating excitation,
(c) 1 & 3 pairs of force-poles pulsating excitation,
(d) 2 pairs of force-poles rotating excitation.

distributions. Figs. 5.14 and 5.15 shows the n=2 and n=3 circumferential modes of

vibration measured at 1242 Hz and 3197 Hz, respectively.

5.2 Vibration Response of the Laminated Stator with Windings

The constructional features of the 120 hp induction motor stator are provided in
Chapter 4. The results of the experimental investigations conducted on the 120 hp
induction motor stator model using the different excitation systems are described in the

following sections.
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(@)
Figure 5.15 : Circumferential mode-shapes measured at 3197 Hz using;
(a) 2 pairs of force-poles pulsating excitation,
(b) 4 pairs of force-poles pulsating excitation,
(c) 1 & 3 pairs of force-poles pulsating excitation,
(d) 2 pairs of force-poles rotating excitation.

5.2.1 Impulse Response

The impulse response of the stator model was measured by striking the model
at a location on the centre-plane, and the ensuing vibrations were also measured on the
centre-plane. The impulse response of the stator model is shown in Fig. 5.16. The
amplitudes of acceleration levels are plotted versus frequency on a logarithmic scale.
The acceleration amplitudes are shown in mm/sec’ and in dB relative to 10 mm/sec?,
In contrast to the vibration behaviour of the stator shell model, the laminated stator
model did not show the presence of any anti-symmetric longitudinal resonances. This
behaviour of the stator model was also observed by the authors in reference [39,51]. In
the present stator model, the end-turns of the windings were trimmed in order to make
the stator model physically symmetrical. The authors of reference [39,51] attributed the
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Table 5.4 : Selected resonances and associated modes of the stator model.

Frequency, Circumferential Longitudinal
Hz mode, n mode, m

470 0
631
1801
1907
2055
2306
2491
3016
3339
3820
4325

.

2
3
4
5
6
7
8
9
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als|lolololvw]l sl ~

—
—
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absence of anti-symmetric longitudinal resonances in the stator model to the presence
of asymmetries in the model. Although the stator model is symmetrical in the present
investigation, the anti-symmetric longitudinal modes could not be observed. Table 5.4
lists the resonances of the stator model irivestigated in this study. Here again, these
resonances are selected such that they represent resonances of circumferential modes n=0
to 5. The various peaks of interest in the impulse response are identified according to
Table 5.4. The resonant frequencies measured here correlate well with those measured
by the authors of references [39,51].

In addition to the fact that the impulse excitation technique is time and labour
efficient, it has provided more detailed information in comparison to the magnetic-shaker
technique [51]. It is also observed from Fig. 5.16 that the various resonant peaks are

very much flattened indicating the presence of significantly higher damping.
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5.2.2 Respecnse to 2 Pairs of Force-Poles Pulsating Force Excitation

The stator model was then excited using the force-distribution produced by the
2-pole winding when it was energised from a single-phase variable-frequency supply.
The vibration measurement were made on the centre-plane, and the spectrum of the
measured vibration accelerations is shown in Fig. 5.17. The spectrum is plotted similar
to the impulse response plot, and the various resonance peaks are identified according
to Table 5.4.

In contrast to the spectra obtained with impulse excitation, the vibration levels
induced in the stator model with the 2-pairs of force-poles excitation is significantly
higher. In the case of impulse excitation, since most of the vibration energy is confined
to the lower-frequencies the vibration amplitudes decrease with increasing frequencies.
As explained earlier, the magnitudes of the forces are kept at the same level over the
entire frequency range of the measurement with the distributed electromagnetic force
excitation. It is observed from the spectrum that the resonance peaks associated with
mode n=2, i.e. resonances #1 and #2, and mode n=0, i.e. resonance #9, are prominently
excited. In general, the stator exhibits significant amount of damping and most of the
resonance peaks are flattened. Comparing the spectrum of Fig. 5.17 with that obtained
for the stator shell-model, Fig. 5.3, it is observed that the average level of vibrations for

the laminated stator is about 20 dB lower.

5.2.3 Response to 4 Pairs of Force-Poles Pulsating Force Excitation

Vibration measurements were made on the stator model when it was excited
using the 4 pairs of force-poles pulsating force-distribution which was produced by
energising the 4-pole winding from a single-phase variable-frequency supply. Again, the
vibration measurements were made on the centre-plane, and the corresponding spectrum
of the measured vibration acceleration signals are shown in Figs. 5.18. The spectrum
is plotted similar to the earlier plots, and the various peaks have been identified.

It is observed from the spectrum of Fig. 5.18 that all the resonances under
consideration are excited in the stator model. The resonance peaks corresponding to the
mode n=0, i.e. resonance #8, #9, and mode n=2, i.e. resonances #1 and #2, are well
excited. Due to the proximity of the measurement-location to a node for the n=4

resonance at 2491 Hz, the resonance peak #7 is not very well defined in this spectrum.
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5.2.4 Response to 1 and 3 Pairs of Force-Poles Pulsating Force Excitation

Vibration measurements were also made on the stator model when it was excited
using the 1 and 3 pairs of force-poles pulsating force-distribution which was produced
by energising the 2-pole and 4-pole windings simultaneously from a single-phase
variable-frequency supply. Here again, the vibration measurements were made on the
centre-plane. The corresponding spectrum of the measured vibration acceleration signals
is shown in Fig. 5.19. The spectrum is plotted similar to the earlier plots, and the
various peaks have been identified.

It is observed from the spectrum of Fig. 5.19 that the resonances corresponding
to modes n=1 and n=3, i.e. resonances #3, #5, #6, and #11, are well excited. Also the
resonance at 3820 Hz which is associated with n=5 mode of vibration, appears as a

distinct resonance peak.

5.2.5 Response to 2 Pairs of Force-poles Rotating Force Excitation

In order to examine the effect of rotation of the force-distributions on the
vibration response of the stator model, the model was excited using the 2-pole winding
when it was connected in the 3-phase configuration. The predominant force component
produced using this arrangement has 2 pairs of force-poles and it rotates in the air-gap
at the synchronous speed corresponding to the frequency of the 3-phase supply. As
explained earlier, the frequency of the 3-phase oscillator in the power supply had to be
manually changed. Hence, these tests were conducted only in the frequency range
associated with the selected resonances. These plots are shown later in the chapter while

discussing the damping present at each of these selected resonances.

5.2.6 Comparison of Vibration Amplitudes at Various Resonances

As explained earlier for the stator-shell model, in order to measure the maximum
vibration amplitudes at a resonance, the accelerometer was moved around the periphery
of the stator model and placed at an anti-node of vibrations. The acceleration levels
measured are provided in Table 5.5 in dB relative to 0.01 mm/sec’. Again, the total,
maximum and average values of the force acting on the stator model for the various

force-distributions are also provided in Table 5.5.
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Table 5.5 : Maximum values of acceleration measured in dB relative to
0.01 mm/sec? at selected resonances of the laminated stator model
using different electromagnetic force-distributions.

Freq,Hz | n | m f?)r[::t;sofet; f?)rzzt;sol(:; ' gr:e[-)::l;or firl:::t;;)ei
Force type Pulsating Pulsating Pulsating Rotating
Total force, N 1071.23 107941 537.66 1600.00
Maximum force, N 57.24 57.24 32.20 83.97
Average force, N 19.13 19.28 9.60 28.57
470 210 19.5 dB 25.1 dB 246 dB 30.5 dB
631 214 16.4 26.9 18.1 18.8
1801 312 13.6 19.6 16.4 *
1907 212 10.2 14.7 79 14.7
2055 314 * 13.2 16.1 *
2306 312 6.4 * 17.0 *
2491 410 18.3 20.8 16.7 *
3016 00 17.3 35.3 8.0 *
3339 0|0 25.2 38.6 36.1 34.1
3820 5|4 28.5 26.6 29.0 *
4325 116 9.5 30.4 22.7 19.8

* : could not be measured distinctly, (n = cir. mode, m = long. mode).

Although the amplitudes of the pulsating force-distributions with 2 and 4 pairs
of force-poles are almost identical, it is observed that the maximum acceleration levels
measured with the 4 pairs of force-poles are higher in most cases by about 6 to 12 dB.
In comparison with the case of the stator-shell model, this difference is smaller, which
can be attributed to the laminated structure of the model. In this case, significant

difference in the vibration levels were observed for the mode n=0 resonances at 3016 Hz

and 3339 Hz.

The force-distribution produced by the combined excitation of the 2-pole and
4-pole windings excites well most of the resonances of this stator model. With this

arrangement, pronounced increase in the acceleration levels was observed at the mode
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n=3 resonances of 2055 Hz and 2306 Hz, and also at the mode n=5 resonances of
3820 Hz.

It is interesting to note that the rotating force-distribution produced by the
3-phase operation of the 2-pole winding did not excite distinctly all the resonances of
the stator model. It was quite effective in inducing the mode n=2 vibrations at 470 Hz,
631 Hz and 1907 Hz, and also mode n=0 vibration at the resonance of 3339 Hz.

In general, at the mode n=0 resonances of 3016 Hz and 3339 Hz all the force-
distributions gave rise to significant levels of vibrations. For the circumferential mode
n=5, the resonance at 3820 Hz was excited well by the combined 2-pole and 4-pole
winding arrangement, and the pulsating force-distribution with 4 pairs of force-poles was
also effective.

