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ABSTRACT

The research focuses on the electromagnetic performance of brushless permanent magnet
DC motors, with particular reference to acoustic noise and vibration, but spanning issues such
as the prediction of the magnetic field distribution under any specified operating condition, the

calculation of force and torque components, and the dynamic simulation of drive systems.

A comprehensive analytical technique is developed for predicting the instantaneous
magnetic field distribution in radial-field, surface-mounted permanent magnet brushless DC
motors under any load condition and commutation strategy. It is based on a 2-dimensional
analysis in polar coordinates and accounts implicitly for the corresponding stator winding current
waveforms and the effect of stator slot openings. In addition, a 2-dimensional analytical method
for calculating the back-emf waveform is presented, whilst the analytical technique is applied to
the prediction of the cogging torque waveform and the calculation of the self- and

mutual-winding inductances.

Also developed and validated is an analytical model for predicting the steady-state dynamic
performance of a 3-phase brushless DC drive, by exploiting the periodicity in the stator winding
voltage and current waveforms, with due account of the influence of commutation events in the
inverter bridge, the back-emf waveform, current limiting, and commutation timing etc. The
model is developed further to couple with the motion equation of the rotor to enable the transient

and steady-state dynamic performance of brushless DC drives to be predicted.

The effect of end-shields on the vibrational behaviour of stators is investigated by the modern
modal analysis technique, and new formulae for the calculation of the acoustic power radiated
by a cylindrical stator of finite length, using an analytical method, are presented. A technique
which combines the finite element method and Fourier analysis to account for the effects of
end-shields on the acoustic radiation is developed, and the spherical acoustic radiation model of
motors has been improved by the application of finite elements. Finally, a systematic analytical
approach to the estimation and analysis of the acoustic noise from a radial-field, internal rotor,

brushless DC motor is presented.
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CHAPTER 1

GENERAL INTRODUCTION

1.1 Introduction

In the foreword of the well known book entitled " Low noise electrical motors " written by Dr.
S.J. Yang and published by Oxford University Press, Oxford, 1981, Professor A.J. Ellison is
quoted as saying that research on noise from electrical machines has " spanned electric power,
energy conversion, mechanical vibration, physics especially acoustics, electronics, and

mathematics ". Indeed, this thesis is further proof of this statement.

The main research issues which are covered in the thesis range from the open-circuit, armature
reaction, and load magnetic fields, the calculation of force and torque, the dynamic performance
simulation of drives, and mechanical vibration and acoustic radiation of brushless permanent
magnet DC motors. The work which is reported is a further extension to the candidate’s book
entitled " Analysis and control of noises from electrical machines " which was first published in
1987 and whose chapter contents are given in Appendix 1, and a previous thesis entitled " CAD
of electrical machines - A study of electromagnetic, vibrational, and acoustic behaviour " which
was completed in 1989 and presented to Zhejiang University (China), and whose abstract and

chapter contents are given in Appendix 2.

The brushless permanent magnet DC motor is arguably the most important emerging category
of machine for a wide spectrum of motion control applications, many of which are noise sensitive.
The vast majority of brushless permanent magnet DC motors have surface-mounted magnet
rotors which leads to a large effective airgap, whilst, unlike more traditional machine formats
such as induction motors, the armature reaction field results from phase current waveforms which
contain significant harmonics as a consequence of electronic commutation, and rotates in

incremental steps between commutation events. In this thesis the research focuses on the



electromagnetic performance of brushless permanent magnet DC motors - with particular
reference to their noise and vibration. This task represents completely original, and to some
extent speculative research, since no such investigations on brushless permanent magnet motors

have been reported before.

In this chapter a general literature review on the noise and vibration of electrical machines, as
well as their vibrational and acoustic behaviour, is presented, whilst a discussion of particular
issues is given at the beginning of the following chapters. The main features of the research to

be described in the thesis are also outlined at the end of this chapter.

1.2 Literature Review of Electromagnetic Noise and Vibration

Nowadays, since people expect a quiet and comfortable environment both at home and work,
acoustic noise from electrical machines is an important environmental issue, and the maximum
permissible emitted noise level is usually cited as a parameter in the design specification. By
controlling the radiated acoustic noise and vibration level of electrical machines, their
commercial potential is enhanced, as is that of the products for which they provide the drive.
However, in order to achieve this and be capable of designing low noise electrical machines, it
is necessary to understand and analyse the physical mechanisms of noise generation. As a
consequence, a considerable amount of research continues to be carried out both by industrial
organisations and academic institutions in many countries, in particular the United States,
Germany, the United Kingdom, Czechoslovakia, Canada, the Soviet Union, Japan, Belgium, and
even in China, and standards for noise level limitation and noise measurement from electrical

machines have been established in most industrial countries.

In general, the noise emitted from an electrical machine originates from three major sources, viz,
electromagnetic, mechanical, and aerodynamic [1.1]-[1.15]. In this thesis, however, the

investigation focuses on the electromagnetically generated noise.



The process of electromagnetic noise generation in an electrical machine is illustrated in Fig.1.1

(1.7]-[1.15]:

Variation of airgap field
v

Force waves

v

Structural vibration

v

Acoustic radiation

Fig.1.1 Generation of electromagnetic noise

Hence the important aspects can be classified as follows:

a)
b)
c)
d)
e)
f)

Airgap field and electromagnetic force waves;

Vibrational behaviour and corresponding dynamic response;

Acoustic behaviour;

Methods of noise measurement, standards for noise level limitation and noise measurement;
Identification and control of noise;

Estimation of noise level and design of low noise motors.

Numerous papers have been published on the subject of noise from electrical machines, and these

are summarised in excellent bibliographies by Ellison and Moore [1.1] up to 1967 and by Yang

[1.8] up to 1980 for electromagnetically, mechanically and aerodynamically induced noise. In

addition, some particular aspects, such as the vibration of the end-windings of large electrical

machines, which although largely unrelated to noise generation are important as regards

vibrations, have been throughly researched. However such subjects are out of the range of the

work reported in this thesis, and this literature survey is confined to a brief review of the work

done on electromagnetic noise over the last ten years or so.



The emitted electromagnetic noise spectrum varies with the type of electrical machine, typical

features relating to the frequencies and modes being:

Brushed direct-current machines (commutator machines) [1.16]-[1.19]: The frequencies are
directly proportional to number of armature slots and the rotational speed, whilst the mode orders
are related to the ratio of the armature slot number to pole number as well as the ratio of the width

of the magnet pole-arc to the armature slot pitch.

Asynchronous machines (induction motors) [1.20]-[1.28]: The frequencies depend not only
on the slot number of the rotor, the pole number, and the slip, but are also proportional to the
supply frequency. The mode orders are determined by the order of the field harmonics, especially

that of the slot harmonics of the stator and rotor.

Synchronous machines [1.29]-[1.35][1.11]: The frequencies are integer multiples of
twice-supply-frequency. The mode orders are related to the harmonics due to the slot openings

and armature windings on the stator and the harmonics exhibited in the main field on the rotor.

The noise frequencies of a DC machine or an asynchronous machine vary with the load as the
speed of the rotor changes, whilst those of a synchronous machine are independent of the load
condition. Therefore, when a variation of load occurs,for example, from no-load to full-load, the
change in acoustic power level for a synchronous machine is determined only by the field
distribution, and hence the force distribution, irrespective of the vibrational and the acoustic

behaviour of the structure [1.11].

Early research concentrated on establishing basic rules for the noise spectra of different types of
machine, and these are now quite well known for conventional machine topologies. The
generalised analysis of the noise spectrum, though restricted to asynchronous machines, can be

found in the textbook "Low-noise Electrical Motors" written by Yang [1.8]. For other classes of



machine such an analysis is given in the author’s book entitled "Analysis and Control of Noises

from Electrical Machines" [1.11].

In order to understand the spectral behaviour of the noise and also to predict the most important
components in the spectrum, a detailed analysis of the airgap field and force waves, as well as

the vibrational responses and their acoustic radiation, is required.

Methods for field analysis include both analytical and numerical techniques. Analytical methods,
which range from conformal transformation and Fourier series analysis to those based on the
concepts of permeance and mmf, are often used interactively. However,by their very nature these
necessarily imply some idealisation in the representation of a machine, On the other hand,
numerical methods, such as finite elements, are more generally applicable. However,difficulties
exist with the application of pure numerical methods to noise analysis since the field analysis
required for the prediction of the noise spectrum is concerned not only with the spatial variable,
but also with the time variable [1.36]. Field analysis also involves the calculation of harmonic
fields containing a wide spread of components of different pole numbers and different rotational
speeds [1.37]. Therefore, the most practical method as far as accuracy and convenience is

concerned is the method of Fourier series analysis .

The electromagnetic vibrational forces or torques include axial, tangential, and radial

components.

Axial vibrational forces cause the end-shields to vibrate and to radiate acoustic noise. In addition
the vibration of the bearings may be affected by the induced end-shield vibration. The axial forces
are usually generated due to skewed slots, magnetic unbalance in the radial and axial plane, as

well as by ventilating fans [1.38]-[1.42].

Tangential vibrational forces (torques) can be separated into two kinds according to their

manner of vibration,viz, oscillating torques - which are independent of the spatial angular



position, and bending vibrational torques which are functions of the spatial angular position
and are zero when the torques are integrated around the whole circumference. In general the
vibrations which are induced by the oscillating torques are negligible due to their direction being
perpendicular to the normal direction of the radiating surface. Therefore they are not the main
exciting source as far as the noise of a motor is concerned. However, the vibrations may be
amplified and transmitted through coupling parts to linked structures and cause them to vibrate
and even resonate. Hence a large radiated noise level may be observed in the equipment for which
a motor provides the drive [1.43]-[1.48]. In addition, such kinds of vibrational torques will affect
the electrical performance [1.49]. They become large, and hence important, when three-phase
asynchronous and synchronous machines are started as well as under some fault conditions, such
as a short-circuit or open-circuit, and in single-phase induction motors in which the rotating field
is usually unsymmetrical [1.50]-[1.54]. Bending vibrational torques act on the teeth or poles.
Their effects on the vibration and noise are determined by the relative stiffness of the teeth or
poles to the core and the frame of the stator. Generally speaking, however, in the case of
asynchronous and synchronous machines they are not as important as the radial vibrational
forces. However in a machine with a stator which has convex poles, such as in DC commutator
motors, bending vibrational torques are almost as important as the radial vibrational forces

[1.16][1.10][1.11].

Radial vibrational forces are the main source of electromagnetic noise. Due to the non-linear
response of the human ear to noise, and from the analysis of the magnetic field in the airgap of
an asynchronous machine, it is the low order force waves produced by the interaction of the slot
harmonics of the stator and the rotor which are usually responsible for the principle components
of the electromagnetic noise [1.10][1.11]. However in a synchronous machine, it is the interaction
of the first-order slot harmonic component of the armature winding mmf with the first-order slot
harmonic component of permeance due to the slot opening on the stator which produces the
resultant first order slot harmonic component. The important force waves which dominate the
electromagnetic noise spectrum are produced by the interaction of this resultant first order slot

harmonic component with two or three harmonic components exhibited in the rotor main field



in which the pole pairs of the harmonics are the closest to the slot number of the stator [1.11]. A
similar situation exists in direct-current machines where the force waves produced by the
interaction of the main field harmonics of the stator with the first-order slot harmonic components
of the armature are the main contributors to electromagnetic noise. However, the stored magnetic
energy, and hence the energy variation, is mainly in the airgap under the stator magnetic
poles[1.10]. It is the resultant forces or torques acting on the poles of a DC machine that cause

the stator to vibrate [1.11].

The effects of magnetic saturation, magnetic asymmetry of the stator and/or rotor, e.g.,
static/dynamic eccentricity of the rotor, elliptic inner surface of the stator and elliptic outer surface
of the rotor etc., have been the subject of a number of studies [1.26][1.11]. Furthermore, the
effect of dynamic eccentricity of the rotor on noise is not only a popular concern for investigation,

but high accuracy has been achieved in its numerical calculation [1.55].

In the last few years electronic drive systems based around AC machines have been widely
adopted for adjustable speed drives [1.56]. However one consequence is that the phase current
waveforms are then no longer pure sinusoidal waveforms but contain significant harmonics.
These greatly increase the possibility of resonances between the exciting forces and the structure,
as well as the total level of acoustic noise [1.57]-[1.64]. Therefore, studies of noise emitted from
electrical machines cannot be restricted to the motor itself but must consider the whole system
including the electronic drive [1.65]. By proper drive design not only can the electrical
performance be improved but also the noise can be reduced, by current injection for example
[1.66][1.67]. Although this aspect has been researched recently, much remains to be studied
since, to date, only the component identification on the spectrum has been investigated. More
recently, electronic commutation has been employed increasingly to replace the traditional
mechanical commutator of brushed DC machines, leading to brushless DC machine drives
[1.68][1.69]. Whilst the removal of the commutator reduces the mechanical noise at the same
time it has tended to increase the electromagnetic noise. With the advent of brushless DC drives,

with surface mounted magnet rotors, the slot harmonic fields have been alleviated because of



their large effective airgap. However for a wide range of motion control applications, such as
computer floppy disc drives and spindle drives for VCR’s etc., many of which are extremely
noise sensitive, noise level reduction remains a major concern particularly since the use of
brushless DC drive results in significant time harmonics in the winding phase current waveforms.
Furthermore the use of a brushless DC drive may result in significant torque ripples due to
commutation events as well as cogging, which will induce tangential vibration of the machine

[1.70][1.71].

By monitoring or simulating the spectral behaviour of noise and vibration abnormal conditions
in a machine may be identified, e.g., rotor eccentricity, or electrical faults such as short-circuited
stator windings, broken squirrel-cage bars etc.[1.72]-[1.77]. Advanced digital signal analysis
techniques, such as the analysis of the the coherence function between the noise and the vibration
signals [1.77][1.78] and the order trace analysis of the rotor vibration, are now used extensively

to identify noise sources in electrical machines.

Usually the noise level of an electrical machine is judged by its acoustic power level.
Corresponding international and national standards for noise level limitation and noise
measurement have been established and improved from time to time. Both reference standards
and national standards are available for noise measurement in free-field, semi-free-field,
reverberant-field and semi-reverberant-field [1.79]. Ellison and Yang [1.80][1.81] have applied
the analysis of statistics in the study of the relationships between measured results and the number
of machines and measurement points. Near-field measurement techniques such as sound intensity

measurement [1.82] have also progressed over the last few years.

Since electromagnetic noise is closely related to the slot combination of the stator and rotor, the
effects of slot combinations on the noise level inasynchronousmachines have been studied
extensively [1.83][1.84]. The early studies concentrated mainly on magnetic field analysis and
experimental investigations [1.85][1.86]. As a consequence many favourable slot combinations

have been proposed. However the subject of slot combinations is very complex since it is related



to almost all aspects of the electromagnetic performance, as well as to vibrational and acoustic
behaviour. However as far as the noise is concerned, a good slot combination depends on the
resultant force waves, the mechanical structure, and the acoustic behaviour. However, the natural
frequencies of the machine stators over a range of power ratings and structures are different
[1.87]. Hence it is impossible for a slot combination that is preferred in a low noise sense for
small machines to be ideal for large machines. Also it is impossible for one slot combination to
be the most suitable for any running condition from starting, to no-load and full-load. A good
slot combination should increase the minimum order of the force waves produced by the airgap
field and avoid resonances between the important force waves and the stator structure within a
certain speed range, whilst the stator should be designed to have an acoustic radiation efficiency
(relative sound intensity ) much smaller than unity for the dominating vibrational components
[1.88]. Clearly this is not a simple task and requires a full knowledge of electromagnetic,

vibrational, and acoustic aspects.

In respect of noise control and the design of low noise electrical motors, the so-called Active

Noise Control technique has been of particular interest in the last few years [1.89].

Active Noise Control requires a machine designer to control the noise level from the source itself.
From the physical mechanism of noise generation shown in Fig.1.1, the possible techniques
include reducing the vibrational forces and the mechanical response of the vibrating structure,

and lowering the acoustic radiation [1.90][1.91][1.92][1.11].

Methods of reducing the vibrational forces include both minimising the number of force

components and the amplitude of the more important components by, for example,

a) Ensuring symmetry in both electrical and magnetic aspects and avoiding any asymmetry
which might be introduced during construction [1.93][1.11];
b) Using auxiliary windings or special connections of windings to compensate for magnetic

asymmetry [1.55];



10

¢) Using damping windings to alleviate the variation of harmonic field etc.
Methods of reducing the mechanical response of the vibrating structure include:

a) Avoiding mechanical resonances,which requires the selection of an appropriate slot
combination as well as structural design parameters, and the accurate prediction of the
exciting frequencies of the force waves and the natural frequencies and modes of the
structure;

b) Increasing the order of the force waves, which can be achieved along the circumference by
selecting a proper stator/rotor slot (or pole) combination, or along the axis by skewing either
the slots or poles;

¢) Increasing the damping of the structure;

d) Reinforcing the stiffness of the structure and

e) Employing elastic mountings or couplings etc.

In order to reduce the acoustic radiation it is necessary to reduce the acoustic radiation efficiency,
i.e., to make less than unity the relative sound intensity coefficients which the most important

vibrational components possess. This can be achieved by:

a) Selecting an appropriate stator/rotor slot combination;

b) Reducing the effective radius of acoustic radiation;

¢) Increasing the mode order of the vibration (force) wave either on the circumference or on
the axis;

d) Reducing the aspect ratio of the machine,i.e., the axial length to diameter ratio.

1.3 Review of Previous Work on Vibrational Behaviour

Studies of the natural frequencies and modes of the stators of electrical machines can be divided
into several groups depending on the type of stator, e.g. single-ring type [1.94]-[1.95],

double-ring type [1.97][1.98], encased type [1.99]-[1.108], asymmetrical type [1.109], and
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square-frame type [1.110] etc. Further, the methods which have been used in the analysis may
be divided into analytical, Fourier series analysis, finite elements (numerical), and the

experimental modal analysis technique etc.

The analytical method utilises both the theory of elastic mechanics and the technique of
electromechanical analogues. Early studies often employed this approach since the analytical
formulae obtained were simple and easy to use in design. However, it is restricted to thin
single-ring type stators,forexample, the core only. Moreover, the effects of the teeth and windings
can be taken into account only by a modification factor. Nevertheless, in many engineering
applications the natural frequencies of single-ring cores have been calculated to an acceptable
accuracy by modifying the thickness of the core yoke. Typical examples are: Den Hartog [1.111]
who studied the effect of the feet mounting on the natural frequencies of a single-ring type stator;
Jordan [1.94], Frohne [1.95],Uner [1.96] et al who accounted for the effects of shear energy,
rotating energy, as well as the effects of teeth and windings; Voronetskii [1.112], Lubcke [1.113]
who modified the analytical formulae by experimental factors; and Seidal and Erdelyi [1.114]
who investigated the effect of the thickness of the core yoke; whilst the author [1.115]{1.116]
employed the electromechanical analogue technique and obtained analytical formulae which are

capable of analysing the vibration of encased type and double-ring type stators.

Fourier series analysis based on the energy principle has been used to study not only single-ring
type stator cores but also the effects of the frame, teeth, and windings. However the method itself,
whilst convenient for analysing stators having a symmetrical structure, is difficult to apply to
asymmetrical stators such as those with magnetic poles, mounting feet, or a square-frame. In
principle the method is no different to the analytical method mentioned above. Erdelyi [1.9][1.97]
modelled the stator as two thin rings which were linked by ribs. He studied the natural frequencies
and mechanical response of a stator of a machine having a medium size power rating; Later
Ellison and Yang [1.98] modelled the stator as a thin frame and a thick core with teeth and
windings which were linked by ribs. They studied the effects of various components of the energy

on the accuracy of the calculated natural frequencies. Holtzmann [1.109] studied the
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asymmetrical stator of a direct-current machine, whilst Verma and Girgis [1.99]-[1.108]
systematically studied the natural frequencies and modes of encased type stators. Based on a
three-dimensional theory they investigated the natural frequencies and their relationship with the
non-uniform longitudinal modes. Furthermore they investigated not only the natural frequencies
corresponding to the modes in which the radial component dominates the vibration but also those
dominated by tangential vibrations or axial vibrations. However the natural frequencies
associated with the latter two kinds of modes are of much less importance than the first kind of

mode.

More recently the finite element technique has been applied to the analysis of the vibrational
behaviour of electrical machines. Yang [1.117] calculated the natural frequencies and modes of
the asymmetrical stator of a DC motor; the author [1.118]-[1.121][1.110] studied the effects of
swallow-tail slots, teeth/slots, magnetic poles, ribs and the frame etc., and the natural frequencies
of stators of the single-ring type, asymmetrical type, encased type, double-ring type,as well as
stators having a square-frame structure; Watanabe et al [1.122] and Noda et al [1.123]
investigated the effects of swallow-tail slots and windings on the vibrational behaviour of the
cores of medium and low power machines. Belmans et al [1.124][1.125] have explored the
possibility of using three-dimensional finite elements. However in their calculation the stator
core was constrained to have the same axial length as the frame. Furthermore, as in the
three-dimensional Fourier series analysis used by Verma and Girgis, they did not consider the
effects of end-shields on the calculation of the natural frequencies of the non-uniform
longitudinal modes. Nevertheless, the finite element method has been proved to be very suitable
for the analysis of the vibrational behaviour of machines since it can account for the irregular
shape of machine stators and can easily deal with magnetic poles, mounting feet and ribs etc.with

a high accuracy.