Since the damping present in the laminated stator model is much higher than that
present in the stator-shell model, the vibration amplitudes measured here are obviously
much smaller. In general, the measured values of the maximum acceleration levels were
higher for force-distributions with pairs of ‘force-poles that matched the circumferential
mode of vibrations. Here again, it was observed that there is significant coupling
between the force-distributions with 4 pairs of force-poles and the mode n=2 vibrations,

and vice-versa.

5.2.7 Damping-Ratios at the Various Resonances

The amplitude response at the selected resonances of the laminated stator model
are shown in Figs. 5.20 to 5.24. The damping-ratios are estimated using the vibration
response of the model to different excitation force-distributions. Table 5.6 provides the
damping-ratios corresponding to the various resonances of the stator model. It is
observed from Table 5.6 that the damping-ratios measured using electromagnetic forces
are, in most cases, greater than those obtained using impulse (hammer) excitation at
lower frequencies. The damping present in the stator model is about 10 to 100 times
greater than that present in the solid stato;'-sheu model. The measured values of the
damping-ratios varied between 0.015 and 0.056. Here again, the measured values of the
damping-ratios depend on how well the resonance is excited using a particular force-

distribution.
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(e)
: Measured vibration response at the resonance of 3339 Hz, n=0, m=0 using

Figure 5.20

(b) 2 pairs of force-poles pulsating force
(d) 1&3 pairs of force-poles pulsating force

(a) Impulse excitation

(c) 4 pairs of force-poles pulsating force
(e) 2 pairs of force-poles rotating force
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Figure 5.21 : Measured vibration response at the resonance of 4325 Hz, n=1, m=5 using
(a) Impulse excitation ' (b) 2 pairs of force-poles pulsating force
(c) 4 pairs of force-poles pulsating force (d) 1&3 pairs of force-poles pulsating force

(e) 2 pairs of force-poles rotating force
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Figure 5.22 : Measured vibration response at the resonance of 470 Hz, n=2, m=0 using
(a) Impulse excitation (b) 2 pairs of force-poles pulsating force

(c) 4 pairs of force-poles pulsating force (d) 1&3 pairs of force-poles pulsating force
(e) 2 pairs of force-poles rotating force
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Figure 5.23 : Measured vibration response at the resonance of 2306 Hz, n=3, m=2 using

(b) 2 pairs of force-poles pulsating force

(a) Impulse excitation

(c) 1 & 3 pairs of force-poles pulsating force.
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Measured vibration response at the resonance of 2491 Hz, n=4, m=0 using

Figure 5.24 :

(b) 2 pairs of force-poles pulsating force
(d) 1&3 pairs of force-poles pulsating force

(a) Impulse excitation

(c) 4 pairs of force-poles pulsating force
(e) 2 pairs of force-poles rotating force
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Table 5.6 : Damping-ratios at resonances of the laminated stator model with
different excitation force-distributions.

Pulsating Pulsating Pulsating Rotating

o | Freq [n|m e | 205l | $pundl | ta ot | 2 oot

excitation excitation excitation excitation

1 470 |20 0.01567 | 0.03257 0.02640 0.04018 0.01241

2 631 |2|4] 0.01621 | 0.03781 0.07738 0.02702 0.01624
3 1801 |3 |2} 0.03346 | 0.05151 0.01292 0.04384 *

4 1907 |2 2] 0.02346 | 0.02133 0.00993 0.02785 0.02032
5 |2055|3}4] 0.05632 * 0.04116 0.03558 *
6 |2306(3]2]0.03135 | 0.02343 * 0.03066 *
7 |2491 |4 |0} 0.04690 | 0.00955 0.04232 0.02388 *
8 |3016 |0]0( 0.01341 | 0.01397 0.05165 0.01859 *

9 {3339 |0|0]| 0.04844 | 0.03537 0.03021 0.01658 0.05078
10 | 3820 |54 0.02029 | 0.01569 0.01414 0.01748 *

11 | 4325 |16/ 0.02484 | 0.02642 0.01638 0.01589 0.02175

* : Could not be measured, (n = circumferential mode, m = longitudinal mode).

5.2.8 Mode-shapes measured at the various resonances

For the circumferential mode-shapes, a "standing-wave" type deformation pattern
was observed for all resonances irrespective of the type of the excitation force used.
Even in the case of rotating force-distribution, distinct and stationary nodes were
Fig. 525 and 5.26 show n=2 and n=3
circumferential and longitudinal modes of vibrations measured at 470 Hz and 1801 Hz,

observed on the laminated stator model.
respectively. In contrast to the stator-shell model, the longitudinal mode shapes
measured at the various resonances of the laminated stator model were not very regular.
However, since the nodes of vibration along the length of the stator could be detected
with certainty, the longitudinal modes associated with the various resonances could be
determined. Fig. 5.27 shows the measured modes n=0 and n=1 at 3339 Hz and

4325 Hz, respectively.
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(d) (e) ®

Figure 5.25 : Circumferential and longitudinal mode-shapes at 470 Hz measured using;
(a,d) 2 pairs of force-poles pulsating excitation,
(b.e) 4 pairs of force-poles pulsating excitation,
(c.f) 1 & 3 pairs of force-poles pulsating excitation.

(d) (e)

Figure 5.26 : Circumferential and longitudinal mode-shapes at 1801 Hz measured using;
(a,d) 2 pairs of force-poles pulsating excitation,
(b,e) 4 pairs of force-poles pulsating excitation,
(c.f) 1 & 3 pairs of force-poles pulsating excitation.
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Figure 5.27 : Circumferential and longitudinal mode-shapes at;
(a,c) 3339 Hz measured using 4 pairs of force-poles pulsating excitation,
(b,d) 4325 Hz measured using 1 & 3-force-pole pulsating excitation.

5.3 Summarising Comments
The experimental investigations presented in this chapter are summarised in the

following from the perspective of vibration testing and designing of quiet electrical

machines.

(1) From the viewpoint of experimentally investigating the vibration behaviour of
electrical machine stators, the main advantage of the distributed excitation forces
is the ability to excite resonances selectively. It was observed that the best
vibration response, at the various resonances of the stator models, was obtained
with the force-distribution that had the same pairs of force-poles as the
circumferential mode of vibration associated with the corresponding resonance.
Further, the experimental results revealed that there is a significant amount of
coupling between the mode n=2 resonances and the force-distribution with 4

pairs of force-poles, and vice versa.
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(ii)  The distributed electromagnetic forces facilitate the injection of substantially
more vibrational energy, and uniformly, into the test models. This was especially
important for the laminated stator model with windings.

(iii) The damping present in the stator-shell and laminated stator models were
investigated in detail. It was sought experimentally to excite each of the
resonances individually so that the damping-ratios could be obtained from the
vibration response plots. The damping-ratios were obtained using the various
force-distributions and an effort was made to minimise the influence from other
near-by resonances in the measurements. The values of the damping-ratios from
the well defined vibration-responses are selected, and they are summarised in
Table 5.7.

Table 5.7 : Damping-ratios measured at the selected resonances of the stator-shell
and the laminated stator models.

Il Stator-shell model Lamim::;a:ds;ltlagtsor with

Freq, Hz | n | m 4 Freq,. Hz { n | m 4
1242 |2]0|000043 | 470 |20 | 001241
1432 [ 2| 1| 000046 | 631 2 | 4 | 001621

I 3032 |1[1]o000024 | 1801 |[3]2] 001292
3197 | 3]0 |o0o000t2 || 1907 |2]2] 002032
3432 [ 3|1 |o000019 | 2055 |3 |3 | 003558
3456 | 1|2 | 000031 | 2306 |32/ 003066

“ 392 | 0|0 o000017 | 2491 |40 | 004232

|| 4154 |0 |1 |o000021 | 3016 |0 |o0 | 005165

I ssi3 |4|o0|oo0011 | 3339 [o0]o0] 003021
5729 |4 |1 [o000008 [ 3820 |54 | 001748
8012 |5 |0|o0o00017 || 4325 |1]6 | 001638
8193 |5 (1 | 0oo0o14
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@iv)

v)

(vi)

(vii)

The damping-ratios obtained for the solid stator-shell model is within the range
of values 1 x 107 to 6 x 107, reported for steel [50]. In reference [S1],
although it was reported that the damping-ratios for the stator-shell model are not
frequency dependent, the present experimental investigations prove the contrary.
The results exhibit that there is considerable decrease in the damping-ratio with
frequency. As explained in Appendix F, the decrease of the damping-ratios with
frequency signifies the predominance of friction-damping.

It is observed in the case of the laminated stator mode! with windings that the
damping-ratios are not consistent with the resonant frequencies. This suggests
the presence of non-linear damping effects which are normally present in
structures which are built using many materials. This is indicative of the energy
dissipation at the boundaries of the various structural elements. The values of
the damping-ratios obtained for this model are approximately 10 to 100 times of
that obtained for the solid stator-shell model. From Eqn. 5.2, it is evident that
the actual damping present is proportional to the resonant frequency and the
damping-ratio. It, therefore, follows that the actual damping present in the
laminated stator model at higher frequencies will be much larger.

Another significant advantage of using the distributed electromagnetic forces is
their ability to induce vibrations in the stator models uniformly. This results in
well defined sinusoids in the measurement of the circumferential mode-shape
patterns as predicted by the theory {9,51].