Due to the complexity of the stator structure, experimental modal analysis has always played an
important role in the study of vibrational behaviour. Baudry [1.126] et al investigated the natural

frequencies of a generator stator by model experiment, Verma and Girgis [1.100] found, by a
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sinusoidal signal exciting technique, that the natural frequencies of the non-uniform longitudinal
modes depend on the axial length of the core and the frame, whilst those of the uniform
longitudinal modes are almost independent. Similar conclusions were obtained by the author
[1.118] from model experiments when the finite element model was established. Meanwhile,
Verma and Girgis [1.101] have experimentally studied the effects of the teeth, windings, frame,
and the silicon sheet on the stator vibrational behaviour. The author [1.127] has also studied the

effect of the siting of the exciting and picking-up points on the measured natural frequencies.

With the advance of the modern experimental modal analysis technique based on dynamic signal
analysis [1.128], its application to the study of the vibrational behaviour of machines has been
extensive [1.129][1.130]. However all investigations are restricted to the validation of existing
conclusions. Nevertheless the author [1.131] has used the technique to study the effects of the
end-shields, the rotor, and machine running conditions on the natural frequencies and modes of

the stator.

To date only experimental investigations on the damping behaviour of stators have been reported.
Hubner and Yang [1.7], for example, measured the damping ratios of the stator in medium and
low power machines. Itis interesting that their measured results of cores with windings are almost
identical, particularly since Yang [1.8] found that the damping ratio of a stator core without
windings is much lower than when carrying windings. The difference is most likely caused by
the additional energy dissipation in the winding-to-core friction and in the windings themselves.
On the other hand Girgis and Verma[1.101] found that the damping of a laminated stator structure
was significantly greater than that of an equivalent solid steel structure. The effects of laminations

on the vibrational behaviour have also been studied [1.132].

Usually the calculation of the dynamic response to the electromagnetic vibration is composed of
two significant steps, the static radial deflection of the stator core being calculated first.
Subsequently a dynamic amplifier factor, which is determined by the exciting force frequency

of a given mode, the natural frequency of a particular stator mode, and the damping ratio is
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introduced to obtain the dynamic radial deflection [1.13][1.8]. In such an analysis only the stator
core is considered, and it is assumed to be a thin single-ring, the stiffness of the teeth and windings
as well as the restriction of mounting feet and end-shields being neglected. Based on the
electromechanical analogue analysis that has been proposed by the author [1.88] the vibrational
response of encased-type stators can be calculated according to an analytical model consisting
of two thin rings, accounting for the damping ratios of the stator core and the frame respectively
according to the predicted natural frequencies and Hubner and Yang’s measured results of
damping ratios. Since in this method the effects of the teeth and windings are approximated by
an additional mass to the stator core and the effects of the thickness of the core and the frame
yokes are neglected in the calculation of the vibrational response, it necessitates a modification
to the stiffness of the stator by comparing the natural frequencies from an analytical prediction

with those from a finite element calculation or from measurements.

In the control and analysis of electromagnetically induced noise, of most importance is the study
of the vibrational behaviour of the stator when the vibration is uniform along the longitudinal

axis.

Since the stator structure is complex, due to the existence of teeth/slots and windings etc, a large
number of elements and interations are required in a finite element analysis. Therefore special
considerations are required in its application to the study of the vibrational behaviour of stators.
In [1.120] from the point of view of routine engineering design, which requires a rapid means
of prediction, the possibilities of using a lumped mass matrix which results in a diagonal matrix
and high order curved isoparametric elements and initial values from analytical solutions, instead
of using a consistent mass matrix,and ordinary first-order triangular elements and generalised
initial values, are considered. A special technique for forming the lumped mass matrices for
various high-order curved isoparametric element is introduced. By analysing the functional
characteristics of the stiffness and mass matrices the error introduced due to the finite element
discretisation has been partially compensated for by employing the reduced-order integration

technique, whose effectiveness is validated by a case study.
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For the resonances between the exciting forces and the stator structure, nowadays it is possible
to predict the frequencies of the more important exciting forces produced by the harmonic field
in the airgap. However a significant amount of work remains to be done as regards accurately
predicting the natural frequencies of stators, especially for asymmetrical stators which are
generally the case in electrical machines. "Dual resonance” frequencies existing in the measured
transfer function of the stators cannot be calculated or measured with confidence. The methods
proposed by some authors are applicable only when the stator has a special structure, whilst the
finite element discretised region and its corresponding boundary conditions need to be
determined. Therefore, in [1.121] the concept of a generalised tooth/slot is introduced. According
to this concept the finite element discretised region is determined by utilising the perpendicularity
between the components of the vibrational displacements. Principles for selecting the
exciting/picking-up points have been established and validated both theoretically and
experimentally [1.127]. As a consequence the effects of teeth/slots on the core, the magnetic
poles on direct-current machine stators, the ribs in the double-ring type and square-frame type
stators, the ventilating ribs on encased type stators, the swallow-tail slots in the core, and the
mounting feet on the frame etc have been systematically studied as to their effect, taking into

account the effects of the windings and the frame.

1.4 Review of Previous Work on Acoustic Behaviour

The noise level of a machine is judged not by its sound pressure but by its emitted acoustic power
since the acoustic power, unlike the sound presure, has a unique value for a given motor operating

under a given condition, regardless of the location of the measuring surface.

From a knowledge of the surface vibration there are two kinds of analytical models with which
to analyse and calculate the sound field and radiated acoustic power. One is based on a spherical

model, whilst the other assumes a cylindrical model.
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The spherical model was first introduced by Carter [1.133]. However due to an undetermined
constant his solution cannot give quantitative results. Whilst the method derived by Jordan
[1.134] gives reasonably accurate predictions for motors whose axial length and diameter are
similar, i.e., aspect ratio = 1, especially for small machines, its main advantage is that it yields
results for the acoustic power. On the other hand the method presented by Ellison and Moore
[1.135] allows the variation of the sound pressure along the axial direction and the calculation
of the total acoustic power to be obtained. Again, however, their analysis is restricted to machines
having an aspectratio of around unity. However, further investigations on such a model, by finite
element analysis, have shown that the method is either improper or inconvenient for the direct
calculation of the radiated acoustic power [1.136]. As mention earlier, it is common to employ
a Fourier series expression to describe the airgap field distribution, and hence the radial
vibrational forces, as well as to obtain the vibrational mechanical response. Whilst this approach
enables the acoustic power to be predicted, the solution is in the form of a Legendre series.
Therefore, in order to calculate accurately the acoustic power, it is necessary to convert the
expression for the vibration from a Fourier series to a Legendre series, which is usually

inconvenient.

A cylindrical model of infinite length was first introduced by Alger [1.137] and is widely used
to calculate the sound pressure distribution of machines [1.13][1.15]. However at that time the
sound pressure, and not the acoustic power, was used to estimate the noise level. Subsequently,
it has been found by analysis [1.138] that Alger’s method is not suitable for calculating the
acoustic power since it neglects the phase difference between the sound pressure and the particle
velocity. Therefore it can be improved by accounting for this phase difference in the acoustic

power calculation.

In the cylindrical model of finite length, which was proposed by Erdelyi [1.9][1.139], the ends
of the machine were replaced by infinitely long cylindrical stiffening baffles, such that the
vibration of the stator would not be trasmitted into the extensions. Once the vibrational mode

and frequency, together with the dimensions of the stator are specified, the sound pressure level
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at any point around the machine can be calculated, and used to estimate the noise. However,
Erdelyi did not present a method for calculating the radiated acoustic power. This was done
subsequently by Ellison and Yang [1.140][1.141], using the same model, by calculating the
acoustic power according to the sound pressure and the particle velocity in the air on the surface
of the stator by the "p-v" conjugation method [1.140]. Furthermore, the effect of the length to
diameter ratio on the acoustic power was studied [1.141]. Unfortunately, since their formulae
for the calculation of acoustic power is in terms of Bessel functions and modified Hankel
functions and includes generalised integrations they are inappropriate for routine use in the course
of design. However this disadvantage has been overcome by utilising the surface vibration of
the stator and employing a much simpler formula for the relative sound intensity [1.142] which
has eliminated the necessity of calculating the sound pressure and particle velocity distribution
around the machine in the acoustic power estimation as was required in Ellison and Yang’s

method.

In addition, experimental methods are also available for the determination of the acoustic power,

such as the sound intensity method [1.82], acoustic vibrational measurement etc [1.143].

In the analysis of acoustic radiation from structural vibrations, the results obtained from research
carried out by the acoustic society using both analytical [1.144][1.145] and numerical methods
[1.146][1.147], such as the boundary integration, finite difference, and finite element techniques,
are of considerable reference value to the study of acoustic radiation from electrical machines.
In [1.148], the acoustic radiation of a cylindrical model with non-uniform vibrations along its
longitudinal axis has been studied, and results show that, similar to the increase of the vibration
mode order along the circumference, the relative sound intensity coefficients, i.e., the normalised
acoustic resistance, decrease with the increase of the vibration mode order along the longitudinal
axis. In [1.144], solutions for the sound pressure distribution from a cylindrical model of finite
length with two semi-infinite length stiffening baffles were obtained similar to those given in
[1.9][1.140]. However, in general, the results obtained from theoretical acoustics cannot be

applied directly to the analysis of noise from electrical machines since the sound pressure
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distribution etc. is of more concern in theoretic acoustics, whilst it is the acoustic power which
is of most interest in the study of noise from electrical machines. On the other hand, results from
numerical predictions are usually applicable only to the acoustic power radiated by oscillating
or impulsive vibration models, whilst in the aspect of noise from electrical machines it is more
important to study the acoustic power radiated by higher order vibration models, e.g., vibration

mode order equal to 2 or 3.

1.5 Main Research and Features in the Thesis

Following a review of previous work on the noise and vibration of electrical machines in this
Chapter, the research is concentrated on the vibrational and acoustic behaviour, and
electromagnetic field, force, torque, dynamic performance, and noise of radial-field brushless

permanent magnet DC motors.

Existing investigations on the vibrational behaviour concern only the stator itself, neither the
end-shields nor the rotor and the running conditions have been taken into account, which is the
case even for experimental investigations and three-dimensional analysis. Therefore, in Chapter
2 the effects of end-shields, the rotor, and the running conditions on the natural frequencies and
modes of the stator are investigated, for the first time, by the modern modal analysis technique,

the results of which should be the foundation to establish more detailed vibrational and acoustic

models.

Another important aspect in the analysis and control of noise from electrical machines is the
acoustic radiation efficiency ( relative sound intensity coefficient) which is studied in the thesis,
both analytically and numerically in Chapters 3 and 4. Based on the cylindrical model of finite
length, in Chapter 3 the analytical prediction of acoustic power has been extended further on the
basis of research carried out by Erdelyi, Alger, Ellison and Yang. By utilising the surface

vibration of the stator a new formula for the relative sound intensity has been obtained. Compared
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with existing methods, it has eliminated the neccessity of calculating the sound pressure and
particle velocity distribution around an machine. Hence the computing time is greatly reduced.
Also it has the advantage of a much simpler form, making it easier to use for routine design. In
addition the sound pressure distribution has been investigated, and its variation in

three-dimensions has been calculated and measured.

Existing analytical models for acoustic radiation assume that the stator has a unity aspect ratio,
or infinite axial length and infinite stiffening baffles. Hence they cannot account for the effects
of the end-shields. A technique, which combines the finite element method and Fourier series
analysis, to include the effects of end-shields on the acoustic radiation has been developed in
Chapter 4. Based on this technique a suite of planar, axisymmetric, and harmonic axisymmetric
finite element programs, which are capable of calculating the radiated acoustic field and power
in a three-dimensional field, have been developed and validated against results from a test motor.
Furthermore, the spherical model for the acoustic radiation of motors has been improved by the

application of finite elements, and has overcome the inconvenience and inaccuracy in Jordan’s

method.

Following the study of the vibrational and acoustic behaviour of electrical machines, the research
focuses on the analysis and prediction of noise from permanent magnet brushless DC motors,
for which no quantitive research work has been carried out before. Hence this study represents

completely original work.

Firstly improved analytical models are established in Chapter 5 to calculate the open-circuit
magnetic field distribution of permanent magnet motors. They cater for slotless and slotted, and
internal and external rotor, radial-field motors modelled in either polar or rectangular coordinate
systems. The technique is based on a 2-dimensional analytical model to calculate the magnetic
field produced by the magnets in the airgap/magnet regions. In the calculation the concept of
2-dimensional permeance function is utilised to account for the induced harmonics due to the

presence of slot openings, which are analysed by the conformal transformation method.
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Therefore the open-circuit magnetic field distributions in all topologies of radial-field permanent
magnet motor can be solved analytically. The predicted results have been compared with

predictions from finite element calculations.

Cogging manifests itself in a permanent magnet motor by the tendency of the rotor to alignina
number of stable positions even when unexcited. Under dynamic conditions the resultant
pulsating torque, of zero net value, can cause undesirable speed pulsations, and can be transmitted
to the coupling devices, through the stator frame or the rotor and induce tangential vibrations,
resonances, and noise. However the prediction of cogging torque in a permanent magnet motor
by finite element analysis is a rather time consuming task since the periodic wave length of the
cogging torque waveform is usually less than one slot pitch, and therefore a very fine spatial
discretisation is necessary to catch its peak value. Existing analytical methods are successful only
in some particular cases, and fail in others,e.g.,they fail when the magnet pole-arc is unity.
Furthermore accuracy is another problem which exists in both numerical and analytical
predictions. In Chapter 6 an analytical method for predicting the cogging torque is presented and
validated. It is based on the analytical calculation of the magnetic field distribution as described
in Chapter 5 and the lateral force which acts on teeth. The technique is capable of predicting the
cogging torque in internal and external rotor motors, in either a rectangular or a polar coordinate
system. Also it is able to deal with motor topologies in which the magnets are shifted, have an
uneven slot distribution etc., design features which are sometimes employed in an attempt to

reduce the cogging torque.

Since a brushless DC motor system integrates a permanent magnet motor with its electronic
drive, the phase current waveform contains significant time harmonics which may increase the
emitted noise level . An analytical model for predicting the steady-state dynamic performance
of a 3-phase brushless DC drive has been developed and validated in Chapter 7. In the model,
which assumes a constant speed and takes the back-emf and cogging torque waveforms as input
functions, the initial conditions which yield the steady-state solution are generated directly by

exploiting the periodicity in the stator winding voltage and current waveforms. With due account
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of the influence of the inverter bridge and commutation events, the model provides a rapid means
of assessing the important features of the motor and drive performance during the early stages
of design, such as the influence of the back-emf waveform, current limiting, as well as
commutation timing etc.. The model is then developed further to couple in the equation of motion
of the rotor to enable the transient and steady-state dynamic performance of brushless DC drives
to be predicted. The drive circuit is idealised into two states which depend on whether the
freewheel diode is conducting or not, and are described by two groups of state equations and
solved by the Runge-Kutta integration method. The dynamic performance is obtained by
introducing a relationship between the state variable and the stator winding currents. Using the
developed technique, the effects of commutation and winding temperature on the dynamic
performance, including the level of harmonics in the current and torque waveforms and the

linearity of the torque-speed curve etc., are investigated.

In Chapter 8 a comprehensive analytical technique is presented for predicting the airgap field
distribution in radial-field, internal/external rotor, brushless DC motors under any load condition,
acounting implicitly for the corresponding stator winding current waveforms and the effect of
stator slot openings. It is based on a 2-dimensional analytical analysis in polar coordinates of the
airgap /magnet regions, and combines an analytical calculation of the armature reaction field
with the analytical prediction of the current waveforms from Chapter 7 and the open-circuit
magnetic field produced by the magnets from Chapter 5, to permit the instantaneous field
distribution and hence the radial force distribution to be predicted under any load condition and
specified commutation strategy. The analytically predicted open-circuit, armature reaction, and
load field distributions have been compared with finite element analyses. In addition, a
2-dimensional analytical method for calculating the back-emf waveforms in the windings of a
brushless permanent magnet DC motor is developed. Futhermore, the developed analytical
technique for predicting the armature reaction field is applied to the calculation of the self- and

mutual winding inductances, again with due account of the relatively large effective airgap.
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In Chapter 9, a systematic analytical approach to the prediction of the acoustic power level of a
permanent magnet brushless DC motor is presented and validated on a prototype motor. The
model can estimate the noise level of internal rotor, encased type motors. Its vibrational response
model differs from conventional ones in that it can consider not only the iron core but also the
frame, as well as their damping effects, the damping ratios from Yang’s and Frohne’s
measurement being directly utilised. The modifing effects of the end-shields on the stiffness of
the stator are considered by experiment, although in the future this may be carried out by

three-dimensional finite element calculation.

Conclusions are presented in Chapter 10 on the various aspects of the research, viz. magnetic
field, torques, forces, dynamic performance, vibrational and acoustic behaviour, as well as the

noise from radial-field brushless permanent magnet DC motors.

The main elements of the research described in the thesis are summarised in Figs. 1.2, 1.3, and
1.4. Fig. 1.2 shows the strategies for noise prediction of brushless permanent magnet DC
motors/drives, whilst the flow-chart and features for the analytical electromagnetic analyses are
illustrated in Figs. 1.3 and 1.4. The various models developed for the prediction of magnetic field

distribution, force, vibration, and acoustic noise are integrated into a single CAD package.
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Fig. 1.3 Flow-chart for analytical electromagnetic analyses
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CHAPTER 2

EFFECTS OF END-SHIELDS AND ROTOR ON NATURAL
FREQUENCIES AND MODES OF STATOR OF SMALL
ELECTRICAL MACHINES, BY MODAL ANALYSIS

2.1 Introduction

As has already been shown in chapter 1 a knowledge of the natural frequencies and modes of
the stator of an electrical machine is essential to avoid resonances between the stator and the
impressed exciting force [2.1], as well as for establishing its acoustic radiation model [2.2]. The
finite element and the modern experimental modal analysis techniques provide a means for their
prediction and measurement. However due to computing limitations it is not feasible for a finite
element model to account for all the detailed features of a machine structure, which consists of
the stator itself, end-shields, bearings, the rotor etc. Nevertheless finite element analysis can be
used to predict the vibration behaviour of the stator at the design stages. Modal analysis on the
other hand, can be used only when the machine is available. It does, therefore, compliment the
finite element method, by experimentally validating predicted results and justifying essential

simplifications to theoretical models.

Many papers have been published on the natural frequencies and modes of stators, reporting both
theoretical and experimental studies. Baudry et al [2.3] investigated the vibration of an a. c.
generator stator by model test, whilst Verma and Girgis [2.4] investigated the influence of the
main dimensions of encased stators on their non-uniform axial vibration, the effects of teeth,
windings, frame and laminations on the natural frequencies and modes, and dual resonances.
Erdelyi and Horvay [2.6], and Ellison and Yang [2.7], have studied the vibration modes of double
ring type stators, and, more recently, Watanabe et al [2.8] and Noda et al [2.9] have reported the
influence of the windings on the natural frequencies of stator cores. However all investigations

have been restricted to the stator itself. None has considered the effects of the end-shields and
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the rotor, or actual running condition, this is the case even in the three-dimensional studies of
the natural frequencies related to the non-uniform longitudinal mode by finite elements as
reported by Belmans et al [2.10][2.11], and the Fourier series analysis of Verma et al

[2.12][2.13][2.14].

In small machines, such as brushless permanent magnet DC motors and small induction motors,
the length-to-diameter ratio of the stator is usually not very large. As a consequence their
end-shields, which are bolted to the stator frame, have a relatively large stiffness. The rotor,
which is supported by the end-shields and the bearings, will also restrict and affect the vibrational
behaviour of the stator. As a further contribution to the subject, therefore, an investigation by
the modal analysis technique into the effects of end-shields, the rotor, and the running condition
on the natural frequencies and modes of the stator of a small 3-phase induction motor whose
stator is identical to that of a brushless permanent magnet DC motor was undertaken under the

following condition:

(a) stator, with frame, core and winding only
(b) with end-shields added to (a)
(c) with rotor included in (b)

(d) as (c), but under no load operation

2.2 The Modern Experimental Analysis Technique

If a vibrating system is expressed in the form of a discretised system having n degrees of freedom,

it can approximated by a set of second-order linear differential equations:

M1y O+ C{y O+ K1)} = {p @)} @2.1)

which are coupled by inertial, damping and elastic terms, and where [M], [C] and [K] are mass,

damping and stiffness matrices, (n x n); {y @) }, {y’ ) }, and {y (¢)} are acceleration, velocity

and displacement vectors, (n x 1); {p(t)} is the exciting force vector (n x 1).
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Modal analysis is a process by which the coordinates are transformed to a modal description
through the application of a natural mode matrix {y }. The equations then become uncoupled,
the transformation simultaneously diagonalising the coefficient matrices, i. e. mass, damping

and stiffness.

Basically the technique involves the application of a known exciting force to the structure and
the measurement of resulting response, to obtain the transfer function between the exciting signal
and the response signal by digitising and applying the Fast Fourier Transformation (FFT). Whilst
the natural frequencies can be obtained from only one transfer function curve, to determine the
vibration modes it is necessary to fix either the reference accelerometer and excite all the
measurement points or to fix the reference exciting force site and move the accelerometer to
every measurement point selected on the surface of the structure, and repeat the transfer function
measurement for each condition. The measured transfer functions are in the form of discretised
data from which the resonant frequencies, damping ratio, and vibration modes etc can be obtained

by curve fitting.

By taking the Laplace transform of the system equations (2.1) and assuming zero initial condition,

they can be written in the form:

b =1HE)1p6)} 2.2)

from which the transfer function can be expressed as:

[H(s)] = (IM]1s2+[C1s+[K]) ! 2.3)

According to complex modal theory if [M], [C] and [K] are all symmetric , i. e. if the system
satisfies structural reciprocity, which simply states that the motion of point A, resulting from a
force at point B, is identical to that of point B, resulting from the same force applied at point A,
[H(s)] is a symmetrical transfer function matrix (n x n). Every element in [H(s)] is a transfer

function Hap(s), that is
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(2.4b)
i=1 Yk (s — Sk ) ¥ (s — sk *)}

represents the transfer function between the points "a" and "p" on the structure, "a" being a
response point and "p" an exciting point. By evaluating at s = j , the transfer function in the
frequency domain is obtained. In equation (2.4) Akap = VkaVkp / Yk is the one element of the
residue matrix [Ak] of the kth mode related with the complex root or pole sk, {y} is the mode
vector, Yka and WYkp are elements in {y} , Y% is the complex scaling from the k th mode, and

* denotes the complex conjugate.

According to complex modal theory, if a single driving point is excited and response
measurements processed at each test point, one column of [H(s)] is obtained, whilst if the
response at a single test point is measured as the driving point is moved around the structure one
row of [H(s)] can be obtained. In practice only one column or one row of [H(s)] needs to be

determined in order to solve for all the unknowns, viz. poles (sk) and residues (Akap). In a stable
system, apole sk = Cx Oy + j o\ 1- Ez , where Cx represents the damping ratio and O the
natural frequency for the £ th mode. The residue matrix [Ax], formed by residues Akap, describes

the vibrational behaviour in space, i. e. the k th mode vibration.
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2.3 Experimental Method

2.3.1 Experimental Machine

A 180w, 6-pole, 3-phase encased type induction motor was used throughout the investigation.

Its main dimensions are shown in Fig 2.1 and listed below:

Outer/inner diameters of stator core 120/71 mm
Outer/inner diameters of rotor core 70. 5/18 mm
Axial lengths of stator core/rotor core 55/55 mm
No of slots on stator/rotor 36/33
outer/inner diameter of frame 130/120 mm
Axial length of frame 124 mm

Total axial length (frame + end-shields) 180 mm

Both the stator and rotor cores are of 0. 5Smm laminations. The frame and end-shields are cast
aluminium, and a small hole of diameter 8 mm is provided in the frame for connections to the

windings.

2.3.2 Experimental Apparatus

A schematic of the experimental system, which is based around a Hewlett-Packard 5423A

Structural Dynamic Analyser is shown in Fig. 2.2.

2.3.3 Experimental Conditions

The measurements were made with the motor elastically suspended from a tripod under the

conditions shown in Table 2.1
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Table 2.1 Measurement Condition

Conditions Measurements
Condition Stator
number |(frame+core| oy ietd|  Rotor No-load " Transfer Modes
with running function
winding)

(a) / / /

(b) / /

(©) / / /

(d) / / / vibration

2.3.4 Selection of Measurement Points

Considerable care is required in the selection of points at which to apply the excitation force and

at which to measure the response. In particular points which coincide with the nodes of the

vibration modes must be avoided, otherwise they cannot be excited or will not be detected [2.15].

Since the experiment machine was a small motor whose resonant frequencies are relatively high,

random white noise generated by a permanent magnet shaker was used as the exciting force

signal. Care was taken to ensure that the exciting force was not applied at the nodes of axial

modes of order 0 or 1. An accelerometer was used to monitor the vibrations at the points shown

in Fig. 2.2

2.3.5 Other Measurement Considerations

1) Incarrying out modal analysis it is assumed that:

a)

b)

the vibration of the frame is in a radial direction, and that tangential and axial
vibrations can be neglected;
the vibration of the end-shields is in an axial direction, and that radial and

tangential vibrations can be neglected.
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2) The modal analysis of the stator (i. e. frame + core + winding) is selected as a reference
for the investigation. The stator exhibits both circumferential symmetrical and
anti-symmetrical modes [2.15], but these are not studied independently. Thus the exciting
point is maintained at a single site.

3) Since the measurement of transfer functions is the key to modal analysis, the ordinary
coherence functions [2.16] between the exciting force and the response acceleration is
measured to estimate the reliability of the measurement.

4) Incarrying out the measurements the force signal and acceleration signals are sampled and
discretised. In order to reduce discretisation error an upper frequency limitation of 3. 2 kHz
was selected, which covers the range of natural frequencies of interest. "Hanning
windows" are used, both for the exciting signal and the response signal, to reduce the bias

and leakage errors of the finite sample.

2.4 Modal Analysis

2.4.1 Measured Results

Both Figs 2.3 and 2.4 show the measured modes of both the motor under conditions (a) and (c)
respectively. The structure of the motor and the site of the excitation are marked in order to show
clearly the relative displacement and modes. Fig 2.5 shows the transfer functions between the
exciting force and the response at a given point but under the four different conditions of Table
2.1. The transfer function curves show that there are three or four low frequency resonant peaks,
albeit much lower than the natural frequencies of the motor, which are caused by the mounting
of the shaker and its connection with the impedance head. The values of the related coherence

functions are low.

When the transfer functions are measured under a no-load running condition, the coherence
functions become worse due primarily to the disturbing effect of electro-magnetic vibrations as

well as mechanical vibrations associated with the bearings. Fortunately, however, despite
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sampling errors slightly reducing the coherence functions at the resonant frequencies, the
amplitude of the coherence functions is nearly 1, as shown in Fig 2.6, which confirms that the
measurement of the transfer function is reliable. Fig 2.5 also compares the measured vibration
power spectrum for no-load operation with the transfer functions under the different conditions
cited in Table 1, whilst the measured natural frequencies under different conditions are listed in
Tables 2.2 and 2.3. As a further illustration of the measurements, Fig 2.7 shows the coherence
function, the transfer function together with its real and imaginary parts, as well as the Nyquist

plot for condition (c).

Table 2.2 Measured Results under conditions (a) and (b)

Conditions Natural frequencies (Hz)
(a) 1154 1373 1487 1820 2426 2972
(b) 1162.5 1400 1788

Table 2.3 Comparison of Natural Frequencies of mode (n x m) under different conditions

Conditions 1x0 2x0 2x1 3x0
(a) 1487 1820 2972
(b) 1788 >3200 >3200
(c) 644 1838 >3200 >3200
(d) 650 1825 >3200 >3200

Note: 3200Hz is the upper-limit of the measured frequency

2.4.2 Natural Frequencies and Modes of Stator

Fig 2.3 shows that modes of natural frequencies 1487 Hz, 1820 Hz, 2972 Hz are very regular
and that their mode orders aren x m=2x0, 2x 1, 3 x 0 respectively. The displacements of
these modes indicate that the vibration of the stator is much larger at one end than that at the
other. The test motor is one of a range of three phase induction motors, rated from 180 W - 550
W {2.17] which were designed by the author to a low noise specification, and all utilise the same

frame, end-shields and laminations. The only significant difference is in the windings and the
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axial length of the cores. However, as a consequence the core is not located centrally in the
frame, being much closer to the back end-shield, as illustrated on Fig 2.1. As a consequence
the stator stiffness near the front end-shield is much lower than that near the back end-shield,

which accounts for the increased level of vibration.

In addition to the natural frequencies referred to above, other natural frequencies, viz. 1154
Hz, 1373 Hz and 2426 Hz, are observed, Fig 2.2, where it will be seen that the mode associated
with the 2426 Hz natural frequency has a circumferential order of two and an axial order of one,
but that its displacement is not as regular as that of the (2 x 1) mode associated with 1820 Hz.
Around the region of the feet the displacement is more or less uniform whereas it varies

significantly elsewhere, which suggests that the probable cause is the feet.

As to the 1154 Hz and 1373 Hz vibrations since the exciting point is located close to a node of
the vibrational mode, the resonance peaks are small, and a relatively large error is introduced

into the modal analysis.

2.4.3 Effects of End-Shields

When the end-shields are affixed to the stator its stiffness is increased significantly as are the
values of the natural frequencies. As will be seen on the transfer function curve of Fig 2.5, and
Tables 2.2 and 2.3, the natural frequency of mode order n x m =2 x 0 is increased from 1487
Hz to 1788 Hz, whilst the natural frequencies of mode ordersnxm=2x1, andnxm=3x0,
which were previously 1820 Hz and 2972 Hz respectively are now beyond the high frequency
limitation of the measurement 3.2 kHz. However the circumferential variation of the radial
displacement has not changed significantly, Fig 2.4. It will also be seen that since it is the stator
which is being excited radially the axial vibration of the end-shields is much smaller than the
radial vibration of the stator. This suggests that in an acoustic radiation model of a machine the
vibration of the end-shields can be neglected when the electro-magnetic noise is assumed to be

produced by radial forces alone.
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It will be noted on Fig 2.4 that axial vibration of the front end-shield is smaller than that of the
back end-shield. This was subsequently diagnosed as being caused by one of the three securing
bolts for the front end-shield being loose, which inhibited the transmission of the vibrations to

that end-shield.

By comparing the displacement of each mode on Figs 2.3 and 2.4, it is seen that without the
end-shields the vibration of the frame near the front end is larger than that near the back end.
When the shields are attached the vibration is more or less similar at both ends due to the
restricting effect of end-shields. However, the amplitude of the radial displacement near the
back end-shield of mode 1838 Hz still varies, due to the exciting point and the stator core being

in closer proximity.

2.4.4 Effect of Rotor

Although the rotor is supported in the end-shields by rolling bearings its addition does not
significantly increase the stiffness of the stator. Therefore, by comparison with the end-shields
the rotor has a much smaller effect on the values of the natural frequencies and the shape of the
mode. For example, the natural frequency of mode order n x m = 2 x 0 is only changed from
1788 Hz to 1838 Hz. However the rotor does create important new frequencies, in particular
the n x m = 1 x 0O mode, is produced. For example, a new natural frequency 644 Hz of mode
ordernxm=1x0, as shown in Fig 2.4, is introduced, an effect which has been measured by
the author on other machines. It results from the fact that it is only when the rotor is inserted or

when the feet are fixed, that such a mode is possible.

2.4.5 Effect of Running Condition

It will be seen in Fig 2.5 and in Table 2.3 that the modifying effects under the no-load running
condition are negligible, since from standstill to rated no-load speed, the natural frequencies of
mode order n x m = 1 x 0 and 2 x 0 change only slightly, from 644 Hz and 1838 Hz to 650 Hz

and 1825 Hz respectively.
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The measured vibration power spectrum of the motor on no-load is shown on Fig 2.5. The
frequencies of the three pronounced peaks are 550Hz, 650 Hz and 1750 Hz, and have been
shown to correspond to mode orders of three, the 550 Hz and 650 Hz components being produced
by the first-order slot harmonics of the stator and the rotor, and the 1750 Hz component being
produced by the third-order slot harmonics, whose electromagnetic spectral analysis is given in
Appendix 2.6. Although these two electro-magnetic vibrational frequencies are close to the
natural frequencies of 650 Hz and 1825 Hz, though their mode orders are different, when the
natural frequencies were measured the amplitude of the exciting force was adjusted to make its
response much bigger than the electro-magnetic vibration, thus minimising the effect of

electro-magnetic vibration on the transfer function measurement.

2.5 Conclusions

The effects of allowing for the end-shields, the rotor, and the running condition on the natural
frequencies and modes of the stator of a small electrical machine have been investigated by the

modern experimental modal analysis technique. It has been shown that:

1) Because of their restricting effects, the end-shields significantly increase the values of the
natural frequencies of the stator.

2) By comparison the effect of the rotor is much smaller. However the rotor does cause
important new natural frequencies to be introduced, in particular the first-order mode.

3) The modifying effects under a no-load condition are negligible, as is likely to be the case
up to rated load.

4) The study has provided data which should assist further investigations, particularly in
regard to the effects of the mounting feet on the natural frequencies and modes of stators,

in developing vibrational models based on finite elements, as well as acoustic models.

More investigations on a brushless DC motor will be described in Chapter 9.
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2.6 Appendix - Electromagnetical Spectral Analysis

As described in section 2.3.1, the test motor is a three-phase, 6-pole induction motor, whose
stator and rotor slot combination is 36/33. Hence p=3, Qs=36, Qr=33, the slip s =0 at no-load.
the radial electromagnetic force waves, vibrational frequencies and orders are analysed and listed
in Tables 2.4 and 2.5 according to the technique described in [2.18]. The most important
components of electromagnetic noise in this particular motor are those frequencies related to
mode order 3, viz. 550 Hz, 650 Hz, and 1750 Hz, all of which are due to the interaction of

the slot harmonics of the stator and the rotor.

Table 2.4 Radial Electromagnetic Force Waves

ki -1 +1 -2 +2 -3 +3
ko TAQY; -33 39 -69 75 -105 111
-1 -30 3
+1 36 3* 3
-2 -63 6
+2 69 0" 6
-3 -96
+3 102 3*
where Vv=kiQs+p, u=k2Qr+p
Frequencies of vibrational forces are
f=f1[k20s(1-5)p+2] forn"=p+v
f=f11k20s(1-s5)p+0] forn =p—v
Table 2.5 Vibrational frequencies and orders
7} -30 36 36 -63 69 69 102
\Y -33 -33 39 -69 -69 75 -105
n ki 3* 3 6 o* 6 3*
f (Hz) 550 650 550 1100 1200 1100 1750
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CHAPTER 3

STUDY OF ACOUSTIC FIELD AND POWER RADIATED FROM
ELECTRICAL MACHINES BY ANALYSIS OF FINITE
CYLINDER MODEL

3.1 Introduction

Itis well known that harmonic magnetic fields in the airgap of electrical machines generate forces
acting on the stator core and the end shields, which in turn cause the stator and the end-shields
to vibrate and consequently to radiate acoustic noise. From a knowledge of the surface vibrations
together with the machine dimensions, the radiated acoustic field and power can be calculated

from the relationship between the vibration and noise.

There are two main kinds of model for calculating the radiated acoustic power, one being based

on a spherical model whilst the other assumes a cylindrical model.

The spherical model was suggested by Carter [3.1], and developed by Jordan [3.2], Ellison and
Moore et al [3.3]. The acoustic power radiated by radial vibrations of a machine stator can be
calculated by Jordan’s method [3.2], whilst the effect of a longitudinal variation of the radial
vibrations can be determined from Ellison and Moore’s method. The model, however, is suitable

only for short machines, having an aspect ratio of axial length-to-diameter nearly equal to unity.

The cylindrical model was developed by Alger [3.4][3.5], Erdelyi [3.6][3.7], Ellison and Yang
et al [3.8][3.9]. However Alger [3.5][3.6] considered the machine as an infinitely long cylinder,
so that he could not account for the effect of the aspect ratio. Erdelyi [3.7] on the other hand
treated the machine as a finite length cylinder with infinitely long cylindrical stiffening baffles
at each end, thus enabling the effect of the length-to-diameter ratio to be studied. Physically this

model neglects the effect of the ends and prevents the vibration of the stator from being
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transmitted into the extensions. This artifice can be represented by an infinitely long cylinder

vibrating only in an infinite length, as shown in Fig 3.1.

r

=0\ u, =0
,F_/_ < | A
\ \

_'{7\\ j' i
| /
\ U/ ]
b —»re— b~>‘

Fig 3.1 Acoustic radiation model of finite cylinder

Initially it was the sound pressure level and not the acoustic power level that was used to estimate
the noise emitted from an electrical machine. The sound pressure at any point around the machine
can be calculated, once the vibrational mode, frequency, and dimensions of the stator have been
specified. Erdelyi [3.6] did not present a method for calculating the radiated acoustic power.
This was done subsequently by Ellison and Yang in 1971 and 1975, using the same model on
both occasions, by calculating the acoustic power according to the sound pressure and the particle
velocity in the air on the surface of the stator by the "p-v" conjugation method [3.8]. In addition,
they studied the effect of the length-to-diameter ratio on the acoustic power [3.9]. Unfortunately,
since their formulae for the calculation of the acoustic power are in terms of Bessel functions
and modified Hankel functions and also include generalised integrations they are not particularly

convenient for routine use during the course of designing a machine.
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Nevertheless the main dimensional characteristics of electrical machines are included in the
cylindrical model of finite length as far as electromagnetic noise is concerned. In addition the
effect of the axial length-to-diameter ratio can be considered, whilst the solutions are obtained
analytically. Consequently as the first stage of the current research, as well as for the further
extension of Erdelyi, Ellison and Yang’s work, the same model for calculating the acoustic power
is used. However, the technique which is developed eliminates the need for calculating the sound
pressure and particle velocity distribution around amachine as wasrequired in Ellison and Yang’s
method. Instead it utilises the surface vibration of the stator, and a much simpler formula for the
relative sound intensity is obtained. Subsequently the sound pressure distribution is investigated,

and its variation in three-dimensions is calculated and measured.

3.2 Derivation of Formulae

When the acoustic radiation model of the electrical machine shown in Fig 3.1 is adopted the
problem can be expressed as follows, with the assumption that the pressure, p, is a harmonic

function of time:
(Vz +k2)p=0 (3.1)

where V2 is the Laplacian operator; k = w/c; c is the speed of sound;  is the angular frequency.

If the mode number of the surface vibration is n and the magnitude of the travelling vibration
wave along a longitudinal axis of the stator surface is constant, the surface vibrating radial

velocity can be expressed as*

un((pzt)={_f‘°Ardej(n(p_m') for -b<z<+b (3.2)
’ ’ O

for z<—=b or z>+b

where Ard is the amplitude of the surface vibratory displacement. r, @, z, b, etc ar shown in Fig

3.1
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*Note : It is worth noting that in Ellison and Yang's papers [3.8][3.9](3.10] they did not specify whether their
acoustic radiation model was the same as Erdelyi's model or not, viz. for the surface vibrating radial velocity
given in equation (3.2) they only described the first part within - b < z < + b, whilst ignoring the second part
at z< -borz >+ bwhichrefers to the infinitely long extensions in Fig 3.1. However, independant analysis
has shown that their results can be obtained only with the infinitely long stiffening baffles. Therefore, as mentioned

in section 3.1, their acoustic radiation model is the same as Erdelyi's.

Close to the surface of the machine, the particle velocity vn(a, ¢, z, t) of the air is assumed to be

equal to the stator vibration velocity un(¢, z, t).
v gz,t) | _ =un(9,21) (3.3)

Whilst by Newton’s law the relationship between the pressure and the radial particle velocity is

1 apﬂ (r’ (P, 29 t) (3'4)
jop ar

v (r,Q,z,t)=

where p is the density of the medium.

Therefore from equations (3.2), (3.3) and (3.4) the boundary condition of equation (3.1) is:

apn(r,(p,z,t)l : _wszrdej(n(p—mt) for -b<z<+b (3.5)
or r=a | for z<—-b or z>+b

Combining equations (3.1) and (3.5), the pressure around the surface is found as

(3.6)

e/ (P90 (0 1i0m)

2
Ard ®°pb
Pn(r,(PsZat)= rdn p

where Qpr and Qpm are given in Appendix 3.6.
It is an important assumption that the particle velocity of the air on the stator surface of the

machine is equal to the stator vibration velocity at the surface. This assumption is reasonable

only when the radial vibration of the stator is considered. When the frame is made of cast iron
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or cast aluminium, and is sufficiently thick enough the coupling between the acoustic radiation
and the structural vibration can be neglected, ie. the acoustic radiation and the structural vibration

can be studied independantly.

The acoustic power radiated by a machine is calculated according to the sound pressure and the
stator vibration velocity at the surface by the "p-v" conjugate method, which is very similar to
one of the sound intensity measurement methods, in which the surface vibration is measured by

an accelerometer, the pressure is measured by a microphone, and then the sound intensity is

obtained [3.11].

Therefore, the radiated acoustic power is:

W:J %Rﬁ{pn\’n*}ds
S

Re{pnun*}ad(pdz

I
—
—_—

N[ =

=2pcn2f2Ard2.4nab.11 3.7

where * means "conjugate"; s is the total surface area enclosing the machine; and 1j is the relative

sound intensity coefficient.