From the perspective of designing quieter machines and achieving lower levels
of vibrations, it is critical that the force-frequency be away from the resonant
frequency. It was observed in these experimental investigations that the
resonances of the stators were excited by most of the distributed force
arrangements. Further, at resonance, the amplitudes of the vibrations depend to
a smaller extent on the type of force-distribution. In the course of the
investigations, it was ascertained that the force-frequency overrides the

importance of the force-distribution.
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(viii) Significantly lower levels of vibrations can be achieved at the mode n=1 and n=3

(ix)

(x)

resonances of the machine structure by ensuring that the force-distributions which
match these mode-shapes either not exist or are made as small as possible. For
the vibrations at modes n=2 and n=4 resonances, both the force-distributions with
2 and 4 pairs of force-poles are equally effective.

Contrary to the prevalent rationale in the literature [56], it was observed that
stationary "standing-wave" deformation patterns of vibrations were produced at
the resonances even with rotating force-distributions.

Even when the machine structure was excited exactly at the resonant frequencies
of the rotor, there was no measurable difference in the acceleration levels
measured on the stator models. In most cases, the audible sound radiated did not
show any perceivable change. It is to be noted that in the present experimental
arrangements, there is no mechanical or physical connection between the rotor

structure and the stator models.

It is seen from the results presented in this chapter, that lower levels of vibrations

can be achieved even at resonance conditions by designing the electromagnetic forces

to have circumferential distribution different from the circumferential mode associated

with corresponding resonance. In the next chapter, the implications of induction motor

design parameters such as the number of stator and rotor slots on the circumferential

distribution of the electromagnetic forces are described and examined with reference to

the variable frequency operation.
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6. CONSIDERATIONS FOR THE REDUCTION OF
VIBRATIONS AND NOISE IN THE DESIGN OF INDUCTION
MOTORS FOR VARIABLE FREQUENCY OPERATION

In Chapters 2 and 3, the vibration behaviour of induction motors operating on a
fixed frequency supply was analyzed. In this chapter, the implications of operating the
induction motor on a variable-frequency supply are discussed. Design considerations are
then explained with a view to reduce the vibrations and noise produced by the various
magnetic forces. Experimental information on the variable-frequency operation of the
10 hp squirrel-cage induction motor, described in Chapter 2, is provided to verify the

validity of some of the design considerations.

6.1 Introduction

The induction motor is essentially a constant speed motor when operated under
normal conditions and supplied by a fixed frequency source. There are numerous
applications where it is desirable, if not necessary, to have an adjustable-speed drive
motor. The conventional variable-speed drive system consists of a dc drive motor,
which requires considerably greater initial cost for a given size of the machine and also
costly control equipment. In addition, the dc motors require more maintenance and also
a dc power supply. The simplicity of the construction, ruggedness, ease of operation and
recent advances in the development of solid-state power supply have made the squirrel-
cage induction motor a very promising adjustable-speed ac drive motor. As the
frequency conversion systems continue to be technically improved, the maximum kVA
capability is constantly increasing, and the induction motors are being widely used by
application engineers nowadays.

As explained earlier, under constant frequency and sinusoidal voltage operation
a variety of radial magnetic force components are produced at different frequencies. At
a fixed supply frequency operation, it is possible with some difficulty to avoid

coincidences between the exciting forces and the resonances of the machine structure.
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As the frequency of the supply is varied in order to increase or decrease the motor
speed, these magnetic forces also drift with the supply frequency. Consequently, it is
not possible to avoid excitation of resonances at all operating speeds. In addition, most
frequency conversion equipment produce voltages that are rich in harmonics which
further aggravate the problems. The net effect of impressing all these supply harmonics
on the stator winding is to produce increased undesirable effects such as heating,
parasitic torques, stray-losses, radiated noise and vibrations. Analytically, the effects of
the power supply harmonics are treated individually and the net effect is determined by
applying the principle of superposition. In the discussions presented in this chapter, it
is assumed that the motor is operated from a variable-frequency power source having

sinusoidal voltages.

6.2 Considerations for the Radial-Forces

The synchronous speed of an induction motor can be controlled by varying the
supply frequency. In order to maintain approximately constant flux-density, the line
voltage is also varied along with the frequency. In practice, the terminal voltage is
controlled so that the ratio of phase-voltage to the frequency is kept constant. This type
of speed control is commonly called the "constant volts per hertz" control. Since the air-
gap flux-densities are maintained constant at the various frequencies, the torque produced
by the motor and also the magnitudes of the magnetic radial-forces remain nearly the
same. In Table 6.1, the frequencies at which the dominant radial-force components
occur in the force spectra of squirrel-cage and wound-rotor induction motors are listed.
It is evident from Table 6.1 that the frequencies at which the various radial-force
components occur drift according to the supply frequency [33]. Consequently, it is
impossible to avoid excitation of resonances of the stator-structure if a continuous range
of operating speed is desired.

In the next section, the implications of the choice of number of stator and rotor
slots on the circumferential distribution of the radial-forces are discussed. Also, some
of the other commonly used techniques to mitigate the impairing effects of the radial-

forces are described.
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Table 6.1 : Frequencies of the important components in the force spectra of
squirrel-cage and wound-rotor induction motors.
Squirrel-cage induction Wound-rotor induction
Source motor motor
Frequency Frequency
Fundamental 2f 2f
Saturation 4f, 6f, 8f, ... 4f, 6f, 8f, ...
Saturation side-band 4—n-§(1 —s)]f [4—n-2m2(1 _S)]f
! P
(F, - 20) 2—n§(1-s)]f [2-02m, (1-9)]t
i P
Fia nE(l-s)}f [B-2m,(1-9)]f
P
(F,, + 26) 2+n—Z-(1—s)}f [2+n-2mz(1-s)]f
P

Saturation side-band’

Z A
4 +n—=(1- f
np-( S)]

[4 +n-2m, (1 —s)]f

6.2.1 Effects of stator and rotor slot-combinations
As generally known, the use of inappropriate combination of the number of stator
and rotor slots is associated with undesirable effects such as cogging, crawling and

increased magnetic noise.

followed [57] are:

Some rules for slot-combinations that are commonly

(a) [(S-Z) / 2p] is chosen to be an integer to avoid cogging torques.

(b) asynchronous harmonic torques are reduced if Z does not exceed [1.25 S].

(©) to limit synchronous harmonic torques, Z is not made equal to S or

(S£2p).

The analytical techniques developed in this thesis, Chapters 2 and 3, are used to

calculate the air-gap fields and the radial-forces with a view to identify the merits and
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demerits of the choice of a particular combination of stator and rotor slots. In the
following, the effects of using 42, 43 or 44 rotor bars in the 10 hp squirrel-cage
induction machine described in Chapter 2 are analyzed.

In Table 6.2 are listed the pole-pairs of the various harmonic fields which will
be generated in the test machine due to multiple armature reaction effects when the rotor
has 42, 43 or 44 rotor bars using the procedure adopted for Table 3.3. The undamped
triplen harmonic fields produced by the rotor are shown in columns with a shaded
background. It is interesting to note that in the case of Z = 42, the triplen harmonic
rotor fields are not produced. Consequently, all the rotor produced fields will be damped
by the stator and the corresponding current components in the stator windings will be
small. In general, no triplen harmonic fields are produced when the number of rotor
bars Z is divisible by three.

The distribution of the radial-forces that acts on the stator and rotor surfaces was
also calculated for Z = 42 and 44. Table 6.3 gives the force-pole-pairs of the important
slot-harmonic forces for 42, 43 and 44 rotor bars. Comparing the spectra of the forces
that act on a stator tooth for Z = 42, 43 and 44, it is observed that there is a decrease
in the number of significant force components with the increase in the difference
between the number of stator and rotor slots (Z - S). This is due to the fact that the
number of force-poles increase with the increase in the difference (Z - S). Also, from
the perspective of noise and vibrations the forces with higher number of poles are less
important compared to the forces with fewer poles. The choice of using an odd number
of rotor bars, such as Z = 43, would give rise to forces with odd number of force-pole-
pairs. The choice of Z = 44 produces forces with either 0, 4 or 8 pairs of force-poles
only. When the number of rotor bars is such that (Z - S) is an even multiple of p, the
pole-pairs associated with the forces will also be an even multiple of p.

Although there is no significant difference in the amplitudes and frequency
contents of the forces for Z = 42, 43, and 44, the choice of Z = 44 seems to be better
from the consideration of the induced modes of vibrations associated with these forces.
It is evident from Table 6.3 that the lower modes of vibrations, eg. n=1, 2, and 3 are not
induced in the case of Z = 44, which is of significant importance from the perspective

of vibrations and noise.
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Table 6.3 : Pole-pairs associated with the important forces for rotor bars;

Z=42,43 & 4.
Z=42 Z=43 Z=44
Source T%rpgirs of Freq., Pairs of Freq., Pairs of |

Hz orce- Hz Force- Hz Force-

poles poles poles
Fundamental 120 3 120 3 120 3
240 8 240 3 240 8
Sataration 360 8 360 10 360 4
480 8 480 8 480 8
600 4 600 4 600 4
— Saturation side-band | 1020 6 1050 1 1080 2
1140 | 6& 6 | 1170 3 1200 4
1* order slot-harmonics 1260 6 1290 = 1320 3

(Fs))
1380 2 1410 1 1440 4
Saturation side-band | 1500 6 1530 3 1560 4
— Saturation side-band | 2280 3| 2340 6 2400 8
2400 8 2460 2 2520 4
2" order s(:,’:)ha"“"i‘s 2520 4 2580 2 2640 2
2640 4 2700 | 6 & -6 | 2760 4
Saturation side-band 2760 8 2820 10 2880 8
 Saturation side-band | 3540 10 | 3630 | 1 3720 3
3660 | 6& -6 | 3750 3 3840 8
37 order s‘('l“,’:)"a"“m“i“ 3780 2 3870 3 3960 4
3900 2 3990 1 4080 8
Saturation side-band | 4020 10 | 4110 7 200 | 4
Saturation side-band | 4800 8 4920 | 8 5040 8
4920 4 5040 | 2& -2 | 5160 8
4™ order s(l;st‘-)harmonics 5040 3 5160 g 5280 2
5160 8 5280 4 5400 4
Saturation side-band | 5280 .| 8 | 5400 | 10 | 5520 4
[ Saturation side-band | 6060 | 2 | 620 | 1 | 630 | 4
' 6180 6 6330 5 6480 4
§™ order slot-harmonics 5300 > 6450 ] %600 3
(Fso)

6420 2 6570 3 6720 8
Saturation side-band | 6540 6 6690 7 6840 8
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6.2.2 Other Means of Mitigating the Undesirable Effects of the Radial-Forces

A straightforward, but uneconomical, method to decrease the magnetic noise is
achieved by decreasing the air-gap flux-density. This method provides a noise power
level reduction proportional to the 4™ power of the reduction in the flux-density [42].
Flux-density reduction is an expensive solution and it should be applied only after other
possibilities of noise reduction have been explored.