Therefore

b 2n
W = I J %Rc{pnun*}ad(pdz
0

[\

o>

Re

1 Ard u)zpb
2

Faefae

b

O‘—.g’

e/ (PO (0 40 pm)[—j@Arg e/ (PP *}“dcpdz
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2n

- |

1 A o’ pab .
ERG{_"d__p—J(Qpr'*‘Jme)}d(sz

b
=—Ard20)3pab J. medZ

-b

© t 2sinbh (00Qc—0a04 (3-8)
=—A’o’pab | | 5 =222 oh dz

Cy S bhVE -k c2+ Q4

For simplicity, Jn (a V K — 12 ) is simply written as Jn and similarly for Yn . Hence, from the

expressions for Qa, Qb, Qc, and Q4 in Appendix 3.6,

QbQc —QaQd =(Yncoshz + Jpsinhz)(Jp-1 — Jn+1)
— (Jncoshz — Ypsinhz)(Yn-1— Yn+1)
=coshz [(YnJn-1=JInYn=1)+(JnYn+1 — Yn¥Yn+1)1]

+sinhz [Yn(Yn-1=Yn+1)+ Jn(Jn-1 = Jn+1)] (3.9

and by the recurrence formula for Bessel functions

-4 ) . (3.10)
OpQc - d = coshz + 2sinhz (YnYn’ + JnJ
c —Qa 0 m (YnYn nn’)
and
Qe +Qa% =402+ 15 2) (3.11)

Therefore by replacing equation (3.8) by equation (3.10)(3.11), and noting that the integration
of the odd function sin bz becomes zero when the variable z is integrated from -b to b, equation

(3.8) simplifies to:

W = %pc(mArd)z.Mrab.Iz
=2pcn®flA?.4mab. 1 (3.12)

in which the relative sound intensity coefficient I is given by
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(3.13)

1
11=2kab +Jk a2(k2—x2) (sinbx)zdx

S ItV -2 )+Y 2 (aN -2 | bx

1t2
When the infinitely long cylindrical stator model is considered [3.13] the calculation of the

acoustic power is obtained by setting the axial length b to infinity in equation (3.13), giving

2 (3.14)
nka(Jn’2(ka)+Yn’%(ka))

Iloo=

where Jn, Yn, Jn’, Yn’ are Bessel functions of the first and second kinds, and their derivatives

respectively.

3.3 Comparison of Relative Sound Intensity Coefficients

It can be seen from equation (3.13) that the relative sound intensity coefficient obtained by this
analysis is much simpler than that given by S J Yang (see Appendix 3.6). As a consequence it
is much more convenient to use in that it takes significantly less time to evaluate since it has
eliminated the need for calculating the sound pressure and particle velocity distributions around
amachine. The predicted numerical results are the same as those calculated from Yang’s method,

as can be seen in [3.8][3.9].

Fig 3.2 shows a comparison of the calculated results of the relative sound intensity by equations
(3.3)(3.4), and by formulae derived by Alger and Jordan for n =0 and n=2. Alger’s results are
much larger than the others since the phase difference between the pressure and the particle
velocity is not considered in the calculation of the radiated acoustic power in his infinitely long
cylindrical model. When the phase difference is considered, the results can be expressed by
equation (3.14) and are shown by curve ¢ which is coincident with Jordan’s and Yang’s results.
It can also be seen that the relative sound intensity coefficient for the stator with infinite axial

length is almost the same as that for the stator with a length-to-diameter ratio equal to 4 as
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calculated by equation (3.13), ie. when the length-to-diameter ratio is near to 4, the machine can

be treated as an infinitely long cylindrical model.

For different aspect ratios of axial length-to-diameter the variation of the relative sound intensity

coefficient with the vibration mode is shown in Fig 3.3.

3.4 Measurement and Calculation of Acoustic Field

It is useful to know the sound pressure distribution around a machine for the purpose of noise
control as well as for the measurement of acoustic power, viz. the selection of the number of
measurement points and their location. In addition it can assist in the near-field measurement
of the acoustic power, such as by the sound intensity method - which is of increasing interest
due to the availability of "on-line" acoustic power measurement equipment. The measurement
and calculation of the sound pressure distribution variation in three-dimensions, viz. in the radial,
axial, and circumferential directions, have been made on a three-phase, 4-pole encased type

induction motor whose main parameters are:

Rated power 0.8 kW
Rated speed 1380 rpm
Outer diameter of frame 0.14m
Axial length of frame 0.174 m
Stator and rotor slot combination 24/22

The measurement was separated into two steps. In the first the ventilating fan was removed from
the motor, so that aecrodynamic noise could be neglected. The sound pressure and vibration
spectra of the machine on no-load were then measured in a quiet laboratory using a signal analyser
(B & K 3348). The measured results and the theoretical analysis of the vibrational force waves,
which are similar to those described in section 2.6, show that in this particular motor, the noise

level was dominated by components of frequency 550 Hz andf 1750 Hz, these being larger than
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any other components by more than 13dB. Therefore, the vibration and noise spectrum of this
motor was considered to consist only of these two components. However, by switching off the
power supply when the machine was running on no-load and observing the variation in the
vibration and noise spectra, as well as from a theoretical prediction of bearing noise and vibration
frequencies, it was deduced that the 1750 Hz component was pure electromagnetic noise, whilst
the 550 Hz component was composed of both electromagnetic noise as well as mechanical noise
from the ball-bearings. The mode order of the 550 Hz and 1750 Hz electromagnetic components
was two, and was produced by the interaction of slot harmonics. In addition, the measurement
of end-shield vibrations showed that compared with the radial vibration of the stator their axial

vibration was small enough to be neglected.

The sound pressure distribution around the test motor was then measured in an anechoic chamber.
The measurement equipment was a B & K 7501 1/3 band frequency spectrum analyser. The
machine was placed on an elastic mounting and the measurement was made on no-load, which
satisfies the noise measurement standard. However in order to simplify the measurement, the
ventilating fan and its shield were again removed so as to minimise aerodynamic noise. The
location of the measurement points in the radial, axial, and circumferential directions is shown

in Fig 3.4,

The measurements were made at points along a circumference of radius 1 metre in the r-z plane,
the sound level transducer being maintained horizontal at the same height as the machine axis,
as was also the case when the measurements were made in the axial and radial directions. In
addition the transducer was aligned with the outer surface of the machine axis, as was also the
case when measurements were made in the axial and radial directions. In addition the transducer
was aligned with the outer surface of the machine (excluding the ventilating ribs) when the
variation of the sound pressure was measured along its longitudinal axis. As has been pointed
out already, the test motor had two dominant components of noise of frequencies 550 Hz and
1750 Hz. Anequivalent measured sound pressure level of the 550 Hz component was calculated

from the sound pressure levels at two adjacent frequency bands whose band centre frequencies
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were 500 Hz and 630 Hz respectively. Similarly an equivalent measured sound pressure level
of the 1750 Hz component was calculated from the sound pressure level at two adjacent frequency
bands whose band centre frequencies were 1600 Hz and 2000 Hz respectively. The measured
results are shown in Fig 3.5 together with predicted results which are obtained from the method
described in this chapter by neglecting the ventilating ribs, power supply connection box, and
the mounting feet, as well as the effect of the end-shields, and the effect of ball-bearing noise in

the 550 Hz component.

In general the comparison of the predicted and measured variation of sound pressure in the
three-dimensions shows good agreement. This confirms the suitability of the finite length
cylindrical acoustic radiation model with infinitely long stiffening baffle extensions for studying
the sound pressure variation. The results also show that the attentuation of the sound pressure
with radial distance as predicted from a finite length cylindrical model is more pronounced that
predicted from an infinitely long cylindrical model. In addition, for this particular test motor the
sound pressure at its mid-plane (© = 0° ) is much larger than at its axis (6 =90°), which again
confirms that the electromagnetic noise induced by radial vibrations of the stator is dominant,
whilst the emitted noise contributed by the end-shield is small. However, on comparing the
predicted and measured variation of sound pressure along the circumferential and axial
directions, it is seen that near the region of the end-shields excellent agreement is achieved for
the 1750 Hz component, whilst the difference is relatively larger for the 550 Hz component.
Furthermore, the predicted results are smaller than the measured results for this component. This
tendency was also evident when measurements were made at circumferences of radius 1.0, 0.7
and 0.4 metre, further confirming the existence of mechanical noise due to ball-bearing vibration

in the 550 Hz component.

Further comparisons are given in the next chapter.
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3.5 Conclusions

An improved technique for calculating the acoustic power radiated by an electrical machine has
been presented. Itis based on the sound pressure and the stator vibration velocity at the vibrating
surface and results in a much simpler formula for calculating the relative sound intensity, and
eliminates the need for calculating the sound pressure and the particle velocity distributions
around a machine. The results obtained, viz. the relative sound intensity coefficients, as

illustrated on Figures 3.6 are eminantly suitable for routine design purposes.

Appendix 3.6 S J Yang’s Formula for Calculating of Radiated Acoustic Power

The formula for calculating the acoustic power radiated by an electrical machine as quoted in

references [3.8], [3.9], [3.10] and [3.12] by Yang is as follows:

W=2pcn®flam?.4mab. I

b 2.3 2
2Ard“ " pab
= ,[ L P (Qpr2+me2)(er2+va2)C059dZ

T

0
where
_E, -1(C@m)_ -1(Owm
o=3tn (Qpr) '8 (QWJ

k

2sinbh QaQc+0bQ0d

= dh
Cr _jkbh\/k2—h2 ( 0c%+04° )

(2N 2R+ 2
—4,[ cos(Vk2+—z)sm(a T Kn (x)

0 (12 %(02k2+x2) Kn—l(X)+Kn+1(x)

£ 2sinbh (Qch—Qanth

Opm =
& _Jk bRNK -1 | 0c2+042
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b
oo sin(—Va2k2+;2)
+IZ‘1—ncos(Vk2+—§z) baz dx
0 a —(a K +32)

2sinbh EpQc—EaQd
vm = dh
¢ J bhN K - ( 0c2+ 04 }

~k
Qa=cos (hz)Ja(aN K2 =1 )~ sin (hz) Ya(aViZ—H7)
Qb=cos (hz) Yn(aV =1 )+ sin (hz)Jn(a V= %)
Qc=Jn-1(aV -1 )=Jns1(aNP-1)
Qd=Yn—1(aW)—Yn+1(aW)

Eo=NEB -1 cos(hz)n’ (aNIE =12 )-NIE =1 sin (hz)Yp’ (aNIE=12)

Ep=NE K cos(hz)Yn’ (aVIB—1E )+ V- sin(hz)Jn’ (a N ~1E)

where Kn(x), Kn-1(x), Kn+1(x) are the nm, n- 1% and n + 1 ™ modified Bessel functions.
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Fig 3.2a Relative sound intensity coefficient
(a): Alger’sresult (b): Jordan’sresult  (c): Equation (3.14) (d) - (h): Equation (3.13)
(d): b/a=4.0 (e): b/a=2.0 (f): b/a=1.0 (g): b/a=0.5 (h): b/a=0.25

b/a is the ratio of length to diameter
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Fig 3.2b Relative sound intensity coefficient
(a): Alger’sresult  (b): Jordan’s result  (c): Equation (3.14)  (d) - (h): Equation (3.13)
(d): b/a=4.0 (e): b/a=2.0 (f):b/a=1.0 (g): b/a=0.5 (h): b/a=0.25

b/a is the ratio of length to diameter
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Fig 3.3 Variation of the relative sound intensity with vibration mode

for different ratios of axial length-to-diameter
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CHAPTER 4

FINITE ELEMENT ANALYSIS OF THE ACOUSTIC POWER

RADIATED BY ELECTRICAL MACHINES

4.1 Introduction

A knowledge of the relationship between the vibration and noise of an electrical machine is
critical to the calculation of its acoustic power [4.1]. However analytical methods, such as those
described in Chapter 3, for predicting the acoustic radiation are applicable only to idealised
models having a regular shape, eg. spherical or cylindrical, and cannot account for the effect of
end-shields or cater for all topologies of motor, eg. axial-field or square frame. Even finite length
cylindrical motors cannot be solved analytically unless they are assumed to have infinite

stiffening baffles at each end [4.2].

Whilst the finite element method has been applied to analyse the modes of acoustic cavities,
comparatively few papers have been published on its application to acoustic radiation [4.3].
Furthermore, it is usually restricted to a radiator of mode order zero or one (extensive or impulse
type vibration). The main difficulty in the application of the finite element method to acoustic
radiation is in dealing with the far-field boundaries, which must be well represented otherwise
the resulting accuracy will be very poor. This arises from the fact that the sound pressure level
is low at the far-field boundary, whilst the acoustic power radiated by a vibrating structure, such
as an electrical machine, should be independant of the enclosing surface used for the calculation.
Whilst some authors use the finite element method in the near-field and an analytical method in
the far-field, both being combined to solve for the radiated sound pressure distribution [4.4],

others use the finite element in the near-field and the infinite element in the far-field [4.5]{4.6].
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Nevertheless, limitations still exist with the application of finite elements to the analysis of high

frequency and/or large acoustic radiation fields, such as emanate from electrical machines.

The boundary element method provides an approach which inherently accounts for the
characteristics of the far-field, and makes it unnecessary to deal with the far-field boundaries,
and also reduces the field dimension by one. However, whilst these two advantages should make
the method ideal for solving acoustic radiation problems, at the natural frequencies (or
characteristic frequencies) of the related interior field the equations obtained by the ordinary
boundary element method lead to ill-conditioned equations or a non-unique solution. As a

consequence special boundary element methods must be used [4.7][4.8].

In this chapter, the finite element method is used to study the acoustic powerradiated by electrical
machines with particular emphasis on those having an axisymmetric construction. Itis combined
with a Fourier series analysis, the Fourier series being used to represent the r- 0 variation of the
sound pressure, whilst finite elements are used to interpolate and discretise the variation in the
r-z plane. The combination of both methods allows the acoustic radiation of electrical machines
to be predicted with due account of the effect of end-shields, which would not be possible with
existing analytical methods. Calculation methods for the acoustic power using finite elements in
various acoustic fields, from two-dimensional and axisymmetric to three-dimensional, are
described, and corresponding formulae deduced. The effects of the far-field boundary condition
on the calculation is studied. Predictions of the acoustic power from the harmonic axisymmetric
finite element method are validated against measurements on a three-phase induction motor. The

technique is then applied to the spherical model of acoustic radiation.

4.2 Calculation of Acoustic Power

4.2.1 Three-dimensional Finite Element Analysis of Acoustic Radiation
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The acoustic field of radiation is described by the Helmholtz equation together with specified

Dirichlet and Neumann boundary conditions, viz:

V2p+iP p=f v (4.12)
p=p T1 (4.1b)
) . . 4.1

a—i+]kh,,p=]pckg,,vn p) (4.1c)

where X + X2 are the boundaries of the region v to be analysed. In order to simplify the study
of the noise from electrical machines the above expression for the Neumann boundary X3 has
been used, with the constants p, hn, gn, and vn being given values which are described in

Appendix 4.7.1.
Similar to the vibrational problem, the acoustic field is discretized into N isoparametric elements,
the interpolation function being given by:

n 4.2)
p=Y Nipi
i=1

where

pi is the value of the sound pressure p at node i of the element;
n is the node number of the element;

Ni is the shape function, which is a function of the coordinates

If the residue between the approximate solution p given by the interpolation function and the

exact solution is R(p), then
R(p)=Vip+ip-f v (4.3)

In the weighted residual method, the product of R(p) and the weighting function We should be

Zero, ie.
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N (4.4)
<We,R>=[ WeR(p)dv= e=0
% e=1
where
ee= | WeR(p)dxdy (4.5)

Ve
We = Nj is the weighting function applied to element e.

Therefore

JNi(V2p+k2P—f)dV=£i i=1,2,..n (4.6)

Ve

After some deduction, a system of equations, in discretized finite element form, is obtained as:

(5], i) w2 (s, o), —ik[es] B

+[Fle]nxl +ijk|:Gle]nxl =[£le]58e “.7)
where
_ [ (9Ni oNj  oN;j N = ONj oN;
K‘e‘vj(ax x Ty oy Toz o |V
111 (4.8)
3 ON; oNj . oN; oNj . dNj oN;
‘J“(ax x Ty oy T oz oz | ' deandl
SRR
MG= [ NiNjav
Ve
4.9)

111
=[[[ NN T e amat

—FEF1

C§i= | mNiNjaz
T2
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1 (4.10)
=[] mnNiNjNEG—F*|, _, dndg
~F1
Ff= iji dv
Ve
111 4.11)
= [ [svinaeanag
~FE1
Gf= I Vn gn Ni dZ
2.
11 (4.12)
=[] vegni \/EG-ﬁI§=1 dn d¢
-1
i,j=1,2,...,n

where J}, E, F, G are given in Appendix 4.7.2 and the boundary X3 is assumed to be on the surface

of &=1in the element.

By assembling all the elements

N (4.13)
z €=0
e=1
The global system equation for the sound pressure is obtained as
{IK1- K (M) +j k [C1} p} ={F} +j p c K {G} (4.14)

whilst the particle velocity in the air medium is given by

ﬁvxﬁvy]ivzk_éjp% Vp

vl 9P
*Tjpo ox
1 9
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1 op (4.15)

The acoustic power is calculated by the conjugation method of the surface vibration of the

machine and the sound pressure distribution on the surface, as described in Chapter 5. Hence

W=J’p17?d2*
Sa
Ns
=y We
e=1
We=J‘pV_?dZ-)
Se
=%Re Jpv;dz
Se
[ L1(n (4.16)
=ERCII Nipi V; VEG—F2I§=1dnd§
-k1li=1

where Sa, Se are the vibrating surface and the discretized element respectively, and vy is the

normal vibrational velocity of the element.

If the reference acoustic power is chosen as

Y .17)
=3Re [ [ oa?NEG-F21,_ dndt

-k1
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the relative sound intensity coefficient is then calculated from

W (4.18)

4.2.2 Planar and Axisymmetric Fields

When the field is invariant in the axial direction it simplifies to a two-dimensional problem. The

system of discretized finite element equations is still given by

K1~ M +jk(ClHp}={F} +jp ck{G} (4.19)

However the coefficients in the element matrices are now given by:

K§ = J’ (azv,- 8Nj+ oN; oN; Jteds

: ox ox dy dy
11 (4.20)
_ T (M avaw;
=[] (ax =t % Julredr;dn
-1
M§= [ N;Njte ds
Se
11 (4.21)
= [ [ MiNj1 T te d o
~r1
Ch= | haNiNjtedr
T2,
1 7 7 4.22)
0x )
=_Jl hnNiNj\/(ﬁ) +(5nxj |§=1fedn
Ff= J.fNitedS
Se
4.23)

11
= [ [fNitsteede

-F1

G1e= I VngnNitedr
I
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1 (4.24)
=J VngnNi V[g_ﬁx']é'i'[%anAlé:ltedn
-1

where I2¢ correspondsto X2e in the three-dimensional field and is assumed to be on the side

E=1 of the element. te is the axial length of the element.

The particle velocity is then given by

Ve Vxl'iVy.]:W Vp

R - (4.25)

The radiated acoustic power is again calculated according to the conjugation of the surface

vibration of the machine and the sound pressure distribution on the surface, ie.

N.v
w=[pids?=3 W,

Sa e=1

We=Jp17?df€_)=%Re _[pv;tedf‘

Se Se
1 7 (4.26)
_1 ox| _ (9y
_2RB_J.1 IZIszl VnV[an) +[anJ |€=lted'f]
The reference acoustic power is given by
1 <
Wo=5 [ pcivalds =21Weo
Sa €=

1 *
Weo=§ J pCVnVndr

Se
(4.27)
Re |v,,|2\[(ax) ( )llgl e d|
-1

NI»—
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Therefore the relative sound intensity coefficient for the acoustic radiation of an electrical

machine becomes
= (4.28)
=W

In the case of an axisymmetric acoustic field, the system of discretized finite element equations
is exactly the same as that for a three-dimensional formulation. However because of the
axisymmetry, the sound pressure p is independant of the circumferential angular variable 6 .
Hence if the axial variable z and the radial variable r are represented by x and y respectively, the

integration becomes

dv=2mnyds (4.29)
dZ=2nydl (4.30)
where
n
y=Y, Niyi
i=1

Therefore when an axisymmetric acoustic field is to be solved, it is necessary only to change the
axial length te of the element to 2ry in the integration of the various coefficients for a
two-dimensional element. Similarly, te is replaced by 2my when the acoustic power is being

calculated.

4.2.3 Harmonic Axisymmetric Acoustic Field

Itis well known that the noise which results from electromagnetically induced vibrations consists
not only of an axisymmetric component (circumferential mode order n = 0), but also higher order
harmonics (n > 0), whose sound pressure varies with the circumferential angular position. In

electrical machines the latter are the most important, because

i)  the vibration produced by a harmonic airgap field usually has a comparatively higher spatial

mode order due to the presence of slots and teeth
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ii) the natural frequencies of the stator for a circumferential mode of order zero are usually

higher than those for the higher order modes of interest.