The slots of low and medium-power induction machines are often skewed to
achieve some relief from the magnetic noise. Generally, the most undesirable
components of the magnetic forces are produced by the first order stator slot-harmonic
air-gap fields. To be most effective, the skewing is usually chosen to be one stator slot-
pitch. If the rotor slots are skewed and the rotor bars or coils are not properly insulated
from the laminated rotor core, then equalising currents are produced between the various
bars of the rotor. This often leads to localised overheating and adversely affects the
torque characteristics. The provision of the insulation to reduce inter-bar currents
frequently result in much higher manufacturing costs. In the case of medium and large
size induction machines with long rotors, skewing of the rotor conductors can result in
significant torsional vibrations and hence the noise radiated from these machines. In
small and medium size machines of smaller lengths, the torsional natural frequencies of
vibrations are above 10 kHz. For such motors proper skewing can be effective to
control the vibrations and noise [2,13].

Eccentricity of the rotor results from the lack of strict control on the
manufacturing and assembly processes for mass-produced machines. Eccentricity of the
rotor is an inadvertent source of noise production, and the undesirable effects of
eccentricity are best controlled using parallel paths with equalisers in the stator winding

arrangements [15].

6.3. Considerations with Regard to Mechanical Response

It was seen in the previous chapters that lower levels of vibrations can be
achieved even at resonance conditions by mismatching the number of pairs of force-
poles of the radial-forces from the mode of vibration associated with the resonances.

For stators of medium and small size electrical machines, the important modes of
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vibrations at resonance are n=0, 1, 2, 3, and 4. For large size machines, the resonances
associated with higher modes of vibration may also be significant [35]. It was observed
from the experimental investigations conducted on the 120 hp induction motor stator
models, that the mode n=0 vibration is excited equally well with most force-distributions
at the resonant frequencies corresponding to n=0. The resonances associated with odd
modes of vibrations, n=1 and n=3, do not respond very well to force-distributions having
even number of pairs of force-poles. Consequently, the reduction in the vibration
amplitudes thus obtained, and the sound radiated thereby, can be as much as 20 dB. As
already discussed in Chapter 5, the force-distributions with 2 or 4 pairs of force-poles
do excite well the resonances associated with both modes n=2 and n=4, their
corresponding vibration amplitudes diminish rapidly as their excitation frequency is
moved away from the resonance frequency.

The individual laminations are usually not segmented for small motors, but they
are usually segmented in the case of larger machines. The stack of laminations is held
in compression by various mechanical means such as axial keying. The stator stack is
supported by the frame of the motor. The core is sufficiently stff to be entirely
functional mechanically. It was observed from the experimental investigations on the
120 hp induction motor stator that the windings and the laminations do contribute
significantly to the damping present in the stator-structure. In references [36,38], the
authors have demonstrated that the damping in the stator-structure reduces considerably
when it is impregnated and varnished. Impregnating the stator provides increased
insulation between the stator coils and the stator body, which can be achieved by using

better insulation material in the slot.

6.4  Experimental Results Obtained by the Variable Frequency Operation
of the 10 hp Squirrel-Cage Induction Motor

Experimental investigations were conducted on the 10 hp squirrel-cage induction
motor whose design details are provided in Chapter 3. The motor was operated from
a sinusoidal voltage source and the supply frequencies were varied from 24 Hz to 96 Hz.

This frequency range translates to a speed range from 720 rpm to 2900 rpm. During
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these tests, the supply voltage was varied along with the supply-frequency in order to
keep the flux levels approximately same. The impulse response of the stator of the
10 hp induction motor was measured using the hammer excitation, and it is shown in
Fig. 6.1. The vibration of the stator was also determined using the magnetic shaker
procedure [33]. The resonance peaks were individually examined, and these resonances
are provided in Table 6.4. Table 6.5 provides the frequencies at which the various slot-
harmonic forces occur when the test motor is operated at different supply frequencies.
The experimental investigations were conducted at no-load conditions. The operating
speeds of the motor are also provided in Table 6.5. The associated slip at these speeds
are provided in percentage values in Table 6.5.

Fig. 6.2(a) shows the magnitudes of twice the supply-frequency component in the
vibration signals measured on the surface of the test motor, when the motor was
operated at different supply frequencies. The supply-frequencies were so chosen such
that some of the slot-harmonic forces would be close to few of the resonant frequencies
of the stator. The measured vibration levels are shown on a logarithmic scale in
mm/sec’, and also in dB relative to 102 mm/sec’. The frequencies at which these
vibration components occur are shown on the scale at the top of the plot. It is observed
from Fig. 6.2(a) that twice the supply-frequency component of the vibrations increases
by about 20 dB over the frequency range from 24 Hz to 96 Hz. For the sake of
explanation, a section of the response of the stator in the corresponding frequency range
is shown in Fig. 6.2(b). It is observed from the impulse response that there are no
resonances of the stator in this frequency range. It should be mentioned here that in the
case of large machines, resonances of the stator may occur in this lower end of the audio
frequency range [35].

Fig. 6.3 shows the measured magnitudes of vibration components corresponding
to the * order slot-harmonic forces. In addition, the impulse response of the stator in
the corresponding frequency ranges is shown on the plots. It is observed that the
1* order slot-harmonic component at (Fg,-2f) is most effective in inducing vibrations of
mode n=2 at resonances of 730 Hz and 970 Hz. The mode n=3 resonance at 1930 Hz
is best excited by the 1* order slot-harmonic component, (Fg+2f). It is recalled from

Table 6.3 that the significant pairs of force-poles associated with the slot-harmonic force
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Table 6.4 : Resonances of the 10 hp squirrel-cage induction motor.

S. No. | Resonant Frequency, Hz Mode, n
1 730 2
2 970 2
3 1200 *
4 1942 3
5 2046 3
6 2235 *
7 2350 *
8 2650 *
9 2893 *
10 3314 1
11 3628 3
12 3888 4
13 5092 *
14 5134 *
15 6959 *

* - circumferential modes were not well-defined.

components, (Fs,-2f), Fg,, and (Fg;+2f), are 3, 7 and 1, respectively. As expected, the
force component at Fg, is least effective in exciting the resonances of the stator due to
its higher number of pairs of force-poles.

Fig. 6.4 shows the measured magnitudes of vibration components corresponding
to the 2™ order slot-harmonic forces. The significant pairs of force-poles associated
with the slot-harmonic force components, (Fs,-2f), Fg,, and (Fs,+2f), are 2, 2 and 6,
respectively. The measured vibration components corresponding to the slot-harmonic
force (Fg,+2f) have the least magnitudes in comparison to the vibration components

associated with forces (Fg;-2f) and F,.
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(b)
Figure 6.2 : Plots of :
(a) Vibration components of twice the supply-frequency measured

when the machine was operated at various supply-frequencies,
b) Impulse response of the stator of the motor.

Fig. 6.5 shows the measured magnitudes of vibration components corresponding
to the 3" order slot-harmonic forces. The significant pairs of force-poles associated
with the slot-harmonic force components, (Fg;-2f), Fg;, and (Fg;+2f), are 9, 3 and 1,
respectively. In general, most of the vibration components shown in Fig. 6.5 are quite
small.

Fig. 6.6 shows the measured magnitudes of vibration components corresponding
to the 4% order slot-harmonic forces. The significant pairs of force-poles associated
with the slot-harmonic force components, (Fss-20), Fg,, and (Fg+2f), are 10, 8 and 4,
respectively. The vibration components corresponding to force (Fg,+2f) are dominant.

In general, the vibration components are comparable to those shown in Fig. 6.5.
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Figure 6.3 : Plots of the measured vibration components due to the 1% order slot-
harmonic forces when the machine was operated at the various supply-
frequencies. Vibration levels corresponding to;

(a) (Fs;-2f), (b) Fs,, (c) (Fs,+21).
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Figure 6.4 : Plots of the measured vibration components due to the 2™ order slot-
harmonic forces when the machine was operated at the various supply-
frequencies. Vibration levels corresponding to;

(a) (FSZ-Zf)’ (b) FS29 (C) (Fsz+2ﬁ.
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Figure 6.5 : Plots of the measured vibration components due to the 3™ order slot-
harmonic forces when the machine was operated at the various supply-
frequencies. Vibration levels corresponding to;

(a) (Fs3-2f), (b) Fs;, (c) (Fsy+2f).
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Figure 6.6 : Plots of the measured vibration components due to the 4™ order slot-
harmonic forces when the machine was operated at the various supply-
frequencies. Vibration levels corresponding to;

(a) (Fs-2f), (b) F,, (c) (Fget+26).
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Fig. 6.7 shows the measured magnitudes of vibration components corresponding

to the 5™ order slot-harmonic forces. The significant pairs of force-poles associated

with the slot-harmonic force components, (Fss-2f), Fgs, and (Fgs+2f), are 5, 1 and 3,

respectively. It is interesting to note that the vibration components corresponding to Fg;

are quite significant.

6.5 Summarising Comments

In this chapter, the implications arising from the operation of an induction motor

on a variable-frequency power supply from the perspective of vibrations and noise are

described. Some of the salient considerations involved in the design of a quiet variable-

speed drive are:

@)

(ii)

(iii)

(iv)

When a variable speed operation is desired, it is not always possible to avoid
excitation of all the resonances of the machine stator. At resonance, the
circumferential distribution of the excitation forces determines its ability in
inducing vibrations.

The choice of the number of stator and rotor slots is an important parameter in
the design of a quiet induction motor. It was observed from the experimental
investigations conducted on the 10 hp squirrel-cage induction motor that the
forces associated with fewer pairs of force-poles are the most troublesome from
the perspective of vibrations and noise. As discussed, there will be a decrease
in the number of significant components in the force spectrum with the increase
in the difference between the number of stator and rotor slots.

The force components with odd number of pairs of force-poles are produced only
when an odd number of slots is used for the rotor. The absence of force
components with 1 and 3 pairs of force-poles is of advantage, and therefore the
choice of odd number of rotor slots must be avoided. With certain slot-
combinations involving even number of stator and rotor slots, it is further
possible to eliminate the force components with two pairs of force-poles.

The experimental investigations on the 10 hp squirrel-cage induction motor
presented in this chapter describe procedures to determine the important slot-

harmonic forces. Unfortunately, the test machine was not very suitable to obtain
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Figure 6.7 : Plots of the measured vibration components due to the 5" order slot-
harmonic forces when the machine was operated at the various supply-
frequencies. Vibration levels corresponding to;

(a) (Fss-2f), (b) Fs;, (c) (Fss+2f).
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v)

(vi)

conclusive results. A specially designed motor will be required to conduct
further experimental verifications. Considering the difficulties involved in
isolating the interference from the loading-device, the experimental investigations
were conducted at no-load. At no-load, since the magnitudes of the slot-
harmonic forces are quite small, the higher order effects are not pronounced.
The number of orders of the slot-harmonic fields, and hence the slot-harmonic
forces, which need to be considered depends on the machine. All the
components within the critical portion of the audio-frequency range, i.e. from
1 to 5 kHz, should be considered. For small and medium size squirrel-cage
induction motors, consideration until the 5" order slot-harmonic forces is usually
sufficient. Since the force-frequencies are inversely related to the number of
pole-pairs of the fundamental air-gap field, more orders of the slot-harmonic
forces should be considered for low-speed motors. This is chiefly applicable to
large machines, which have many more resonances in the critical portion of the
audio-frequency range. Although the magnitudes of the forces are important, the
mechanical response at the resonance generally dictates the level of associated
vibrations. In wound-rotor induction motors, most of the troublesome slot-
harmonic forces are confined to frequencies below 2 kHz, and their magnitudes
decrease more rapidly with increasing orders.

Most of the undesirable vibrations and noise are produced by the slot-harmonic
field components. These slot-harmonic fields increase significantly from no-load
to the rated load condition. The use of semi-closed slots, magnetic wedges
across the slot-openings, skewing of the rotor slots in small and medium size
machines are useful measures in limiting the magnitudes of the slot-harmonic

fields and hence the slot-harmonic forces.
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7. CONCLUSIONS

An analysis of a general nature has been developed for the calculation of the air-
gap fields and the electromagnetic radial-forces in induction machines. The analysis is
based on the permeance-method for the determination of the air-gap fields.
Modifications have been made to the permeance-method in order to incorporate the
effects of the rotor MMFs while considering the mutual interactions between the stator
and rotor produced fields. The analysis is rigorous, and it can be easily modified to
include the effects of different stator and rotor arrangements. The computation
techniques used in the thesis are comprehensive and they provide reliable information
on the air-gap fields and the electromagnetic radial-forces.

A systematic approach was used to calculate the air-gap fields and the
electromagnetic radial-forces produced in a 7.5 kW (10 hp) squirrel-cage induction
motor, and a 70 kW (95 hp) wound-rotor induction motor. Various aspects of the
calculated results were verified experimentally on the 7.5 kW squirrel-cage induction
motor. The following important conclusions are drawn based on the analytical

predictions and the experimental results.

7.1 Determination of the Electromagnetic Air-gap Fields

6)) The primary armature reaction involves the consideration of the stator and rotor
MMFs produced by their fundamental currents. To obtain sufficiently accurate
information about the air-gap fields, it is important to consider the multiple
armature reactions. Ignoring the multiple armature reactions between the stator
and rotor will result in higher estimates of the magnitudes of the various air-gap
fields.

(i) It was found that the air-gap harmonic fields produce circulating currents of

higher frequencies both in the stator and the rotor windings. Some of these
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(iid)

@iv)

)

currents may be substantial. These circulating currents damp certain harmonic
air-gap fields. In contrast to squirrel-cage induction motors, the current
harmonics for wound-rotor induction motors occur at lower frequencies.

In a squirrel-cage induction motor, when the number of rotor bars is not an
integer multiple of the number of phases on the stator, then triplen harmonic air-
gap fields are produced. These fields induce zero-sequence voltages in the stator
windings. The magnitudes of the corresponding currents would depend on the
connections of the stator windings. The zero-sequence currents produce pulsating
fields, and they are responsible for the production of zero-sequence torques and
other localised leakage-field effects. In distinction to squirrel-cage induction
motors, since the stator and rotor of wound-rotor induction machines have
polyphase windings, commonly with three phases, the triplen-order fields are
generally not produced.

In both types of motors, the slot-harmonic air-gap fields are the dominant
harmonic components in the air-gap field distribution. These fields are produced
as a direct consequence of the slotting of the stator and rotor surfaces. The slot-
harmonic components increase appreciably with load owing to the increased
harmonic content in the rotor MMF. It is important to note that the slot-
harmonic fields are responsible for most parasitic effects associated with the
operation of induction machines.

While comparing the calculated and experimental values of the slot-harmonic
field components in the squirrel-cage induction motor, it was observed that the
correlation between the two improved with the load. The increased discrepancy
at no-load is not significant. In most cases, the difference between the predicted
and the measured amplitudes of the slot-harmonic field components is less than
5% of the amplitude of the fundamental component. The accuracy realised in the
calculation of the air-gap field amplitudes is quite satisfactory from the

perspective of vibration and noise problems.
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7.2 Determination of the Electromagnetic Radial-Forces

(1)

(i1)

(iif)

(iv)

)

The force component at twice the line frequency is produced mainly by the
fundamental air-gap field. Generally, the vibration response of the stator is not
significant to this force in the case of induction machines. Since its frequency
is close to the lower limit of the audible frequency range, this force component
is not important with regard to the radiated acoustic noise.

The other dominant components in the spectrum of the radial-forces are produced
by the slot-harmonic fields. In squirrel-cage induction motors, they occur as
distinct bands in the spectrum of the radial-forces according to their harmonic
orders. For small and medium size machines, considerations up to the 5" order
slot-harmonic forces are usually sufficient. Even the higher frequency
components need to be considered for a large machine as several resonant
frequencies may exist in the audio frequency range.

By comparing the spectra of the forces produced by the squirrel-cage and the
wound-rotor induction motors, it was evident that the squirrel-cage induction
motor is very rich in harmonics. In the case of squirrel-cage induction motors,
the slot-harmonic forces are usually spread over a major portion of the audio-
frequency range. In contrast, the force components for wound-rotor induction
motors are confined to the lower portion of the audio-frequency range, and are
typically below 2 kHz. The frequencies at which these slot-harmonic forces are
produced depend on the number of phases on the rotor windings and the speed
of the machine. Further, since it is very common to use 3-phase windings on the
stator and the rotor, the slot-harmonic forces do not occur separately as distinct
bands in the force spectra of a wound-rotor induction motor.

Magnetic saturation produces force components at 4f, 6f, 8f, etc., and also the
side-bands on either side of the slot-harmonic force. The experimental
investigations confirmed the existence of the forces produced by the saturation,
and also revealed that they can excite resonances of the machine.

Considering a particular component of the radial-force, its distribution along the
air-gap produces a sinusoidal deformation of the stator and rotor. Since the

mechanical response of the stator decreases with increasing number of pairs of

198



(vi)

(vii)

force-poles, the forces with fewer poles are of greater significance from the

perspective of acoustic noise produced by the induction machine.

The importance of the stator and rotor slot-combinations in squirrel-cage

induction machines were closely examined. The following observations are made

with respect to the spectrum of the radial-forces:

(a) The number of dominant components in the spectrum of the radial-forces
decreases with the increase in the difference between the number of stator
and rotor slots.

(b) The force components with odd number of pairs of force-poles are
produced only when an odd number of slots is used in the rotor. The
absence of force components with 1 and 3 pairs of force-poles is of
advantage, and therefore the choice of odd number of rotor slots should
be avoided.