However, neither planar or axisymmetric finite elements can solve the acoustic field if the sound
pressure varies around the circumference. To cater for this a 3-d representation is necessary.
However a 3-d finite element analysis would be impractical because of the necessarily large
number of elements which would be required to model the finite free-field and the high vibration
frequency of the machine. The combination of finite element and Fourier series analyses on the
other hand provides a feasible approach to the calculation of the acoustic power radiated by an

electrical machine, since it is based on the:

i)  Finite element discretisation of an r-z plane of a machine, and a
ii) Fourier series representation of the circumferential variation of the sound pressure radiated

by the machine, as indicated in Fig 4.1.

The main advantage of the technique is that the dimension of the field is reduced by one, so that

the 3-d field is calculated by a 2-d method.

For a harmonic axisymmetric field, the Helmholtz equation and relevant boundary conditions

arc:

p(r,z) cos nb

Ny

Fig 4.1 Illustration of Element
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p=), Po(r,z)cosn0e on Q1
n=0
b . ' o0 e (4.31)
$+jkhnp =jpck Z Vno gncosn 0 e , on S
n=0
letting
oo ) (4.32)
Vn=Y, Vmocosn®e /¥
n=0
oo . (4.33)
f=2 fo(r,z)cosn®e /@
n=0
o _ (4.34)
and  p(r,6,z1)=) po(r,z)cosn@e /¥
n=0

where, for simplicity, the term sin n0 in the Fourier series has been neglected since it has no

effect on the calculation of acoustic power.

19,90y o, 2 ni2, _ ;

rar(rar)+azz+[k =(2)1po=fo, ins

P =Do, on Qi

opo 4.35)

W*‘jkhnpo =ijk Vno &n » on Q2

where the surface S, and its boundaries I'1 and I'2 are formed by the intersection between region

V, and its boundaries Q1 and Q2 and the r-z plane respectively; k, = (l + _]]CLR} R is the radius

of the far-field boundary, gn = 1; vno is the vibrational velocity of the machine; pc is the sound

resistance; k = w/c; @ is the vibrational angular velocity; and c is the speed of sound.
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By letting 2=k - (%JZ it can be shown that the above equations have the same form as those

for an axisymmetric formulation. In other words, the harmonic axisymmetric field has been

transformed into the ordinary axisymmetric field. Lettingx=z andy=r gives

dv=2rnyds; and dQ=2mnydl (4.36)
where

n 4.37)
y=Y, Niyi

i=1

is the shape function, n is the node number of an element.

Hence the element matrices are given by

K= I (aNla—Nl+aN'a—NlJ2nyds
Se

ox ox dy oy
(4.38)
ON; 3N; _ aN; aN;
‘”(ax L JIJIZnyd&dT]
MT,j:JNiNjZJtyds
Se
11 (4.39)
= [ [MiNjiT12 Ry dEam
k1
1
M= | NiNj[5 |2 myds
Se y
(4.40)

11
= HN,-N,-lley—"dadn
—r1

Ci= | hNiNj2nydr
I2.
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1 7 7 (4.41)
= | h,,NiN,"\/[?—%J +[_8_X) |§=121tydn

-1

Fi= [ fNi2nyds

Se

11 (4.42)
=[[fNvivn2nydean
-1
Gf= [ vnognNi2mydl
2
1 7 7 (4.43)
dx dy
=I VngnNi ‘\/(—) +( )l - 21tydT]
2 an | *on) 'e=1
and the corresponding assembled equations are:
{K)+n® [ M2] -2 [ M1]+j k[Cl{po} ={F} +) p c k{G} (4.44)

It will be noted that compared to an axisymmetric formulation the equations have an extra term,

n® [M2], which results from the circumferential vibration mode order n.

The particle velocity is calculated from

v—év,mmv,nm%o Vp (4.45)

=- 1 dp —1— —agxﬁcosnee_j"”

pocosn@e /!

By the method of conjugation between the surface vibration of the machine and the sound

pressure distribution on the surface, the radiated acoustic power is calculated from
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N,
w=|pPd=Y W,
Ry

a e=1
where

27
We=Jp\T?d?=%Re_[ Jpv;ydr‘
S

e 0 s

£
=7"Re Ipov:,oZTtde

Se

1 (n 7 (4.46)
_&n e V[9x) L (9y
= ) RC_II i;Iszl Vno’\/(an)L'l‘(an) |§=12ﬂyd’n
where
1 n=0 “4.47)
e=41
> nz0

and N is the total number of elements on the machine surface.

The reference acoustic power and relative sound intensity coefficient are calculated similarly.

4.2.4 Element Matrices and Acoustic Power in Different Fields Using Triangular Elements

It has been shown in the previous sections that the planar finite element, the axisymmetric finite
element, and the harmonic axisymmetric finite element methods are all variants of an essentially
two-dimensional formulation. If planar triangular elements are used, their shape function is given

by

Ni= i(ui +bix+ciy) i=123 (4.48)

where: a1=x2y3—-x3y2 bi=y2—-y3 c1=x3—-Xx2
a2=x3y1—-x1y3 b2=y3-y1 c2=x1—-x3

a3=x1y2—-x2y1 bi3=y1-y2 c3=x2-x1
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where A® s the area of the triangular element "e".

Therefore

M _ 1,

ax_er :

IN;__1 Ci i=1,2,3 (449)
0y 2A°

Meanwhile the acoustic power radiated by a machine can be calculated in the free-field just as
if it was being measured in an anechoic chamber. To represent the fact that there is no other
sound source in the field, f and {F} are set to zero in the previous equations. The element matrices

and the formulae radiated for the acoustic power are then deduced and given by:

4.2.4.1 Planar Acoustic Field

, bibi+cic1 bib2+cic2 b1b3+cic3 (4.50)
[Ke]p=—ee babi+c2c1 baba+c2c2 bab3+c2c3
4A b3bi+c3c1 biba+cicy b3b3+c3cs

211 (4.51)
[Me _’eé 121
112
000 (4.52)
[Ce]p-h,, "";23 021
012
(4.53)

where S23 is the distance between nodes 2 and 3 of an element "e" which are assumed to lie on
the surface of the machine. If the vibration velocity is assumed to be constant vneo Over S23 the

acoustic power can be deduced as

N oS3V, (4.54)
Wp=Y Re {84—Aem (AS p2+A% p3)}

e=1



82

where vneo is the normal vibrational velocity of the element on the surface of the machine and

1" 1"

nodes 2 and 3 of the element "e" are on the vibrational surface.

»2+y3
AS a2 +b2 2 +c2 5
— 2371 yi—y2 y2—-y3
=Xx2 ) + X3 > +x1 2
%(xl bi+x2b2+x3b3) (4.55)
y2+y3
A=a3+ b3 22 2 33 >
— gy X1 7X3 X-x1 o X3-X2
=y2 ) y3 > y1 >

% (y1c1+y2c2+y3c3) (4.56)

If the vibrational velocity varies linearly from vne2 to vne3 over S23 the acoustic power is

deduced as

N 0 S23 (4.57)
*
Wp= Y, Re{ ZA‘" [vnez(A5p2+A§p3)+vZe3 (Bip2+85p3)]}
e=1
(2x2+x3) ( ) 4.58
Ai:%a2+b2 % + 2)’%)2 ( 5 )
\ Y \ J
(2x2+x3) (2y2+y3) 4.59
A§=%a3+b3 x26 22 2y26 y3 (4.59)
\ J \ /
(x2+2x3) (y2+2y3) 5.60
Bi:%a2+b2 nrex 6 23 + 2 2723 62)’3 ( )
\ / \ /
(x2+2x3) (y2+273) 4.61
Bl- _a3+b3x26x3+c3y26y3 (4.61)
\ Y, \ /
4.2.4.2 Axisymmetric Acoustic Field
When the field is axisymmetric, y is approximated by
(4.62)

_ 1
ye=§(y1+y2+y3)
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Therefore the element matrices are given by

[e] —2TYe (4.63)
_Ke]a Tt [Ke]p
—_ ¢ a 2 n .‘y‘e e]p (4.64)
M ]a_ te [M

00 0 (4.65)
B 2nS
_Ce:L=h,, 7;223 0 3y2+y3 y2+y3

0 y2+y3 y2+3y3

27So 0 (4.66)
[Ge]a=vngn e 3 2y2+y3
y2+2y3

Similarly if the vibration velocity is assumed to be a constant vpeo over S23 the acoustic power

can be deduced as

l 2T ye' $23 vn (4.67)
Wa= Y Re £ . 1eo (A3p2+A§p3)

eml 4 A
where
.1 4.68
e’=5(y2+y3) (4.68)

However if the vibrational velocity various linearly from vne2 to vne3 over S23 the acoustic

power is deduced as

(4.69)

N

215 S

Wa= Y Re{%ﬁ [viez(Aip2+A§p3)+v2e3(Bip2+33p3)]}
e=1

4.2.4.3 Harmonic Axisymmetric Acoustic Field

In a similar manner to the axisymmetric field the element matrices are obtained as

][],
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], -]
] - &),
el
(]

and the radiated acoustic power is

Wha=¢€n Waq 4.75)

4.3 Effect of Far-Field Boundary Conditions on the Calculation of the Radiated

Acoustic Power

In theory the region of finite element analysis of the acoustic radiation from an electrical machine
in free-space should extend to infinity. However as has been pointed out in the introduction one
of the important aspects in solving the acoustic radiation problem in an infinite region is the
bounding of the far-field. If the far-field boundary is located too far from the machine, the
discretized finite elementregion becomes very large, which then leads to rather slow computation
since the discretisation should be as fine as possible in order to achieve the required accuracy.
On the other hand, if the far-field boundary is too close, the radiation boundary conditions at the

far-field boundary cannot be satisfied, which leads to an inaccurate solution.

Consequently the effects of the far-field boundary conditions on the calculation of the radiated
acoustic power have been investigated by case studies on spherical and cylindrical acoustic

radiation models.

Table 4.1 shows a comparison of the relative sound intensity coefficients for the infinite

cylindrical model of acoustic radiation for two locations of the far-field boundary. Due to the
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use of harmonic axisymmetric elements, it is convenient to apply the local planar wave as the
far-field boundary condition on the r-z plane. It will be seen that when the effective radius of
the machine kR is relatively small and the radius of the vibrating surface is fixed at 0.1m, the
relative sound intensity coefficients calculated by setting the radius of the far-field boundary at
0.75m are of higher accuracy than those when the radius is set at 0.5m. However with an increase
of vibrational mode order and an increase of effective radius kR , the radiated sound pressure
decreases more rapidly with distance from the vibrating surface, whilst the phase difference
between the sound pressure and the particle velocity decreases with an increase of distance from
the vibrating surface. As a consequence, when the vibrational mode order is relatively high and
the effective radius of the machine is large the radiation boundary condition is well-fitted at either
of the radii 0.5m or 0.75m. However in the following calculation the far-field boundary is chosen

as a surface 7.5 times the outer radius of the machine.

Table 4.2 shows the effect of the far-field boundary condition on the acoustic power radiated by
an infinite cylindrical model. It shows that when the far-field boundary condition is chosen as
alocal planar wave for the infinite cylindrical model the results from the finite element calculation
using either planar elements or harmonic axisymmetric elements agree well with the exact values.
The error becomes larger when the far-field boundary condition is represented by a local spherical
wave since the far-field radiated by an infinite cylindrical model is not consistent with such a

boundary condition.

Table 4.3 compares the effect of the far-field boundary condition on the acoustic power radiated
by a spherical model. It shows that in contrast to the case for the infinite cylindrical model it is
the local spherical wave that best represents the far-field boundary condition. A relatively large
error exists when the far-field boundary condition is imposed by a local planar wave, especially
when the effective radius kR is small. It also shows that differences in the calculation of the
radiated acoustic power are negligible when an nth-order spherical wave boundary condition is
imposed at the far-field, viz. using the radiation impedance of the nth-order spherical model in

equation (4.84).
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—jpckR
hn+1(kR)
n—kR ———hn(kR)

Zoo =

where hn is the nth-order of the spherical Hankel function, instead of imposing a o-order
spherical wave boundary condition at the far-field which is represented by the radiation
impedance of o-order spherical mode, viz.
—pc

1

1+ R

Zo'0=

This is due to the fact that when the radius of the far-field is large enough the difference between

the impedances Z go and ZonR  is very small.

In summary, the far-field boundary has an effect on the calculation of the acoustic power.
However, the investigation has shown that, in general, the far-field boundary for electrical
machines can be an enclosing spherical surface of 7.5 x the outer radius of the machine and on
which a zero-order spherical wave boundary condition can be imposed in the finite element

calculation.



Table 4.1 Effect of the Radius of the Far-Field Boundary

on the Radiated Acoustic Power for an Infinite Cylindrical Model
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Relative sound intensity

n=0

n=1

n=2

n=3

n=4

n=

0.1

0.151 0.153

0.210

0.005 0.002

0.008

Calculated
result 1

1.0

0.796

0.792
0.726

0.731

0.739
0.795

0.098

0.100
0.113

0.003

0.003
0.002

Calculated
result 2

Exact value

2.0

0.907 0.925

0.931

0.980 0.988

0.975

1.076 1.025

0.983

0.279 0.270

0.019 0.016

0.310

0.017

3.0

0.947

0.963
0.994

0.988

1.004
1.039

1.133

1.138
1.172

1.271

0.461

0.048

1.217
1.202

0.437
0.482

0.042
0.046

4.0

0.972 0.978

0.965

0.995 1005

0.993

1.077 1.093

1.092

1.262 1.264

1.428 1367

0.632 0.591

1.291

1.402

0.628

5.0

0.973 0.986

0.982

0.989

1.004
0.997

1.045

1.062
1.047

1.171

1.410

1.541

1.178
1.153

1.374
1.364

1.492
1.561

10.0

1.018 0.996

1.033

1.01
o3 1.001

1.039

0997 1.016

1.057

0.980 1.043

0.981 1.083

1.030 1.142

1.087

1.125

1.168

Note:
In the finite element calculation:

1.

the radius of the vibrating surface Ro = 0.1m; along the radius beetween the outer surface

of the machine Rg and the far-field boundary whose radius Rg is chosen as 0.5m or 0.75m,

there are 128 triangular elements.

The boundary condition at the far-field boundary is chosen as the local planar wave.

The calculated results 1 and 2 from finite element analysis correspond to radii of the far-field

boundary of 0.75m and 0.5m respectively.

The exact value is calculated according to equation (3.9).



Table 4.2 Effect of Far-Field Boundary Condition on the Radiated

Acoustic Power for an Infinite Cylindrical Model
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Relative sound intensi
kRo (n=0) ¥
0.1 0.5 1.0 2.0 3.0 4.0 50 10.0
Exact value 0.157 | 0.574 | 0.797 | 0922 | 0961 | 0984 | 0.994 | 1.000
Calculated 1 0.151 | 0.621 | 0.796 { 0.907 | 0.947 | 0.972 | 0.973 | 1.020
Calculated 2 0.151 | 0.621 | 0.796 | 0.906 | 0.947 | 0973 | 0.989 | 0.995
Calculated 3 0.095 | 0.527 | 0.790 | 0.947 | 0988 | 1.005 | 1.012 | 1.008
Averageof 2 & 3| 0.123 | 0.574 | 0.793 | 0.927 | 0.968 | 0.989 | 1.001 | 1.001
Note:
1. In the finite element calculation:
radius of vibrating surface Ro = 0.1m; radius of far-field boundary R ¢ = 0.75m; number
of triangular elements along a radius between the outer surface of the machine Ry and the
far-field boundary Rg : 128.
2.  Exact value is calculated according to equation (3.9).
3. Calculated value 1 is obtained by using harmonic axisymmetric triangular elements and
assuming the far-field boundary condition to be a local planar wave.
4.  Calculated value 2 is obtained by using planar triangular elements and assuming the far-field
boundary condition to be a local planar wave.
5. Calculated value 3 is obtained by using planar triangular elements and assuming the far-field

boundary condition to be a local spherical wave.



Table 4.3 Effect of Far-Field Boundary Condition on the Radiated

Acoustic Power for a Spherical Model
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Relative sound intensi
KRo ve sound i ty
n= n=1 n=2 n=3 =4
0.1 0.010 0.010 Calculated 1
0.020 Exact value
0.5 0.204 0.200 0.010 0.015 Calculated 2
0.263 0.057
10 0.506 0.500 0.367 0.200 0.049 0.002
0.560 0.411 0.043 0.002
2.0 0.804 0.800 0.816 0.800 0.689 0.165 0.012
0.791 0.832 0.727 0.156 0.013
3.0 0.905 0.900 0.930 0.953 0.994 0.923 0.300
0.873 0.906 1.012 0.947 0.292
40 0.952 0.941 0.972 0.985 1.034 1.135 1.108
0.921 0.942 1.017 1.161 1.114
1.260,
5.0 0.977 0.962 0.992 0.994 1.039 1.126 ’
0.952 0.966 1.014 1.120 1.292
10.0 0.994 0.990 0.996 1.000 1.003 1.023 1.066
0.981 0.983 0.992 1.015 1.065
Note:

1. Inthe finite element calculation the vibration of the machine is expressed in the form of a

Fourier series:

radius of vibrating surface Ro = 0.1m; radius of far-field boundary R ¢ = 0.75m; number

of triangular elements along a radius between the outer surface of the machine R ¢ and the

far-field boundary Rg :128,

2. Exact values for n = 0 and n = 1 are calculated according to equation (4.77), whenn > 2

no exact value exists, as is discussed in section 4.5.

3. The calculated values 1 and 2 correspond to far-field boundary conditions in the harmonic

axisymmetric triangular element calculation, viz. local spherical and local planar waves.
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4.4 Experimental Verification

Table 4.4 shows a comparison between the results calculated by finite elements and
measurements on a 3-phase, 4-pole induction motor whose main parameters were: FL rating :
0.8kW, 1380 rpm; encased type stator, outside diameter/axial length of the stator =0.14m/0.17m;
stator/rotor slot number = 24/22. The prototype motor is the same machine as used in Chapter
3. The vibrational acceleration was the average value of measured results made at 24 points
uniformly distributed over the stator surface. The acoustic power was measured on no-load in
an anechoic chamber by measuring the sound pressure at 8 points over an imaginary

hemispherical surface of radius 1 metre enclosing the machine.

Table 4.4 Comparison between Predicted and Measured Results

550Hz 1750Hz | ™4 Comemtfom | LwA from diect
Lw550Hz,Lw1750Hz measurement
Amplitude of acceleration (m/s2) 1.70 7.76
Measured results (8 points) (dB) 64.3 68.2 69.85 70.6
Calculated results (Finite element)(dB) 60.6 68.3 69.0
Analytical prediction (dB) 61.7 69.1 70.4

Vibration measurements on the stator and end-shields confirm that the vibration of the
end-shields is negligible compared with that of the stator. Therefore in the finite element
calculation the vibration of the end-shields is set to zero, although there is no assumption of
infinite cylindrical stiffening baffles at the end-shields as is usually the case in analytical
cylindrical models of acoustic radiation. The machine exhibits two dominant vibration
components, of frequencies 550 Hz and 1750 Hz, which were larger than other components by
more than 13dB. Therefore, the vibration and noise spectrum of this machine can be considered
as consisting only of these two components, which was confirmed further by comparing the
measured acoustic power with/without other components included, Table 4.4, which showed a
difference of < 1 dB. By measuring the sound pressure distribution and analysing the
electromagnetic and the mechanical noise spectras, as well as by identifying the components

from the spectra before/after the power supply was switched off, it was shown that the 1750 Hz
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component is pure electromagnetic noise, whilst the 550 Hz component is composed of both
electromagnetic noise as well as mechanical noise from the ball-bearings. The mode orders of
the 550Hz and 1750 Hz electromagnetic components are two, and are produced by the interaction
of slot harmonics. The 550 Hz component was dominated by noise produced by the ball-bearings
and exhibited arelatively unstable amplitude on a spectrum display of a real-time signal analyser.
Therefore, the 1750 Hz component was calculated according to the circumferential mode order
two, whilst the 550 Hz was calculated according to circumferential mode order zero by assuming
the probability of radial vibration along the circumference to be constant. The calculation used
8-node isoparametric elements and 50 divisions along the radius between the outer surface of
the machine and the far-field boundary - which was a spherical surface of radius 7.5 times the
radius of the machine. The calculated relative sound intensity coefficients were Is50Hz = 0.305
and I1750Hz= 0.819, and the corresponding calculated acoustic powers are shown in Table 4.4.
Good agreement was achieved, especially for the 1750 Hz component. The 550 Hz component
results confirm that the assumption of circumferential mode order zero for the ball-bearing noise
was quite acceptable. It should be noted that the acoustic power measurements were from the
sound pressure, and thus do not consider the phase difference between the sound pressure and
the particle vibrational velocity. Therefore the measured results in Table 4.4 are only reference
values. Further comparisons would require more accurate measurements, of the sound intensity,

for example.