() The number of rotor bars such that the difference (Z - S) is an even
multiple of p, will produce forces with force pole-pairs of 2p, 4p, 6p, etc.
This combination is of benefit in eliminating the force-components with
two pairs of force-poles for the machines with p>1.

In wound-rotor induction motors, it is often desired to have integral-slot windings

in the stator and rotor, which constrains the choice of the number of stator and

rotor slots. The use of preferred number of slots, such as 36, 48, 72, 96, etc.,
leads to the various force components having a circumferential distribution with
pairs of force-poles of 0, 4, 8, etc. In general, the radial-forces in wound-rotor
induction machines are often less tréublesome than their counterparts in squirrel-

cage induction machines.

7.3 Experimental Investigations with Distributed Excitation

Extensive experimental investigations were conducted to study the vibration

behaviour of electrical machine stators from the perspective of designing quiet electrical

machines. The experimental modal-analysis of the stator models were conducted using

distributed electromagnetic forces. The following observations about the nature of

vibrations associated with the resonances of stators are derived from the investigations:
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(i)

(i1)

(iii)

(iv)

v)

(vi)

The frequency of resonance increases progressively with the increasing
complexity of the mode of vibration. The modes n=0 and n=1 are exceptions to
this rule, and they occur at a higher frequency. The vibration modes n = 2, 3
and 4 are important modes of vibration for small and medium size stators.
From the viewpoint of experimentally investigating the vibration behaviour of
electrical machine stators, the main advantage of the distributed excitation forces
is the ability to excite resonances selectively. It was observed that the best
vibration response was obtained with the force-distribution that had the same
pairs of force-poles as the circumferential mode of vibration associated with the
corresponding resonance. Further, the experimental results revealed that there is
a significant amount of coupling between the mode n=2 resonances and the
force-distribution with 4 pairs of force-poles, and vice versa.

The distributed electromagnetic forces facilitate the injection of substantially
more vibrational energy uniformly into the test models. This was especially
important for the laminated stator model with windings.

The damping-ratios obtained for the solid stator-shell model is within the range
of values 1x10* to 6x107, as reported for steel [S0]. The results exhibit a
decrease with frequency. The decrease of the damping-ratios with frequency
signifies the predominance of friction-damping.

It was observed in the case of the laminated stator model with windings that the
damping-ratios did not exhibit direct relationship with the resonant frequencies.
This suggested the presence of non-linear damping effects which are normally
present in composite structures built using different materials. Also, it is
indicative of the energy dissipation at the boundaries of the various structural
elements. The values of the damping-ratios obtained for this model are
approximately 10 to 100 times of that obtained for the solid stator-shell model.
Since the actual damping present is proportional to the resonant frequency and
the damping-ratio, it follows that the actual damping present in the laminated
stator model at higher frequencies is much larger.

Another significant advantage of using the distributed electromagnetic forces is

their ability to induce vibrations in a stator model uniformly. This results in well

200



(vii)

(viii)

(ix)

defined sinusoidal mode-shape patterns in the measurements as predicted by the
theory.

Contrary to the popular belief, it was observed that stationary "standing-wave"
deformation patterns of vibrations were produced at the resonances even with
rotating force-distributions.

From the perspective of designing quieter machines and achieving lower levels
of vibrations, it is critical that the force-frequency be kept away from the
resonant frequency. It was observed from the experimental investigations that
the resonances of the stators were excited by most of the distributed force
arrangements. Further, at resonance, the amplitudes of the vibrations depend to
a lesser extent on the type of force-distribution. In the course of the
investigations, it was ascertained that the force-frequency overrides the
importance of the force-distribution.

Significantly lower levels of vibrations can be achieved at the mode n=1 and n=3
resonances of the machine structure by ensuring that the force-distributions which
match these mode-shapes either do not exist or are made as small as possible.
For the vibrations at modes n=2 and n=4 resonances, both the force-distributions,

with 2 and 4 pairs of force-poles, are equally effective.

7.4 Variable Frequency Operation

Theoretical and experimental investigations were conducted to study the effects

of variable frequency operation of an induction motor. The salient observations with

regard to important radial-forces an the ensuing vibrations were drawn from the

investigations, and they are reported in Chapter 6. Two important conclusions are

reported here:

@)

Under the variable frequency operation of induction motors, it is not always
possible to avoid excitation of the resonances of the machine stator. The
experimental investigations conducted on the 10 hp squirrel-cage induction motor
confirmed that the forces associated with fewer pairs of force-poles are the most
critical. Further, it was established that the frequency of an exciting force

overrides the importance of the mode-shape at a given resonance.
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(ii) Most of the undesirable vibrations and noise are produced by the slot-harmonic
field components. The use of semi-closed slots, magnetic wedges across the slot-
openings and skewing of the rotor slots in small & medium size machines are
useful measures in limiting the magnitudes of the slot-harmonic fields, and hence

the slot-harmonic forces.

A direct application of the findings of the various studies reported in this thesis
is in the design of quieter induction motors suitable for fixed and variable frequency
operations. The physical interpretations of the results, obtained in the course of the
investigations, would help in acquiring a better understanding of the electromagnetic
excitation forces and the vibration response of stators in relation to the problem of
electromagnetic acoustic noise in electrical machines. Finally, it is hoped that the
theoretical and experimental investigations reported in this thesis would be beneficial to
the design engineers in their attempts to build quiet electrical machines and drive

systems.
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APPENDIX A

Effects of the Triplen Harmonic Fields Produced Due to Armature Reaction

With certain slot-number combinations of the stator and rotor, air-gap fields
having pole-pairs that are a multiple of 3 are produced. These fields are called triplen
harmonic fields. In the case of squirrel-cage induction motors, these triplen harmonic
fields are produced when the number of the rotor bars is not an integer multiple of the
number of phases on the stator windings. Since the stator and rotor normally house
3-phase windings in wound-rotor induction motors, these triplen harmonics are not
produced by the multiple armature reaction effects.

Fig. Al shows the distribution of the fundamental field and a triplen harmonic
field over 2-poles. It is assumed that the various phase-belts are connected in series and
the stator phases are connected in a wye configuration. Depending on the connection
of the star-point, the two possibilities that arise are a floating neutral and a grounded-

neutral arrangement.

Stator phase—belts
A -C | B | -A C _B

Triplen Field

<

= 0

Figure Al : Distribution of the fundamental and triplen harmonic fields over
2-poles of the 3-phase windings.
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Exa
“",’—\
T
Triplen-harmonic fields
Eou Eny
Fundamental

Figure A2 : Phasor diagrams for the voltages induced in the stator windings due to
the fundamental and triplen-harmonic rotor fields.

The phasor-diagram of the voltages induced in the stator windings due to the
fundamental field and the triplen harmonic field are shown in Fig. A2. For the triplen
harmonic fields, the voltages in the stator windings are co-phasors, i.e. their magnitudes
are equal and they are in-phase with respect to each other.

Case 1 : Floating neutral

When the star-point of the stator winding is not grounded the voltages induced
by the triplen harmonic fields cannot produce the currents. Therefore, the triplen
harmonic fields in the air-gap are left undamped by the stator windings. Consequently,
these triplen harmonic fields have relatively large amplitudes.

Case 2 : Grounded neutral

When the star-point is connected to ground, a path is created for the triplen

harmonic currents to flow in the stator windings. These currents are given by:
_ Eangs

IAN.3 = IBN.3 = ICN,s "7 ) (A1)

Stator

glVlIlg Ineutral =3 IAN,3 :

The field produced by these currents will damp the rotor triplen fields. Being
co-phasors, these zero-sequence currents produce pulsating fields, and they are

responsible for the production of zero-sequence torques and other localised leakage-field

effects.
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Appendix B

Computation Procedure for Determination of the
Air-gap Fields and Radial-Forces

As explained in the analysis, the distribution of the air-gap MMF and the air-gap
permeance along the circumference are expressed as waves. The distribution of the air-
gap flux-density and the radial-forces are then obtained and also expressed as waves.
The sequence used for these calculations is shown in Fig. Bl. Based on these
procedures Fortran programs were developed for the calculation of the air-gap fields and
the radial-forces.

A wave is expressed as a Fourier series consisting of various cosine functions.
For the purpose of computation, the wave is expressed in the form of two complex
arrays. Accordingly, the MMF-wave:

M(6,t) = M cos(pf - wt+ 1y, ) + M, cos (5pl+owt+¢,) + ... (B
is expressed as:
(M, ¥y,) (P, -f)
(Ms, ¥,,) (Sp.f) (B2)

Similarly, the permeance-wave:

A(8,t) = A, + Ag,cos(S@) + Ay, cos|Z6 —%(1 -s)wt}

Ag, A ®
+ _.SITR_Icos (Z-S)6 -%—(l—s)mt] + ..,
is expressed as:
[A.O, 0] [0, O]
[ASI, 0] [S, 0]
Z
rer 0] [z (Ba-wer ®4)

(e} o (e
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A procedure for the term-by-term multiplication of two waves was adopted.
Thus, the product is again obtained as a wave, and it is also expressed in the form of
two complex arrays. This multiplication procedure permits an easier analysis of the
harmonic components in the air-gap flux-density and the radial-forces. Further, it
presents a convenient means of tracing the harmonics to their origins.

The air-gap flux-density is obtained as a product of the MMF-wave and the
permeance-wave. The force-wave is then calculated by squaring the air-gap flux-density
wave, and it is multiplied by Zi#'o to obtain the various components in N/m’.