A comparison of the predicted acoustic power level from the finite cylindrical model of acoustic
radiation described in Chapter 3 is also given in Table 4.4. Again as was the case for the finite
element calculation, the 1750 Hz component was calculated according to circumferential mode
order two, whilst the 550 Hz was calculated according to circumferential mode order zero. The
calculated relative sound intensity coefficients are Is50Hz= 0.395 and I1750Hz= 0.985
respectively. As was mentioned earlier the vibration of the end-shields in this prototype motor
was negligible, therefore there is a very good agreement between results from the analytical finite

cylindrical model of acoustic radiation and those from the finite element calculation.



92

4.5 Investigation of Spherical Model

The vibration of an electrical machine can be approached from that of a sphere [4.10] in which
the radiated sound waves can be approximated by spherical waves radiated by a vibrating sphere.

The vibrational velocity of the stator of the machine can be expressed as a Legendre series

oo ' 4.76)
v(0)= ) vnPn(cos@)e /@’ r=a

n=0
where v is the vibrational velocity, vp is its amplitude, n is the mode order, P, is a Legendre
function, ais the ouside radius. The relative sound intensity coefficients are obtained, by solving

Helmholtz equation, as:

R 1 4.77)
(ka)? j?(ka)+nm(ka)

where jn* and nn * are the differential of the first and second spherical Bessel functions. Therefore
if the vibration of a machine is known, the radiated acoustic power can be calculated from the

relative sound intensity.

(4.78)

2.2
In+1PCT valb

This method has the following features:

(i) The model is suitable only for analysing the noise of electrical machines having a
length-to-diameter ratio approaching unity;

(ii) The vibrations produced by the machine must be expressed in the form of Legendre series;

(iii) The reference for the relative sound intensity coefficient is not the acoustic power of a planar
wave when the vibration is expressed in the form of Fourier series, which is the usual
convention, but the acoustic power calculated from the sound wave with its sound pressure

and particle velocity in phase and expressed in the form of Legendre series.
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However, since the vibrations and hence the radiated noise are caused by electromagnetic forces
produced by harmonic fields in the airgap it is much easier to employ Fourier series to describe
both the airgap field distribution and the radially excited vibrational forces, and hence the
vibration of the stator. Comparing the general forms of Fourier (cos n0) and Legendre (Pn(cos
0)) series, they are different except for n =0 and n = 1. Therefore in order to predict noise it is
necessary to convert the Fourier series into the form of a Legendre series, a difficult and

sometimes impossible task.

For the above reasons, many papers employ the relative sound intensity coefficient directly but

use the vibration expressed in the form of a Fourier series to calculate the radiated acoustic power.

W=% pc VZIpSa (7.79)

where Sa is the surface area of the machine.

As a consequence errors are introduced because of the mismatching between the model and the
calculation method. In order to highlight this the finite element method was applied to the
spherical model of acoustic radiation, which is still widely used to analyse the noise of electrical

machines having a length-to-diameter ratio of 1.0.

Fig 4.2 compares the calculated relative sound intensity coefficients of the spherical model
obtained from finite element analysis (Ib2) when the vibration of the machine is expressed in
the form of a Fourier series with Jordan’s results (Ib1 ) [4.10]. It shows that when the mode
orderis 0 or 1, the relative sound intensity coefficients from the two methods are identical, whilst
for higher mode orders Ib1 > Iv2 . Hence the acoustic power from Ip1 is less than that calculated

from Ip2 , if the same reference is used.
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0.8
0.6

0.3

0.04

ka

Fig 4.2 Relative Sound Intensity Coefficients of Spherical Model

When n 2 2 dashed line is the results obtained in the paper

(vibration expressed in Fourier series),

solid line is Jordan’s results (vibration expressed in Legendre series)

0 or 1, both are identical.

when n
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4.6 Conclusions

A technique has been presented which combines finite element and Fourier series analyses to
calculate the acoustic power radiated from an electrical machine, for which predictions are
validated against measurements on a 3-phase induction motor. The technique is capable of
accounting for the effect of end-shields on the sound radiation, which would not be possible with
existing analytical methods. The application of the finite element method to the spherical model
of acoustic radiation has shown that when Jordan’s method is used to calculate the radiated
acoustic power, it is necessary to express the vibrations of the machine in the form of a Legendre
series, otherwise large errors are introduced. The relative sound intensity coefficients of the
~ spherical model, in which the vibration of the machine is expressed in the form of a Fourier
series, have been obtained by finite element analysis which makes it possible to use Fourier series

analysis throughout.

4.7 Appendices

4.7.1 Acoustic Field Radiated by an Electrical Machine and Its Boundary Conditions

The noise level of an electrical machine is estimated by it’s acoustic power level which is a
constant value irrespective of the background noise. Therefore the finite element calculation can
be done in a free-space field. Due to the non-existence of other noise source, the term fin equation

(4.1a) is zero.

Considering an electrical machine with vibrating surfaces, the finite element analysis of the
infinite region is restricted to a finite region which is completely enclosed by a spherical boundary
surface S. The radius of the surface ¢ is chosen to be large enough that the boundary condition
can be represented by equation (4.81) by applying the radiation conditions of Sommerfield [4.2].

Therefore the boundary conditions are
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-g%=jp ckvn s (4.80)
@g__. D 4.81)
= jpck Zo (4]

where v is the normal velocity of the vibrating surface, and Zg is the acoustic impedance over

the surface ©.

If the radius of the sphere is large enough then the waves crossing ¢ can be assumed to be
approximated by planes waves, viz.

ZO' = p Cc (482)

that is

o, ., (4.83)
an+1kp—0 c

If the waves crossing © are assumed as spherical waves, a smaller sphere can be used, which

gives

ZG=_pc_1 (4.84)
1+J—_k—R

that is

g%+&+jkjp=o o (4.85)

where R is the radius of G.

Therefore,forp=poe IO the acoustic field of an electrical machine and its boundary conditions

are given by:
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V2p+k2p=f v

p=p )}

@2-' 1

an—Jpckvn )Y)

ge ; — ER ]

8n+Jkp_O ))

o (L. ) _ . (4.86)

or an+[R+jk)p—O )Y}

Fig 4.3 Field and boundary of an electrical machine

In the analysis of noise emitted by an electrical machine the first kind of boundary condition

p =p=0is used only when the symmetry of the field distribution is utilised. A comparison of

equations (4.86) and (4.1) leads to

f=0

1
hn=0,1, or (1+ij

gn=0 or 1 4.87)



98

4.7.2 Three-dimensional Isoparametric Elements

In a similar manner to the vibrational two-dimensional isoparametric elements, the
three-dimensional acoustic element, the sound pressure, and coordinates are approached by shape

functions and the nodal values.

n
p= Y, Nipi
i=1
n
xX= Z N; x;
i=1
n
y= Z Niyi
i=1
" (4.88)
z= Z N; z;
i=1

In the local coordinate system, the shape function is dependant on the local coordinate variables

(&, L), viz.
Ni=N;(§n,{) (4.89)

The relationship between the local coordinates and the global coordinates is given by

1
J

[ 9 (4.90)
o0& ox
9 |_rn |9
an |~ |5
9 9
_ac_ _az_

where
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0z (4.91)

[/]

=dxdydz=Md§dnd§
dZ=|rqdn x 2 d{ = x| dn df
(assuming Z is on the surface of {=1)

| xRl =VEG - F*
(Y (Y (oY
SONCRD
(Y, (&), (2
o) ()&
Fe ox 8x+ QX 0z 0z 4.92)

an o omaL T on g

In the case of two-dimensions, the isoparametric elements are exactly the same as those in the

analysis of vibrational behaviour.

4.7.3 Detection of Standing Waves and Travelling Waves

When the vibration of an electrical machine is in the form of standing waves, its vibration can

be expressed as
a=Acos(wt+aor)cos(nB+o0g) (4.93)

The signals detected by two transducers at circumferential positions 61 and 62 are then given

by

ai=Acos(wzt+os)cos(n01+0g1) (4.94)

az=Acos(wt+0or)cos(nB2+0ag1) (4.95)

Therefore their relative amplitude is
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cos (n 01+ 0p1)
cos(nO2+092)

(4.96)

which is related to the positions of the transducers. If one transducer is fixed at 02 , its value

varies according to cos nf.

The relative phase difference depends on whether the values of cos(n 01+ ag1) and
cos ( n 02 + g2 ) have the same or opposite signs. If the signs are the same, then the phase

difference is 0°, otherwise the phase difference is 180°

When the vibration of an electrical machine is in the form of travelling waves, its vibration can
be expressed as

a=Acos(wt—nb+a) 4.97)
Then the signals detected by two transducers at circumferential positions 01 and 02 are

aj=Acos(wrt—nO1+a) 4.98)

aa=Acos(wt—nB2+0) (4.99)

Therefore their relative amplitude is unity.

The relative phase difference n (02 - 61 ) depends on the positions of the transducers, being »n

times the geometric angle between the positions of the two transducers.
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CHAPTER 5

ANALYTICAL CALCULATION OF OPEN-CIRCUIT FIELD
DISTRIBUTION IN PERMANENT MAGNET MOTORS,
ACCOUNTING FOR THE EFFECT OF SLOTTING

5.1 Introduction

A general analytical technique for predicting the open-circuit magnetic field distribution in
radial-field brushless permanent magnet motors is a pre-requisite for force calculations - for the
purpose of acoustic noise and vibration predictions [5.1]; for the prediction of back-emf
waveforms [5.2] - for both use in steady-state and transient dynamic simulations; for the
calculation of torque-speed performance curves [5.3], as well as for the prediction of cogging

torque waveforms [5.4].

G Eid and A Mouilett [5.5] proposed an analytical model for predicting the field distribution of
internal rotor motors having a cylindrical permanent magnet with uniform magnetisation over
its cross-section. In addition they and Q Gu and H Gao [5.6] employed the separation of variables
method to study the airgap field of a multi-pole permanent magnet motor modelled in a
rectangular coordinate system. N Boules [5.7] also presented a multi-pole permanent magnet
model in rectangular coordinates but used an equivalent magnet width to account for the fact
that in a cylindrical machine the magnet width generally varies with radius. In [5.8] Boules also
applied two-dimensional field theory formulated in polar coordinates to determine the flux
density distribution at the stator and rotor surfaces of permanent magnet machines by utilising
the concept of equivalent current carrying coils. Hence it was suitable for investigating the flux
focussing effect of the magnet, as well as the influence of the direction of magnetisation, ie. radial
or diametric, on the useful flux per pole and the shape of the flux density waveform. G Xiong
and S A Nasar [5.9] analysed the field in a permanent magnet linear synchronous machine by

employing the concept of magnet charge, whilst Q Gu and H Gao [5.10] and C Kramer [5.11]
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used a "sub-region" method by using a Fourier series expansion in the slot, airgap, and magnet
regions, applying continuity boundary conditions between the sub-regions and solving the
resultant equations to determine the coefficients of the Fourier series. They established a model
for calculating the effective airgap flux (Carter coefficient) for slotted permanent magnet motors.
By using a similar technique and a segmented permanent magnet model, Q Gu and H Gao [5.12]

predicted the fringing flux distribution along the axial length of a permanent magnet motor.

In summary, an accurate knowledge of the airgap flux density waveform on open-circuit is
essential for the accurate prediction of various aspects of a motors performance. However whilst
numerical methods for field computation, such as finite elements, provide an accurate means of
determining the flux density distribution with due account of saturation etc they are
time-consuming and do not provide nearly as much insight as analytical solutions into the
underlying principles. On the other hand, existing analytical methods have not accounted
effectively for the effects of slotting on the airgap field distribution which in a permanent magnet
motor is critical to the prediction of noise and vibration, cogging torque, iron loss etc. In addition
existing analytical methods have approximated the relative recoil permeability of the permanent
magnets, ie IR, as unity, which can cause an error in the calculation of flux density, of up to

around 20% for pur= 1.2 [5.8].

In this chapter improved analytical models are established for the calculation of the open-circuit
airgap field distribution of permanent magnet excited motors. They cater for slotted and slotless
stators, and internal and external rotor radial-field topologies modelled in either rectangular or
polar coordinate systems. The technique is based on the two-dimensional analytical model cited
in Chapter 1, Fig 1.4, and utilises the concepts of permeance and mmf, ie. the field produced by
the magnets and a relative permeance function. It involves the solution of the governing
Laplacian/quasi-Poissonian field equation in the airgap/magnet regions without the assumption
of unity relative recoil permeability of the magnet, but with due account for the presence of stator

slot openings by the application of the conformal transformation method and the introduction of
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a "2-d" relative permeance function. The results of the analysis of various radial-field motors

are reported and compared with predictions from corresponding finite element analyses.

3.2 Brief Description of Calculation Method

Although the method employed is based on a two-dimensional analytical field calculation, the

following 1-d methods are included in order to illustrate the strategy of the calculation.

5.2.1 A Simple 1-D Model

From a simple 1-d magnetic circuit analysis, as shown in Fig 5.1, if flux leakage is neglected
and the permeability of the stator and rotor iron is assumed to be infinite, then for magnets
mounted adjacent to the airgap, ie. Am = Ag, where Am and Ag are the cross-sectional areas of

the magnet and the airgap respectively, the airgap flux density is given by:

B, = _HoMo G.1)
g = ———2
1+HRL
m
therefore Bg = Br _ BI; hm - (E?_) (Hc hm) (5.2)
m

where Bg is the airgap flux density; Mo is the magnetisation; BR is the remanence; Hc is the
normal coercivity, assuming a linear demagnetisation curve; YR is the relative recoil permeability

of the magnet; g is the length of the airgap; hm is the thickness of the magnet.

and g’ = g+ ﬁ% is an effective airgap. 5-3)
If the mmf F is defined as:

B 5.4
F = Hc hm = R hm ( )

Ho HR
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Fig 5.1 Simple "1-d" model
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(a) "2-d" model for calculating (b) "2-d" model for calculating

the field produced by magnets the relative permeance

Fig 5.3 Open-circuit field calculation
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and the permeance is defined as:

A= (5.5)

oo l‘g

Then the airgap flux density is given by the product of the permeance and the mmf, ie.
Bg =FA (5.6

Considering the fact that (Hchm) is an equivalent current source whilst g’ is an equivalent
effective airgap, the above definitions are consistent with the more conventional definitions

applied to induction motors [5.1].

5.2.2 A Refined 1-D Model

If the airgap field in a permanent magnet motor is assumed to vary only with the circumferential
coordinate,o, and depend on the angle of rotation of the rotor, Gmg, as shown in Fig 5.2, then

from one-dimensional field theory, the airgap field is given by:

g, = MoM (0, Oma)
&~ (o)
1+ uRg—
hm
_ (ML %0oma) N Mo | _pa 5.7)
MR g(a)+im
MR
where the mmf
F=M(a,ama) o (5.8)

HR

can be calculated by conventional 1-d methods, such as those applied to the wound induction
motor, according to the equivalent model shown in Fig 5.2(b). In Fig 5.2(b) the magnets are
modelled by surface current sheets and are converted into equivalent current carrying conductors

distributed around the surface of the rotor.
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The permeance is

o (5.9)
A_g’(oz)

whereg’(a):g(a)+h—m (5.10)

HR

If the magnetic flux paths are assumed to be straight lines across the airgap/magnet region and

circular trajectories in the slot region, as shown in Fig 5.2(c), the airgap length is then calculated

from
g(a) = go (5.11a)
for (k=1)on + 52 < a0 < o - %, k=1,2, .., 0s
and
8(a)=go+§Ri{%—[IOU—(k—l)O‘/t]} ©-110)
for (k—1) o — %9 <a<(k-1)o+ %, k=1,2,...,Os
where
bo i

Oy = R ;O = R ; bo is the slot opening; T is the slot pitch; R; is the radius of the stator
1 1l

surface adjacent to the airgap; Qjy is the number of slots; g, is the airgap length in the equivalent

slotless stator motor which equals the airgap length under the teeth in the slotted motor.

5.23 A 2-D Model

In the above 1-d model the magnet is modelled by a constant mmf source. However, in practice
in a multi-pole permanent magnet motor, because of the low magnet permeability and interpolar

flux leakage, the magnet mmf is no longer constant, but varies over the pole-arc. Hence, as
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mentioned in [5.7], the simplifying assumption of concentrating the magnet mmf between the

magnet and airgap can lead to a significant error.

Therefore in the ensuing analysis instead of using the earlier mmf and permeance models, the
magnetic field B is expressed as the magnetic field B, produced by the rotor magnets but then
modulated by the relative permeance X due to the stator slotting, ie. the field is calculated from

the product of the field produced by the magnets and the relative permeance function,
B = BnX (5.12)

With this definition the equations (5.4 - 5.6) for the simple 1-d model are now re-written as:

Bg = Bmx (5.13&)
where By = BRr (5.13b)
1+ u};»i
m
and X =1 (5.13¢)

whilst equations (5.7 - 5.9) for the refined 1-d model become

Bg = Bm X (5.14a)
where By = Lo (0 tna) (5.14b)
]
1+HRE’;
2o+ h_m (5.14¢)
and % = ——HE_
m
+_
g(a) IR

Clearly for these 1-d models the results for the field calculation remain the same as before.

However in the 2-d model of a permanent magnet motor, the calculation of the magnet field

Bmagner, the relative permeance X, and the open-circuit field Bopen—circuit, are as follows:
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i) Calculation of Bmagnet (1, O, Omg)

Bmagnet (1, &, 0img ) is calculated as the radial component of an equivalent slotless stator motor,
as shown in Fig 5.3(a). The motor can have either an external or internal rotor topology. Its
steady-state magnetic field is solved from the governing 2-d Maxwell equations framed in a polar
coordinate system. However at present, the permanent magnets are assumed to be radially
magnetised and to have a linear demagnetisation characteristic. In addition end-effects are

ignored, and the permeability of the rotor and stator iron is assumed to be infinite.

NOTE : It will be possible to extend the analysis to cater for diametrically magnetised permanent

magnets and to account for saturation of the back-iron and teeth of the stator and rotor.

ii) Calculationof X (r,a)

The permeance A (r, o) is calculated from the magnetic field B’ (r, o) in the magnet and
airgap regions produced by a unit difference in magnetic potential between the stator and rotor
iron, as shown in Fig 5.3(b). Since X (r, ) is defined as the relative permeance with a unity
maximum value, the relative permeance is obtained from the calculated field divided by a
reference permeance. From a previous definition (eqn (5.12)), the reference permeance is equal

to the one-dimensional permeance of an equivalent slotless stator motor, ie.

5.15
Aref = Ao = Poh ( )
g+ —
HR
Therefore
_Ar,0) (5.16)
X(r!a) - Ard'
where A(r,o) = B’ (r,a) 5.17)

It will be shown in the following sections that, due to the large effective airgap in permanent
magnet motors, it is necessary to employ a 2-d permeance model in order to account for the effect

of the slot openings.
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iii) Calculation of B open—circuit ( 7, ¢, Oma )

The open-circuit magnetic field Bopen—circuit (7, @, Omg ) at any point in the magnet/airgap
region is calculated from the corresponding magnetic field produced by the magnets, multiplied

by the corresponding value of relative permeance, ie.

Bopen—circuit (1, &, Oma ) = Bmagnet (1, O, Oma ) A(r,a) (5.18)

5.3 Magnetic Field Produced by Magnets

In this section expressions are derived in terms of rectangular and polar coordinates for the
magnetic field produced by the permanent magnets in external and internal rotor slotless motors.

The effect of slotting is accounted for in the subsequent section 5.4.

For any magnetic field without a distributed current source,

divB’= 0 (5.19)
and
curl = 0 (5.20)

Br

—Br

Fig 5.4 Radial magnetisation (for the case of the magnet pole arc < pole-pitch).



which are coupled by the fundamental relationships

B-} = uom in airspaces;

Bir = Ho Hi+M™ ina permanent magnet

(5.21)
(5.22)
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where M is the magnetisation, whose distribution is given in Appendix 5.1 and shown in Fig

5.4 for the case of a multipole radially magnetised machine.

The variable " 6 " which is used in the cylindrical model, is with reference to the centre of a

magnet pole.

If the scalar magnetic potential ¢ is introduced
BP=-V [0)

Therefore

v? ¢7 = 0 in the airgap

and

V2 o = div il

in the magnet

where Wm = Ho UR
In rectangular coordinates since the magnetisation M is given by

M = Mxi—)'i" Myj_)
where My = 0

and My = M = Z M,,cosnrlx
n=1,3,5,... P

where Tp is the pole-pitch

(5.23)

(5.24)

(5.25)

(5.26)

(5.27)
(5.27a)
(5.270)
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therefore divil = aM"+ oMy =0 (5.28)
dx dy

Therefore the scalar magnetic potential in both the airspace and permanent magnet regions is

described by the Laplacian equation

2 2 5.29
dx dy

which is related to the components of the magnetic intensity )2 by

__9d9 (5.31a)
Hx = ox

) 5.31b

Hy = - a_(}g ( )

In polar coordinates, however, since the magnetisation 7 is given by

7= My P Mo & (532)
oo (5.32a)
where M, = z Mp cosnp®
n=1,3,5,...
and Mp =0 (5.32b)

where p is the number of pole-pairs,

givid<Mr  OMr 19Me M, (5.33)
r or r

Therefore, whilst the scalar magnetic potential distribution in the airspace is again governed by

the Laplacian equation, in the permanent magnet regions it is governed by the Poissonian

equation, ie

22 3 (5.34a)
__ﬂ+lﬂ+-l-a—z=0 in the airspace

3 ror 239
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and
oy 10¢n 1 d¢h My , (5.34b)
5,72 too 1 232 - Thm in the permanent magnet

where both ¢1 and ¢11 are related to the components of )i 4 by

H =99 (5.352)
or
_ 139 (5.35b)
He = r 00

5.3.1 In Polar Coordinates
5.3.1.1 Internal Rotor Motors

For an internal rotor motor, such as that shown in Fig 5.5, the scalar magnetic potential

distribution in the airspace I and the magnets II is governed by the partial differential equations

Fig 5.5 Internal rotor motor.

(5.34(a)) and (5.34(b)), for which the general solution has the following form:

¢(r,0)= > (Awr ™ +Bpr ™ )(Cpcosn’® + Dy sinn’ )

n=1

+ (Aolnr + Bo)(Co 0 + Do) (5.36)
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However due to the periodicity of the field, the general solution of the corresponding

homogeneous equation for both the airspace and magnet regions becomes

oo 5.37)
@(r,8)= Y (Anr ™ + Bar ™) cosnp®

n=1

In the magnets since

il (5.38)
2 My 1
\Y = —— = — M 0
n=1,3,5,...
then by assuming the specific solution of the form:
oo (5.39)
Q' = z C1rcosnp9
n=173,5,...
and substituting it into equation (5.38), the constant C] is obtained as:
1 M 5.40
C1=-—=5—— — (540)
(np)* ~ 1 Hm
Therefore
’ 0 M, (5.41)
o'n = 2 r cosnp 9

n=1,35,.. bWm[1- (np)?]

However this solution is not valid for the particular case of np = 1. Hence for np =1, by letting

r=et , equation (5.38) becomes

2 2 (5.42)
o~ ou + 9 (p211 =m ¢’ cos 0

3 96 km

Now assuming ¢’;r = C2 ¢ €' cos 6 (5.43)

and substituting it into equation (5.42) the constant C2 is obtained as



M (5.44)

Therefore for np =1

(5.45)

M M
<P’11=l—1tetcose=1—lrlnrcose
m

2 um 5”

Therefore the general solutions of equations (5.34(a)) and (5.34(b)) are obtained as

> (5.46)
¢r(r,0) = > (Awr ™ + Bur ™) cosnp® in the airspace
n=13,5,...
and
or(r,0) = 2 (Anrr ™ + Bugr ™) cosnp 0
n=1,3,5,...
= M (5.472)
+ Z 2 > rcosnp® for mp # 1
n=1,3,5,... bm [1= (np)7]

_ M 5.47b
or (p11=(A111r+BIIIrl)cose+%u—lrlnrcos9 for np=1( )
m

in the magnets.
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The boundary conditions for the model of Fig 5.5 and the magnetisation distribution M, which

is shown in Fig 5.4, are defined by

1) Her (r,0) r=r; =0, ie. ¢n,_p; =0 (5.48)
2) Hoir (r,8) r=R, =0, ie. @m,_p, =0 (5.49)
3) Ba (r,0)l r=R, = Brr (r,0)l r=g, (5.50)

4) Her (r,0)l r=r, = Heir (r,0) r=R, (5.51)
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(5.52)
5) M= z Mp cosnp©® as derived in Appendix 5.1
n=1,3,5,...

where Rpo=Ri— g

and Rm=Ri—g—hm

Hence the complete solution for the magnetic field components in the airgap/magnet regions is

deduced as:
(1) when np # 1

In the airspace

Bi(r,0) =Y IX; iLR (np=1)
np

(np—1)REP +2RP*1 RP-1 _ (np+1)REP

B (R —p - B[R — R R/

.[r”p— Ly pere p=(np+1 )] cos np © (5.53)

-M —(np-
Bel(r,9)=z( uRn) (np;lg_ Ry (=1

(np—1)RSP +2RP*Y RP-1 _ (nmp+1)REP

B LR —Rip )= ML (R — R R/ R

.[r”p_ L_ piwp p=(rp+1 )] sin np © (5.59)

In the magnets

Brr(r,8) = Y, Mx (——)"—R (np=1)
np

1 2np +1 pn 1 vi/) { 1] np+1 p2n
-—|R 1+ R RIP~ +— |RF™ =1 —=— |Rm/R)"P* ' R
[[ M)o o u]”{» oo+ L) (1L g

< 7 N 7
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‘[rnp—l + R2P r_("p+l)] cos np 0

R YO !
+ 2 Mn +(lr cosnp 0
[(np)"—1]

5.55
+ 2 Mn —MELcosnpe (5.55)
[(np)*- 1]

Borr (r, 6)_2( M,,)_P_R (np-1)
(np)? -1

1 n +1 pn 1 1 2n 1 np+ 1 2n
—p [RSYH (14 (R TR ( +—]R p—(l—— Rm/Ro)"P*+ 1 R?P
(np _HR} o ( HR} " T 7 | Rn/Ro) !
B 7 uR+\1

HR

‘[rnp—l _ R;Zn"p ,.—(np+1):| sin np 0

\ 7 AN v4
HR
o (RaYP
+ Z Mn > sin np 0

2 My —L_ sin np 0 (5.56)
[(np)*- 1]

(ii) whennp=1

In the airspace

5 (s (-2
Bii(r,0) = ~ Ri Ri Ri | (Rm
1) = e R T, (Ra)a | B (Bo: (Ra)
MR Ri MR |\ Ri Ro
.[1 + (%JZ] cos © >
Rola _(Rm)2 | (Rm]2\ (Ro]2
Bar(r,0) = ZM1) (Ri} (Ri} ’ [Ri] o (Rm]
or(r,0) = 3R IR+ 1 1/_ Rm)2 |_ pR -1 Ro 2—/_&@ 2
IR Ri me [\Ri) (Ro
[t~ (8] sno .
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In the magnets
-
B”(r 6)=-A—41 \Ri/ Rm
e 2 llR+1|: (kmjz
1 —_—
HR R;i
Rm 2 M1 7Y, (Rm)2 ;. (Ro (5.59)
.|:1+(rj]cs9+ 2[1 (Roj [r) ln(RmJ]cose
Ro )2 (R]
—|—=1+4+In|+
B (r,0) = {1 [R"] i
’ 2 HR+1[ m)/z
LA SR — 1 —_] —
HR R;

[ (o] oo 20 i 2] - (] 10 (2] o

Further it will be shown in the next section that the above solutions are also valid for external

rotor motors, provided that the variables Ro and Rm are correctly re-defined.

For internal rotor motors (np # 1) since

Ro=Ri—g
Rn=Ri— g - hnm

hence Ri >Ry > Rm

Therefore the expressions for the field vectors Br and Bg can be re-written in the following

forms in order to ease their numerical computation:

In the airspace: Rp < r < R;

Mp
Br(r,0) =, Iy (n—p;’,f%

(p—1) +2(Em|we1 _ (np+1)—- 2np
\Ro o
. H'R+1 1 — _R_m 2np _ l»lR_l RO 2np Rm 2np
KR ¢, KR Ri Ro
R R .
I:(R,) np-1 (R?) m+l (ro) np+1 ] cos np 8 (5.62)
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-M,
B (re) = 3 ¢ HR ) (np;lzp— 1

R R
(np=1) +2( 2" L (pa1) = 2np
0

o
pr+1 1 - R_m\an_ HR—=1 1 (Ro 2np Rm 2np
KR Ri HR R Ro
5.63
[(R]np 1 (ﬁf}np+l (Ii_o)np+l:|sinnp9 ( )
i

In the magnets: Rm < r < Rp

Br11(r,9) = Z Mn —_n;L‘—
(np)” -1

1 {Ro 2np 1 Rm np+1 B_O_ 2np ( __] (1 L) R_m)np+l
("p_we) } (Hu NRo R il g HR,\ =
1 T BR+1T o (Rn\inp|_ BRZL[ (Ro)owp _ (Rm
HR Ri HR R;
T \mp-1  [Rm)np—1{Rm ) np+1
.[(R0) + (Ro) (r ) ] cos np ©

1
E: n

cosnp 0

[(np)?- 1]

2 (5.64)
+ 2 My (—(nh cos np 6
[(np)”—

Boir (r,0) = X, (~Mp) —L—
(np)? -1

1 Ro 2np 1 [Rm)np+1(Ro)2np ( _1_]_(
-—||—= 1 — - + 1
(p uR](Ri) ( +NR) | Ri ) i HR ) | 2
1 & ﬁR+1 1 — R_m2np__ HR—1 &an_ EL'!_an
HR R; HR Ri Ro

T \np-1 _ R_m np—lfR_m\ np+1 sin np ©
) Ro Ro \r)
(R vyt 1
n im
+ >, My —L2 .
[(np)" =11\ 7
5.65
Z My + sin np 6 (5.65)
[(np) = 1]

sinnp 0




119

5.3.1.2 External Rotor Motors

For external rotor motors, such as the one shown in Fig 5.6, the scalar magnetic potential
distribution in the airspace I and the magnets II is given by equations (5.34(a)) and (5.34(b))
respectively, whilst their general solutions are given by equations (5.46) and (5.47), which are

exactly the same as those for internal rotor motors.

,
o =

o Ri
Fig 5.6 External rotor motor.

However the boundary conditions and the magnetisation distribution M are now defined by:

1) Her (r,8)l r=r; =0, ie. on,.p; =0 (5.66)
2) Hou (r,0) r=Ri+g+hn =0, ie. QI y_p;sginm =0 (5.67)
3) B (r,0) r=Rivg = Brl (r,0) r=Rivg (5.68)
4) Heor (r,0)l r=Ri+g = Hoir (r,0)l r=Ri+g (5.69)
v (5.70)
5 M= Y Mpcosnp® asderived in Appendix 5.1
n=1,3,5,...

Again it will be noted that if

Ro=Ri+ g

Rm = Ri + g + hm (5713.)
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then the boundary conditions and magnetisation for external rotor motors, ie. equations (5.66) -
(5.70), have the same forms as those for internal rotor motors. Therefore, if equation (5.71(a))
replaces equation (5.61), the solutions for the magnetic field distribution in the airspace/magnet
regions of external rotor motors will also be given by equations (5.53) - (5.60), which were

derived for internal rotor motors.

However, for an external rotor motor,
Ri < Ro < Rm (5.71b)

Therefore in order to enable numerical computation, for the case of np # 1, the solutions, ie.

equations (5.53 - 5.56) and (5.71(a)), are re-written as:

Fornp # 1

In the airspace: Ri < r < Rp

(=Mpn) np
BR (mp)? -1

Br(r,0) = Z

R _
(np—l)(—o] 2p Lo(Rolm-1 _ (ppa1)
Rm Rm

TR+ 1 1 - Ri Yonp _ W\?— Ri 2np _ Ro \onp
T -1 (Ri)mp-1 (Ri)np+1 (5.72)
[ (Ro) + [RoJ (’J ] cosnp 0

M

Rm

Ter+ 11 (RiYonp|_ pR=1[ (Ril2np _ (Ro 2w
T mp-1 _ (Ri)nmp—1 (Ri)mp+1 | . (5.73)

(np—l)(ﬁ—;) 2np +2(&}"P"1 — (np+1)
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In the magnets: Rop < r < Rp

Brir(r,8) = 3, (~Mn) — 20—
(np)* -1

[aegfe

\HR'*' 1 1 /_ _R_z
HR Rm

S e
e

7

z . vp—1
[(np) - 1] [Rm,

5.74
+ 2 My —QLcosnpe G719
[(np)*-1]

Bor (r,0) = ) My —'122—
(np)” -

1 1 \Ri\n +1(R }n 1 ( 1](Ri]2n ( 1) Ro)n -1

- 1 p -t |np-— —|=|“"P - |1 -—— || =& |"P
[np uRj ( +HR)[ ] Rm np+uR Ro/ A\ l’LR/\ m/
. BR+TT " (RiYam|_ R=1T (Rilany _ (Ro)2np
HR Rm HR Ro Rm

I \nmp-1(Ro\np+1 _ (Ro)mp+1 | .

[ (RmJ (ij ( " ) sinnp ©
p

-1
+ 2 My ——P—(R) sinnp 0
m

[(np) - 1]
Z Mp —L sinnp 0 (.75)
[(np ) - 1]

Hence solutions for the magnetic field distribution in the airspace and and magnet regions have
been obtained for both internal and external rotor motors. However whilst these can provide
useful information for the field distribution, such as its radial and circumferential components,
it is the radial component of the open-circuit flux density distribution at the surface of the stator
which is of most significance, for example, in the calculation of the induced back-emf waveform

in Chapter 8, and in the prediction of cogging torque which is considered in Chapter 6.
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At the stator surface, ie. r = Rj, the general expression for the radial component of flux density

in internal and external rotor motors become:

when np # 1

Anp—1
Bi(6)=Y, 252 — 2 (—R—)

BR (np)* - 1 \Ro
(np—1)R5™ +2R¥*Y R — (mp+1)RYP cos np © 70
kel [R¥P _gzpy BR—1 [RZ"P R (Rm/R an]
HR ! m 1= wr LReT — R Rm/Ro)

and when np=1
(&}2 _ [R_m)z N (R_m}zln (&]2 (5.77)
M R; Ri R;i R
Br(0) = Z1 ! L i m

4 AN e
bR \ur+1 [ 7 (Rm)2|_ pR=1](Ro)2_ (Rm)2 [
HR R; HR R; R,

For numerical computation the expression for np # 1 may also be written as:

Internal rotor motor (np # 1)

M R
BrI(e)_ZZ n _L RO np+1
MR (np)? - 1|Ri

onp (5.78)
R

o
. 0
MR +1 1 - Rm 2np _ HR-—1 RO 2np Rm 2np cosnp
HR Ri KR Rj Ro

External rotor motor (np # 1)

-1
_y (—Mn) w (R

(np—1) +2(R’"}"P“ (np+1) Bﬂ

(np_l)(_)an 2(£O}np 1 —(np+1) 5.79)

. 0
BPR+1 1 - Ri 2np | _ P'R { _ Ro \onp cosnp
HR Rm HR Ro Rm
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5.3.2 In Rectangular Coordinates

When modelled in rectangular coordinates, as shown in Fig 5.7, for which the governing
Laplacian equation is given by equation (5.29) the boundary conditions and the magnetisation

distribution M are given by:

1) Harly=0 = 0,ie. ¢urly=0=0 (5.80)

2) Haly=g+hy, = O,ie. Qirly=g+h, =0 (5.81)
3) Haly=hn, = Hxdlly=hp (5.82)
4) By[ly:hm = By][ly:hm (5.83)

o (5.84)
5) M= z My cosn%-x , as derived in Appendix 5.1
P
n=1,3,5,...

AY
L S A 7
. I i g
"""" | f 2
% | | hm

' : - Y
R e RS

| -
P

Fig 5.7 Model for calculating magnetic field produced by magnets in rectangular coordinates

The general solution for the scalar magnetic potential distribution is:
oo (5.85)

s . T s
o(x,y) = 2 (Ancoshn1py + anmhnrpy)cosntpx

n=1

whilst the following solutions for the field components in the airgap/magnet regions are obtained:



oo sinh n i g (5.86)
Tp . T . T
Byr(x,y) = Z HUR Mp - smhn-r—y sinn_px
n=1,3,5,... sinhn—(g+hm) P
p
oo sinhnig
Byr(x,y)=—- 9, HRMp - P coshntly cosntlx
n=1,3,5,... sinh n=—( g+ hm) P P
Tp
oo - (5.87)
+ z Mp cosngx
n=13,5,...
- snt n 2 ] _ G
Bua(x,y) = 2 My L sinhn—(g+hm—y) sinn—x
. T Tp Tp
n=1,3,5,... Slnhn;(g+hm)
oo sinh nfhm - . (5.89)
Byr(x,y) = Z My P coshn—(g+hm—-y) cosn—x
. T Tp Tp
n=13,5,... smhntp(g+hm)
Again for ease of numerical computation, the formulae may be re-written as:
o Ly
l1-e
Bai(x,y) = ), HRMn —
n=1,3,5,... 1_e-2n;;(g+hm)
nZ(y=hm) L (y+hm) (5.90)
(4 Tp - € Tp .
sinn—x
2 Tp
T
o -2n—
1-e g
Byr(xy)= - Y HgMn %
n=1,3,5,... 1_e-2”g(8+hm)
RPN . oo (5.91)
e”,tp(y hm)+ e ”,tp(y+hm) T T
2 cosn-T—x + z Mncosnt—x
P a=1,35,... P
g —am Xy
l1-e¢ m
Ba(xy)= Y My 2

i
n=1,3,5.. 1-¢ "7, (8*hn)
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P Chm=y) _ o nie (24 hm-y) (5.92)
Tp e Tp .
sinn—x
2 T
oo l_e—2n1£hm
By (xy)= 3, Mn —2
n=1,3,5,... 1_e-2n;;(g+hm)
Iy _ . E _ 5.93
", (P Y) 4 ntp(2g+hm y) (5.93)
cosn—x
2 Tp
The flux density distribution, Byl , on the stator surface y = g + hm is obtained as:
(5.94)

i
l_e—ZnTth

. T
-n— i1
n=1,3,5,... 1_3—2n;(g+hm) P

3.4 Effect of Slotting

Slotting affects the magnetic field in two different ways. Firstly the airgap flux will be reduced
compared with the flux when unslotted. Such effects can be accounted for by introducing the
Carter coefficient into the calculation, ie. by modifying the effective airgap length in the
calculation of the magnetic field produced by the magnets. Secondly, slotting will affect the

magnetic field distribution in both the airgap and the magnets.

5.4.1 Effect of Slotting on the Effective Flux

When the stator is slotted, an appropriate Carter coefficient K¢ can be included and instead of g
and R; effective values ge and Rie are used in the calculation of the magnetic field produced

by the magnets to account for the reduction in the effective flux.

For example, in an internal rotor motor:

ge =g+(Kc—-1)g’ (5.95)
Rie = Ri+(Kc—1)g, (5.96)



where g’ = g + hm /UR is the effective airgap;

K¢ is the Carter coefficient and can be approximated by:

Kc = Tt N
w—=Y8

where

T = 2R R;

‘TG

_ A ]bo oo
Y—n 2g)

-1{ bo_
2g

and bo is the slot opening.

]—ln 1+

Similarly, in an external rotor motor:

ge =g+ (Kc—-1)g’
Rie = Ri-(K¢c-1)g¢’

2g

bo_

2
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(5.97)

(5.98)

(5.99)
(5.100)

whilst in rectangular coordinates if the stator is slotted, a Carter coefficient may be used again

with ge used instead of g, where

ge=g+(Kc—-1)g’

(5.101)

However due to the large effective airgap, which equals the physical airgap length plus magnet

height, in a permanent magnet motor the ratio of slot opening to the effective airgap is small,

hence the Carter coefficient K¢ = 1, a typical calculation showing that K¢ is around 1.01.

Therefore the effect of slotting on the effective flux reduction in a permanent magnet motor is

negligible, except when a very large slot opening is employed, such as may be the case for

reducing the cogging torque.
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5.4.2 Effect of Slotting on the Field Distribution - the Relative Permeance Calculation

The permeance of a slotted airgap/magnet region can be calculated by the conformal
transformation method with unity magnetic potential applied between the stator and rotor iron
surfaces and no magnet present, as shown m Fig 5.8 in which infinitely permeable stator and
rotor iron surfaces and an infinitely deep rectilinear stator slot are assumed. For permanent
magnet motors which have a small number of slots, a single-slot model is acceptable for the
calculation of the relative permeance, and even when the ratio of the airgap to slot pitch is large
the calculation of the airgap flux density distribution by a single-slot model may still be
acceptable. In this case, however, errors may arise if the flux density does not attain its maximum
value before the centre of the teeth [5.13]. Hence a model consisting of a continuous series of

slots can be used [5.13].

VZ/C//wZ/W 7
4
1

| +h
bo ; [ rotor position
7 ——
> 0

Fig 5.8 Permeance calculation model.

Based on a single-slot model, the interior of the airgap region in the z-plane is transformed to

the upper half of the w-plane and subsequently to the t-plane, as shown in Fig 5.9.