A separate routine was developed for the integration of a wave over specified
limits on the stator and the rotor. This is used to determine the flux-linkages of a stator
search-coil, and also the absolute force in Newtons that act on a stator tooth. It is

explained mathematically as follows. Let the calculated air-gap flux-density wave be:

B(6,t) = fj B, cos (P 0 -, t+1y,). (B5)
k=-o
Fig. B2 shows a schematic view of the machine giving the angular location of the coil-
sides of a stator search-coil. The total flux linking with the stator search-coil is found
by integrating the air-gap flux-density over the span of the search-coil. It is given by:
0=0,,
¢$= [ B(8.1) 1Tdb, (B6)
0=0,
where r is the radius of the stator-bore and I, is the effective length of the coil-sides.
For any particular instant of time, the integral is evaluated by summing the integrand
over a large number of infinitely small sections between 6 =6, and 0 =60, The
evaluation of this integral at different successive intervals of time is used to determine
the variation of the flux-linkages with time. The voltage induced in the stator search-
coil is then determined as the rate of change of flux-linkages with time. It is expressed

mathematically as:
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_ _d¢
dt’

60, B7
d B7)

= - [ B(o,t) 1 r-db|.

=0,

A similar calculation procedure is used for the calculation of the radial-forces
which act on a stator tooth. The force-wave is calculated and expressed in N/m?. The
integration of the force-wave over the surface of the tooth will give the absolute value
of the radial-force that acts on the stator tooth. It is expressed mathematically as:

6=6,,
F,= [ F(8,t)leT-do, (B8)

t
=0,

where F(6,t) is the calculated force-wave.

0, 7&
Stator
Side of
search-coil
Rotor
Air-gap

Figure B2 : Schematic view of the machine showing the angular location of a
stator search-coil.
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Appendix C
Winding Arrangements for the Electromagnetic Surface Excitation System

Although it is desired to have a sinusoidal flux-density distribution along the
circumference, it is difficult to achieve in practice since it requires sinusoidal grading
of the number of turns in the distribution of the rotor coils. Due to the restriction
imposed by the available slot space and the ease of installing formed coils having a fixed
number of turns, a winding arrangement with equal number of turns per coil is chosen.
Considering the frequency range for the operation of the windings and the voltage
limitations of the power-supply, the terminal inductance of the winding is designed to
be less than 5 mH. Further, at high frequencies the inter-turn voltages are large, hence
a heavy enamel insulation is required on the copper wires. In addition the slot-openings
on the rotor impose an additional constraint on the size of the wire to be used. Triple
enamel coated copper wire of AWG 20 are therefore used for the windings. To keep
the net inductances of the windings small, the 2-pole and 4-pole windings are designed
to have many parallel paths. Also, to permit simultaneous operation of both the

windings, the mutual inductances between the two windings is designed to be negligible.

Coil Connections for 2-pole Pulsating Magnetic Fields

There are 28 coil-groups that are distributed around the rotor to form the 2-pole
winding. The distribution of the coil-groups are shown in Fig. C1. Each coil-group
consists of 24 coils of 2 turns each that are connected in parallel. The terminals of the
24 coils in each slot is crimped together and brought out to a terminal-board to permit
connection of the various coils in different arrangements. The salient information of the

2-pole winding is provided in Table 4.3, and its operation is described in Section 4.5.

Coil Connections for 4-pole Pulsating Magnetic Fields

The 4-pole winding is designed similar to the 2-pole winding. The various coil-
groups of the 4-pole winding have a span of 7 rotor slots, and the distribution of the
coil-groups is shown in Fig. C2. Each coil-group of the 4-pole winding consists of 24

coils of 2 turns each that are connected in parallel. Here again, the terminals of the coils
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in each slot are crimped together and brought out to the terminal-board. The salient
information for the 4-pole winding is provided in Table 4.4, and its operation is
described in Section 4.5

The end-view of the combined arrangement of 2-pole and 4-pole windings on the
rotor is shown in Fig. C3. Due care was taken during the forming of the coils, and its
installation, to ensure that the overhang portions of the 2-pole and 4-pole windings are

symmetrically distributed around the periphery of the rotor.

Coil Connections for 2-pole Rotating Magnetic Fields

The coils of the 2-pole windings were connected in a 3-phase configuration in
order to produce a rotating force-distribution with 2-force-poles. Since the rotor does
not have an integer number of slots per pole per phase, a fractional-slot winding
arrangement is used. The coils of the 2-pole winding is connected in accordance to the
winding diagram provided in Fig. C4. The individual phases are connected in star, and
a current of 4.71 Amperes is maintained constant through each of the phases when the
frequency of the supply is varied from 200 Hz to 5 kHz. More information on the

operation this winding arrangement is provided in Section 4.5.
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Legend

-~ —2-pole winding
— 4-pole winding

Figure C3 : End-view of the winding arrangements on the rotor.

—
—

Figure C4 :  Coil connections for the operation of the 2-pole winding in a 3-phase
configuration.

217



Appendix D

Relationship Between the Force-distribution and
the Circumferential Mode of Vibration

Fig. D1 shows the flux-density in the air-gap of the machine over two poles. The
flux-density distribution being sinusoidal, the distribution of the force in the air-gap has
a constant component and a sinusoidally varying component having twice as many
cycles as the original flux-wave.

For pulsating magnetic fields, the constant and sinusoidal force components
pulsate at twice the supply frequency. Considering the circumferential distribution of
the forces produced by a 2-pole pulsating field, the stator and the rotor will be subjected
to pulsating elliptical deformations. Fig. D2 shows the elliptical deformation of the
stator and the rotor due to a two-pole field at a given instant of time. The elliptical
deformation pattern corresponds to the n=2 circumferential mode of vibration. Thus, an
excitation with 2 pairs of force-poles creates the n=2 mode of vibration.

In the case of rotating fields, the constant component is uniform around the
periphery, and hence it produces a constant pull on the stator and the rotor. It does not
contribute to the noise produced by induction motors. The sinusoidal force component
rotates along with the flux-wave at its synchronous speed. Thus, every point on the
stator and rotor will be subjected to a periodic force with 2-cycles per revolution for a
2-pole rotating field. Consequently, every point on the stator is made to vibrate at twice
the supply frequency with respect to time. Considering the circumferential distribution
of the forces produced by 2-pole rotating field, the stator and the rotor will be subjected
to a rotating elliptical deformation.

In general, the number of pairs of force-poles correspond to the associated

circumferential mode of vibration.
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Figure D1 : Force-distribution due to a 2-pole air-gap field.
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Appendix E

Experimental Study of Resonances of the Rotor of 120 hp Motor

The experimental investigations which were conducted to determine the
resonances of the rotor of 120 hp induction motor are described in this appendix. The
dimensions and details of other constructional features of this rotor are provided in

Chapter 4.

The Experimental Arrangements and Procedures
The experimental investigations on the rotor were conducted using a magnetic

shaker. The rotor was placed on a specially designed pedestal-stand, and the
acceleration levels were measured on the rotor surface using several accelerometers. In
order to ensure resilient mounting, one inch thick rubber pads of 40 durometer hardness
were placed between the shaft and the pedestals.

In order to determine the circumferential and longitudinal mode-shapes at the
various resonant frequencies, the acceleration levels were measured at many locations
along the contour of interest. The various measurement locations for the determination
of the circumferential and longitudinal mode-shapes are shown in Fig. E1. In the present
experimentation, 14 equally spaced measuring locations on the periphery identified by
teeth (1,5, ...,53) were used for the determination of the circumferential mode-shapes.
Further, nine measuring locations on planes A to H, and Z were used for the
determination of the longitudinal mode-shapes.

The resonant frequencies of long models, such as this hp rotor, have axi-
symmetric and anti-symmetric longitudinal modes of vibrations associated with them.
In order to excite the axi-symmetric longitudinal modes of vibrations, the rotor was
excited on the centre-plane at position 40-Z, on tooth #40. An off-centre excitation at
40-C was used to excite the anti-symmetric longitudinal modes of vibrations.

Further, to investigate the effects of the windings on the resonances of the rotor
the vibration measurements were initially made on the rotor with no windings in the
slots. The experimental investigations were then conducted on the complete rotor with

windings installed in the rotor slots.
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Figure E1 : Arrangement of the measuring points on the rotor.

Axi-s etric resonant frequencies of the rotor with no windings

The rotor was excited at position 40-Z and the resonant frequencies were
measured at position 1-Z. Fig. E2 shows the spectrum of the vibration signal measured
on the rotor. The ah1plitudes of the various components are shown relative to the
amplitude of the of the largest peak in the spectrum of Fig. E2. The vibration response
was measured at several locations on the central plane (1-Z to 53-Z), and only those
peaks that were registered consistently were noted as resonances belonging to the rotor.
The circumferential and longitudinal modes of vibrations associated with each of the
resonances were individually examined and they are provided in Table E1. The various
resonant frequencies according to the serial numbers provided in Table E1 are identified

in the spectrum of Fig. E2.

Anti-symmetric resonant frequencies of the rotor with no windings
As mentioned earlier, in order to excite the anti-symmetric resonances of the

rotor the rotor was excited at an off-centre location. Fig. E3 shows the spectrum of the

vibration signal measured at 1-C, when the rotor was excited at 40-C. All the peaks in
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this spectrum are also identified according to Table El. Here again, the vibration
response was measured at several locations on the radial-plane C and also on other
locations on the rotor to ensure the elimination of parasitic peaks from being registered

as resonances of the rotor.

Circumferential and longitudinal modes of vibrations of the rotor with no windings

In order to determine experimentally the circumferential mode of vibration
associated with a particular resonant frequency, the rotor was exited at that frequency
of the resonance and the vibration signals were measured at different locations on a
radial-plane. Two accelerometers were used for this purpose. The amplitude and phase-
difference of the vibration signals measured at various locations were then used to
determine the mode-shape.

To determine experimentally the longitudinal mode of vibration, the rotor was
excited at the resonant frequency. For axi-symmetric resonances, the rotor was excited
at 40-Z. For anti-symmetric resonances, the off-centre position 40-C was used. The
vibration signals were measured at different points along the length of the rotor, and the
amplitudes with their associated phase-differences were used to obtain the longitudinal
mode-shape at the resonant frequency.

Figs. E4 and ES show the measured circumferential and longitudinal mode-shapes
at the various resonances of the rotor. The circumferential distribution at most
resonances exhibited a well defined sinusoidal pattern. In contrast, the longitudinal
modes at some of the resonant frequencies were not well defined. The amplitudes of
vibrations varied significantly along the length of the rotor at these resonant frequencies.
Although, the vibration amplitudes show an appreciable change, the phase differences
in the vibration signals at various locations along the length were distinct and useful in

determining the longitudinal mode of vibration.
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Table E1 : Resonances of the rotor with no windings.

Axi-Symmetric Resonances

Anti-Symmetric Resonances

S.No. |Freq, Hz|{ n | m || S No. |Freq,Hz|{ n | m
1 1070 1|2 17 618 111
2 1845 12 18 1610 113
3 2135 1| 4 19 2817 115
4 2180 1 | 4 20 3115 1 {17
5 2625 214 21 9890 317
6 2990 1|0
7 3145 1| 4
8 3770 2 |4
9 4785 2|4
10 4875 2| 4
11 5294 212
12 5555 2 | 4
13 5665 2 (2
14 9140 314
15 9250 3 (6
16 9455 314
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Figure E4 : Mode-shapes associated with the axi-symmetric resonances of the rotor.
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Figure ES : Mode-shapes associated with the anti-symmetric resonances of the rotor.

Resonances of the rotor with windings
The windings described in Appendix C were installed in the slots of the rotor.

Due care was taken in the design and installation of the windings to maintain symmetry,
particularly in the overhang sections of the rotor. The findings of the experimental

investigations to determine the resonances of this rotor are reported in the following.

Axi-symmetric resonant frequencies of the rotor with windings
Again, in this case the rotor was excited at 40-Z and the resonant frequencies

were measured at position 1-Z. Fig. E6 shows the spectrum of the vibration signal
measured on the rotor. The vibration response was measured at several locations on the
central plane (1-Z to 53-Z), and only the peaks that were registered consistently were
noted as resonances belonging to the rotor. The circumferential and longitudinal modes
of vibrations associated with each of the resonances were also individually examined and
they are provided in Table E2. The various peaks in the spectrum of Fig. E6 are
identified according to Table E2.
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Anti-symmetric resonant frequencies of the rotor with windings

As mentioned earlier, in order to excite the anti-symmetric resonances of the
rotor the rotor was excited at an off-centre location. Fig. E7 shows the spectrum of the
vibration signal measured at 1-C when the rotor was excited at 40-C. All the peaks in
this spectrum are identified according to Table E2. Here again, the vibration response

was measured at several locations on the radial-plane C, and also other locations on the

Table E2 : Resonances of the rotor with windings.

* : was not well-defined.
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Axi-Symmetric Resonances [ Anti-Symmetric Resonancﬂl
S.No. {Freq, Hz| n | m || SNo. |{Freq,Hz| n | m
1 1070 1 {2 18 618 1|1
2 2095 1] 4 19 1610 1|3
3 2135 1|4 20 2875 1|5
4 3280 1 | 4 21 3115 1|7
5 4905 2 | * 22 9890 3 (7
6 4980 2|0
7 5210 2| 4
8 5325 2 |4
9 5760 2 | 4
10 5925 2 | 4
11 6460 2|6
12 9095 312
13 9195 3 (6
14 9380 3| 4
15 9650 3| 4
16 9745 3| 4
17 9840 314
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rotor, to ensure the elimination of parasitic peaks from being registered as resonances
of the rotor.

Contrary to the case of electrical machine stators, the installation of the windings
in the rotor did not suppress the anti-symmetric resonances. The anti-symmetric
resonances at 633 Hz and 1610 Hz were distinct, and they are associated with modes
m=1 and 3, respectively.

In summary, the resonances of the 120 hp induction motor rotor without and with
windings were determined experimentally. In distinction to the vibration behaviour of
electrical machine stators, the resonances of the rotor are associated with both the axi-
symmetric and anti-symmetric longitudinal modes of vibrations. The circumferential
modes of vibrations were, in general, well defined and they exhibit sinusoidal

deformation patterns.
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Appendix F
Damping in Practical Vibrating Structures

The amplitudes of vibrations produced in a practical structure, when it is
subjected to an initial disturbance, decays with time. This decay is attributed to the
action of damping forces in the system. The damping forces dissipate the energy
injected into the system. The damping forces in a real structure manifest in different
forms, such as viscous, hysteresis, Coulomb-friction, etc.

As indicated in Chapter 5, it is difficult to formulate explicit expressions for the
damping forces in a structure. Often, simplified models representing the hysteresis and
viscous types of damping are used. These generalised models are based more on
mathematical convenience than the true physical representation of the damping
mechanisms. Nevertheless, they are sufficiently reliable in modelling the damping
mechanisms present in a real structure.

Under the vibrations of a real system, it is likely that there will be some relative
movement of dry or unlubricated surfaces. The resulting friction forces oppose the
motion, and they are often idealised as a force of constant magnitude [49]. Such a force
is usually referred to as a Coulomb-friction force.

In a solid structure, some of the energy loss must be attributed to the imperfect
elasticity or internal friction of the material. Although it is difficult to predict the
magnitude of this type of damping, experiments suggest that a resisting force
proportional to the amplitude and independent of the frequency serves as a satisfactory
approximation. This model for solid-damping is referred to as hysteresis damping or

structural damping.

Hysteresis Damping Model
Assuming harmonic motion, the damping force is given by:

damping force = —LX = -jhx. (F1)
W

where; h is the structural damping factor, x is the vibration displacement, ® is the

frequency of vibration and j is the complex operator V-1. Thus, it is seen that the

232



damping force is in anti-phase to the velocity and proportional to displacement.

Hysteresis damping can be represented by a frequency dependent damping coefficient:
c(w) = L. (F2)
()

The equations of motion incorporating the hysteresis damping effects are given by:

[M]{x} + [K+jH]{x} = [F] (F3)
where; [M] and [K] are the mass and stiffness matrices, [H] is the hysteresis damping
matrix, {x} is the displacement matrix, and [F] is the force matrix. The term [K+jH]
is called the complex stiffness, and it is usually written in the form:

[K+jH] = K[1+jn], F4)
where; n is the structural loss factor of the system. The structural loss factor for steel
is in the range of 1x10™ to 6x10®. It should be emphasised here that the hysteresis

damping model is applicable only when the excitation is of harmonic nature.

Viscous Damping Model
The model for viscous damping is applicable to all cases irrespective of the form

of the excitation forces. The viscous damping forces are considered to be proportional
to the velocity of vibration. Viscous damping forces are usually much smaller than the
inertia and elastic forces acting on the system. The equations of motion incorporating
the viscous damping effects are given by:

[M]{x} + [C]{x} + [K]{x} = [F] (F5)
where: [C] is the matrix of viscous damping coefficients. The most common
implementation of the viscous damping is in the form of Rayleigh-damping model. In
the Rayleigh- damping model, the damping matrix is assumed to be proportional to a
linear combination of the mass and stiffness matrices. Therefore,

[C] = a[M] « B[K], (F6)
where; oo and B are some constants. As explained in Chapter 4, the co-ordinate
transformation that diagonalises the mass and stiffness matrices will also diagonalise the
damping matrix. This helps in decoupling a multiple-degree of freedom system to many

single-degree of freedom systems. Rewriting Eqn. 4.21,
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M7, + C;iy, + Kin = ()T {F} = F;. (F7)

Each of the de-coupled equations, Eqn. F7, is of the form:

i + 2§00 + w;n = F, (F8)

where; {; is the modal damping-ratio associated with the i™ resonance at @, The modal
damping-ratio can be represented in terms of its mass-proportional and stiffness

proportional components as [58]:

20,0, = (o + 0;B). (F9)

Further, it should be mentioned here that an identical treatment can be applied
to a multiple degree of freedom system using the hysteresis damping model. With the
assumption of proportional damping, the hysteresis damping matrix [H] of Eqn. F3 takes
the form:

[H] = «[M] + BK], (F10)
where; o and B are some constants [41].

A characteristic variation of {; with w; for a practical structure is shown in
Fig. F1. Typical variations of the mass- and stiffness-proportional damping-ratios are
shown in Fig. F1. In practice, it has been found that mass-proportional damping
component can represent friction-damping, while stiffness-proportional damping
component can represent internal material damping [58).

The decrease of the damping-ratios with frequency for the solid stator-shell model
indicates that the mass-proportional damping component or friction damping is dominant.

In the case of the laminated stator with windings, non-linear damping effects are
present due to the composite nature of the vibrating structure. In addition to the
damping characteristics provided in Fig. F1, one has to also incorporate the other non-

linear effects.
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Typical variation of the modal damping-ratio in the Rayleigh-damping
model for practical structures [58].
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