The transformations are given by:

VIS 2L, .10
(4




A A
Y v
F— 3=
I U (o0)
!b° TS
T Ve N
| // \\
: / \\
z z
23 2 : 5 ’ 24 / \
1 J > [ sa -1 1.4 \ >
0 X U U3 0 Uy Us u
(a) z - plane (b) w - plane

(8 = g+hm/UR)
Fig 5.9 Conformal transformation

which after some deduction becomes:

1-j 5=
, - 2 2 ) )
z=ﬁ Lin 2w +128 arc 28w
T |2 14] w bo bo Va*-—w
Qai—w§

a= N1+ 2g 2
bo
T 1-w

The corresponding flux density in the airgap region is given by:

128

(w>1)

(O<w<1
21#

(c) t- plane

(5.103)

(5.104)

(5.105)
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dt dt dw
B—uoH_uodz_ dw |dz
_ G 1 (5.106)
g Do \2_(Dbo )2
v 1+(2g,J (2g’ wJ
Bpr (5.107)
h = h
where OQmo o IR m

Therefore by letting w = 1, the maximum flux density Bmax is obtained as

5.108
Bmax =Wo 9’%‘0 ¢ )

8

The variation of the flux density against the circumferential angular position shows it to have a
minimum value at the central axis of the slots. The value depends on the radius (or y) and is

obtained by letting w =jv, ie.

Omo 1 1 (5.109)

Bmin = Ho ™, = Bm
SR . € 20 S P 8 e

2g 2g’v 2g

Bmax — Bmin

and B = _Lf, 1 (5.110)
2 Bmax 2 \/1+[2b—;J2(1+v2)

v can be determined by solving equation (5.103) and letting

and z=jy w=jv (5.111)

ie.



where y is given by:

r—(Ri—g—hm) = r—Ri+g’ for internal rotor motor
Yy=3(Ri+g+hm)—r=Ri+g —r for external rotor motor
y for rectangular coordinate

At the rotor surface Bmin can be determined by letting v =0, ie.

Hence B =

N —

- VET

(5.112)

(5.113)

(5.114)

(5.115)
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Itis worth mentioning that in induction motors due to their small airgap, typically 0.25 - 0.3 mm,

the minimum flux density varies only a little in passing on a radius through the mid-point of the

slot opening from the stator surface to the rotor surface. In other words, the effect of slotting on

the magnetic field distribution is almost independant of radius. Therefore the radial variation in

the flux density is often ignored in the analysis of harmonic fields in induction motors [5.1],

equation (5.114) being used to approximate the minimum flux density because of its simplicity.

However, in the case of permanent magnet motors with surface-mounted magnets, as shown in

Figs 5.5 and 5.6, although the actual airgap g is also relatively small, the equivalent airgap
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g = g + hm/ pr is relatively large since the recoil permeability of the magnet is very close
to that of air. As a consequence, at the central axis of the slots, the flux density varies from a
value, typically around half of the maximum flux density, at the mid-point of a slot opening on
the stator surface to a value very close to the maximum flux density at the mid-point of a slot
opening on the rotor surface. This indicates that in a permanent magnet motor the effect of stator
slotting on the magnetic field distribution at the rotor iron surface is negligible, whilst at other
radii, such as at the stator or magnet surfaces, equation (5.112) must be solved by iteration in

order to determine the minimum flux density.

In summary, the field distribution in a permanent magnet motor can be determined from equation
(5.106). However, since it is a two-dimensional field problem and the flux density is implicit to
the coordinate variables in the solution, ie. equation (5.106), the calculation is very complicated
and time-consuming. Therefore, in order to simplify the analysis, the airgap/magnet field
variation in the circumferential direction is assumed to be similar to that in an asynchronous
induction machine [5.1], whilst the variation of the maximum and minimum flux density along
any radius is determined by the conformal transformation method, ie. from equations (5.108),

(5.109), and (5.112), viz:

If the stator is slotted the airgap flux density is assumed to be:

f (5.116)
-PT <o <
B(ra)= (Bmax(1=B-PBcosgr~a) for 0 < <08
Bmax for 0.8 0y < o < 0g/2
b U % _ b (5.117)
wiere Go = % MR W T

and B depends on the ratio of (bo/g’) and the radius (ory).
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With unit magnetic scalar potential, ie. mo = 1, the variation of the permeance will be the same

as that of the airgap flux density

‘u—?(l—ﬁ—ﬁcos I o) for 0 < a < 0.8 oo (5.118)
g 0.8 0o

K(r,oc) =
Z? for 0.80 < a < 0g/2

If the permeance is expressed in the form of a Fourier series, it becomes:

o0 (5.119)
A(r,a) = z Ap(r)cospQs(a—0o)
p=0

where o0 =0 is at the centre of slot openings and 0o depends on the relative position of the stator

and the rotor, and will be discussed in Chapter 8, the coefficients being determined from:

12
Ao(r)=”—‘,’(1—1.65@) (5.120)
g T
) oq 2
Ap(r) = — J A(r,a) cospQsada
od
-4
4 0.8 o 5 0.5 o4 5
_ Ho 4 _R_ n in cn
= P og J (1-B8 BCOSO.Saoa)COSad”ada+I cosaduocda
0 08 ao
(_b_o_]z (5.121)
B 4 " t
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Therefore by definition, ie. equations (5.15)-(5.17), the relative permeance is determined from

_A(rna) A(r,a) _B(r,a) (5.122)
Ara) = Aref " Wo/¢ Bmax

0o (5.123)
ie. A(r,a)= Y, Ku(r)cospQs(o—05)
u=0
where Ko(r) = KLC (1— 1.6 B%) (5.124)
b 5.125
Ru(r)=-B Gu(?f] 12
(uﬁ}z (5.126)
Gu[i_oj=l% 0.5+ U 5 sin(1.6nu%)
() K 0.78125—2(;11—;’]2 ‘

NOTE: In equation (5.124), a Carter coefficient K¢ has been included to account for the increase

in effective airgap, referred to in section (5.4.1).

5.5 Comparison with the Finite Element Calculations

In this section the analytical models developed for the open-circuit field calculation are validated
by comparing the analytical prediction with finite element calculations. For an internal rotor
motor, firstly results for the magnetic field produced by the magnets are compared, secondly the
relative permeance model is validated, and thirdly the results for the open-circuit magnetic field
are compared. The comparison includes not only the circumferential variation of flux density,
but also the radial variation in both the airgap and magnet regions. Comparisons are also made

for an external rotor motor, as well as for the models formulated in rectangular coordinates.

The internal rotor 3-phase brushless DC motor has the parameters listed in Table 5.1.
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Table 5.1 Parameters of an internal rotor motor.

pole number

slot number
pole-arc/pole-pitch ratio
airgap length

height of magnet

internal radius of stator
slot-opening

remanence

relative recoil permeability

2p
Qs

2or4
12
1.0
0.00075m
0.0045m
0.02975m
0.00205m
0.38T
1.05

I AL L (L

The main parameters of the external rotor 3-phase brushless DC motor, with either a 6- or 12-pole

rotor, are listed in Table 5.2, whilst the corresponding parameters of a planar model are given in

Table 5.3.

Table 5.2 Parameters of an external rotor motor

pole number 2p = 6o0rl2
slot number Qs = 9
pole-arc/pole-pitch ratio op = 1.0

airgap length g = 0.00043m
height of magnet hm = 0.00187m
radius of stator near airgap Ri = 0.0207m
slot opening bo = 0.0014m
remanence Br = 0.25T
relative recoil permeability MR = 1.02

Table 5.3 Parameters of an external rotor motor in rectangular coordinates

pole-pitch Tp = 0.045m (6-poles) or 0.0225m (12-poles)
slot-pitch % = 0.015m

pole-arc/pole-pitch ratio op = 10

airgap length g = 0.00043m

height of magnet hm = 0.00187m

slot-opening bo = 0.0014m

remanence BrR = 0.25T

relative recoil permeability HR = 1.02

5.5.1 Field Produced by the Magnets

Fig 5.10 shows a comparison of the field distributions predicted by both the finite element and

developed analytical techniques. In order to eliminate the effects of saturation and slotting, the
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internal rotor motor has been idealised as one pole-pitch of a model consisting of magnets and

airgap and backed by infinitely permeable rotor and stator iron.

By applying the half-periodic boundary condition and natural Neuman boundary conditions at
both the stator and rotor iron surfaces of the finite element model, the predicted flux density
distribution at the stator surface is obtained. It will be recalled that the analytical expressions
for the case np = 1 differs from those for higher pole numbers due to the singularity. Comparisons
have also been made for both 2- and 4-pole internal rotor motors whose parameters are the same.
It will be seen that there is excellent agreement between the results obtained from the analytical

prediction and the finite element calculation.

Further comparisons have been made for the 4-pole motor, Fig 5.11 showing the finite element
discretisation and flux distribution over one pole-pitch of an idealised model in which the slots
have been neglected and the stator iron has again been idealised in order to emphasise the
magnetic field due to the magnets. Fig 5.12 compares the field distribution produced by the
magnets at different radii in the magnet/airgap region. Since at any radius the finite element
results are derived from layers of elements, upper and lower, as shown in Fig 5.13, the analytical
predictions are calculated for two radial positions. The radii used in the analytical calculations

are given in Table 5.4.

Table 5.4 Computation radii and regions

Symbol for radius Calculation radius (m) region
. 0.02975 .
r=R; airgap
0.02950
0.0292
r=Rj- g+ 02925 airgap
0.02900
. 0.02900
r=Rj-g magnet
0.027825
0.025475
r=Ri-g -hm" magnet
18w 0.0243 =
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Fig 5.10 Comparison of field distribution predicted by finite element and analytical techniques
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(a) Mesh (b) Flux distribution

Fig 5.11 Finite element mesh and flux distribution due to the magnets alone

From Fig 5.12 it is observed that:

i)

iv)

Both the finite element and analytical predictions show that at a radius which passes through
the magnets, the magnetic field at the edges of the magnetis higher due to inter-pole leakage,
whilst at a radius which passes through the airgap the magnetic field near the edges of the
magnet is weaker.

Oscillations exist on the field distribution predicted from the finite element calculation due
to plotting the value in the upper/lower layers of elements. However the oscillation is much
lower in the airgap since a finer discretisation in the radial direction was employed.

The oscillation in the analytical predicted field distribution is due to the use of a finite
number of terms in the Fourier series. In the calculation those harmonics whose amplitudes
are smaller than 1/500 of the harmonic component having the maximum amplitude have
been neglected.

The predictions from the analytical technique are in good agreement with those from the
finite element calculations, not only along the circumferential direction but also in the radial

direction, as shown in Fig 5.14.
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Fig 5.12 Comparison of field distribution produced by the magnets at different radii, time= O
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Fig 5.16 Variation of the minimum permeance with radius

5.5.2 Relative Permeance Models

In this section the relative permeance predicted from the finite element and analytical techniques
are compared. The variation of the permeance with radius as predicted from the proposed "2-d"
relative permeance model is also investigated. In addition, different permeance models are

compared, and their merits discussed.

Based on the "2-d" relatve permeance model, Fig 5.15 shows the variation of the relative
permeance waveform with the radius for the internal rotor 4-pole motor, whilst Fig 5.16 shows
the variation of the minimum relative permeance (at the slot centres) with radius. Clearly, stator
slotting has a significant effect on the permeance waveform at the stator surface, whilst at the
rotor surface its effect is negligible due to the large effective airgap. For comparison Fig 5.16

also shows the relative permeance calculated from the refined "1-d" model described in section
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5.2.2, as well as the result calculated from the one-dimensional permeance model which is widely
used for induction motors [5.1], which can be obtained from equation (5.123) by setting p toa

fixed value given by equation (5.115).

It is observed that the most significant difference between the "2-d" and "1-d" models is that
whilst in the "2-d" model the minimum value of the relative permeance decreases as the radius
increases, ie. as the slots are approached, the minimum value of the relative permeance predicted
from the "1-d" models is independent of the radius. Meanwhile the permeance model of the
induction motor always understates the slotting effect in a permanent magnet motor since it
utilises the value on the smooth rotor iron surface. Hence this confirms that the permeance model
which is used in induction motors [5.1] is unsuitable for application to permanent magnet motors.
However another permeance model which is the combination of refined "1-d" model and "2-d"

models is possible if for the refined "1-d" permeance model equation (5.14 ) is re-written as:

+ hm 4 5.127
§ ¥ Im iR in the region of the slot openings ( )
=1 gthmin+E (22— ry)
m 2 2 S
1 in the region of the tooth tips

where by is the slot-opening and rs, (0 < ry < bp/2), is the distance from the axis through

the centre of a slot, as shown in Fig 5.17(a).

Clearly
Kmax =1 . (5128)
g + hm/UR (5.129)
Rumin = T bo
g + hm/UR + 5

which is the same at differentradii. Hence the circumferential variation of the relative permeance
is identical at all radii. In order to overcome this disadvantage in the "1-d" model, the length of

the flux path in Fig 5.17(a) is modified to the one shown in Fig 5.17(b) in which instead of
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Fig 5.17 Modification of permeance model

assuming a circular path it makes use of a modification factor v. The relative permeance of this

modified model is then calculated from

g+ hm/Awr (5.130)

in the region of the slot openings
X = T b
= g+hm/pR+72 ( ) - rs)

1 in the region of the tooth tips

This modified permeance model is essentially the same as the permeance model used in the
analysis of stepping motors [5.14]. However instead of using a fixed value of 7 (around 1 to
1.1) for all radial positions as in stepping motors [5.14], 7y is now determined from the 2-d

conformal transformation method. The calculation method is as follows:

Utilising the result of Bmin /Bmax = B calculated from equation (5.119, ie.

p=Bmin _y_,p (5.131)

Bmax

Since Xmin now is given by
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g+ hm A (5.132)

Kmin =

and Xmax =1
Therefore yis determined from

Amin _ Bmin (5.133)

Xmax B max

- g+ b /uRn __p (5.134)
g+hmAr+ Y D) 70
=M(L_1) (5.135)
75bo/4 B

Fig 5.18 compares the relative permeance and the open-circuit field using the refined "1-d" model
and this modified model, whilst Fig 5.19 compares the magnetic field produced by the magnets,
when the effects of slotting are neglected, and the open-circuit field, predicted from a finite
element calculation and the analytical techniques, viz. the "2-d" permeance model and modified
permeance model given by equation (5.130). They show that predictions from both permeance

models are in very good agreement with those from the finite element calculation.

In conclusion, therefore:

i)  The 1-d permeance model can be modified by the method presented in this section.

ii) The Bmin/Bmax ratio calculated from the 2-d method is acceptable compared with the ratio
obtained from finite element calculations.

iii) Although the difference between the 2-d model and the modified 1-d model is in the

assumption of the permeance waveform, both can be used in future analyses.
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5.3.3 Open-circuit Field Calculation

In this section the open-circuit field in both internal and external rotor motors, as well as a

rectangular coordinate model, are calculated and compared with finite element calculations.

Fig 5.20 shows the finite element discretisation of the internal rotor motor, whilst Fig 5.21
compares the predicted open-circuit flux density distribution at different radii in the
magnet/airgap regions. Fig 5.22 compares the variation of the flux density with radius under a
tooth. The discussions in section 5.5.1, as well as those in section 5.5.2 are still valid for the

open-circuit field calculation.

Fig 5.23 compares analytical and finite element calculations of the airgap flux density waveform
for both 6- and 12-pole external rotor motors when the effect of stator slot-openings is neglected,

whilst Figs 5.24 and 5.25 show similar comparisons in the presence of stator slots. In Figs 5.26

00 open—circuit field vs radius

FE Prediction

y ('g)
&

Analytical
Prediction

B

&

flux densit

015
Q10 |

005 |

000

24502;002&50260026.5027002}502500255025‘0029'50?&&)
radius (m « 10-3)

Fig 5.22 Variation of open-circuit field along pole axis
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and 5.27 the models of the external rotor motors have been simplified, by modelling them in
rectangular coordinates and assuming the permeability of the iron to be infinite, whilst the slot
shape is assumed to be rectangular. As a consequence improved agreement with predictions
from the analytical model can be expected since the effect of saturation has been eliminated. The
main cause of the difference between the analytical and finite element results is due to the neglect
of saturation, which is more pronounced in the 6-pole motor, as shown in Fig 5.25(b), in which
the stator back-iron is highly saturated. However, this could be taken into account by the
introduction of a saturation factor, ie. the analytically predicted waveform of the field distribution
could be multipied by the saturation factor. However as to the more subtle effects of saturation,

further investigation is required.

Overall the results from the analytical technique and the finite element method, both internal and
external rotor motors modelled in either polar and rectangular coordinates, are in good agreement,
both in amplitude and waveform. However whilst the analytically predicted results follow the
finite element variation of flux density against radius in the angular position corresponding to a
slot-opening, along a radius from the rotor to the edge of a stator tooth the finite element
calculation predicts an increase in flux density at the tooth tips, because of their flux concentrating
effect, whilst this is absent from the results of the analytical model, due primarily to the fact that
the permeance calculation assumes a simple permeance waveform in order to simplify the
computation. The analytical calculation could be improved by using a more realistic permeance
distribution delivered from the conformal transformation method, that is by relaxing the
waveform assumption of equation (5.116) in section 5.4.2 and calculating the field distribution
waveform directly from equation (5.106). However this would increase the computing time

significantly, and, in most cases, is not likely to be critical.

5.6 Conclusions

On the basis of a two-dimensional analytical technique for calculating the magnetic field
produced by the magnets and the concept of relative permeance, a general analytical method for

obtaining the open-circuit field distribution in all topologies of radial-field permanent magnet
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motors has been established and compared with the finite element calculation. It embraces slotted
and slotless, and internal and external rotor configurations, modelled in either polar or rectangular
coordinates, and accounts for the effect of slotting on the field distribution by introducing a

"two-dimensional" relative permeance function.

The model will allow the induced back-emf waveform to be predicted for subsequent use in a
dynamic simulation of a brushless DC drive so as to obtain the stator current waveforms, and
thereby allow the stator winding magnetic field, ie. armature reaction field, to be determined, as
will be described in Chapter 8. The net field will then be utilised for predicting the acoustic noise
and vibration from the motors by obtaining the time/spatial dependent magnetic field under any

load, as will be discussed further in Chapter 9.

5.7 Appendix - Determination of the Magnetisation Mpn

For the radial-field motors having either an internal or external rotor, the magnets are assumed
to have a uniform magnetisation throughout their cross-section as shown in Fig 5.28, which can

be expressed in the form of a Fourier series.

For internal and external rotor motors modelled in a cylindrical coordinate system:

o (5.136)
M = Z Mpcosnp®
n=1,3,5,...
p 5.137

4M, . nma sin” nza D

Mp = —2 sin L = 2M,ap
nm 2 nmop
2
whilst in a rectangular coordinate system:
o0 (5.138)

n
M= 2 M,.cosnt—x
n=1,3,5,... P
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CHAPTER 6

ANALYTICAL PREDICTION OF COGGING TORQUE IN
PERMANENT MAGNET MOTORS BASED ON THE
CALCULATION OF THE TOOTH LATERAL FORCE

6. 1 Introduction

Cogging arises from the interaction of the mmf harmonics and the airgap permeance
harmonics. Hence it exists in almost all types of motor in which the airgap permeance is not
constant. Cogging manifests itself in a permanent magnet machine by the tendency of the
rotor to align in a number of stable positions even when unexcited. Under dynamic
conditions the resultant pulsating torque, of zero net value, can cause undesirable speed
pulsations, and can be transmitted to the coupling devices, through the stator frame or the

rotor, and induce vibration, resonance and noise.

Because of the sensitivity to speed pulsations of many applications for which permanent magnet
motors now provide the drive, eg. video cassette recorders, and because the emergence of
high-energy permanent magnets, such as NdFeB, tends to aggravate the problem given the
preference to employ unskewed slots or poles in order to fully utilise the flux produced by the
magnets, cogging effects remain a major concern. Hence a reliable means of estimating the

likely level of cogging and its dependance on the motor design parameters was required.

The numerical prediction of the cogging torque in a permanent magnet motor can be rather
time-consuming since the wavelength of the cogging torque waveform is usually less than
one stator slot-pitch, and therefore a very fine spatial discretisation in the circumferential
direction is necessary if the peak value is to be captured. Existing analytical methods are
successful only in certain circumstances, and fail in others, eg. when the magnets have a full

pole-arc [6.1].
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However in this chapter an analytical method for predicting the cogging torque, based on the
analytical calculation of the field distribution and the lateral forces acting on the teeth, is
developed and validated. The technique is capable of predicting the cogging torque in both
internal and external rotor motor topologies, modelled in either rectangular or polar coordinate
systems. Also it can cater with variants to the basic motor topologies, eg. having the
magnets shifted (ie. spaced unevenly) or an uneven stator slot distribution etc, which may be

employed in an attempt to reduce the cogging torque.

6.2 Methods of Reducing Cogging Torque and Limitations of Existing Methods of

Calculation
The following is a comprehensive list of possible methods for reducing the cogging torque:

(i) Optimise the pole-arc to pole-pitch ratio [6.2][6.3].

(i1) Optimise the tooth-width to slot-opening ratio [6.1][6.3].

(iii)) Rotate pairs of poles relative to each other [6.3].

(iv) Introduce auxiliary slots or teeth [6.4][6.5].

(v) Select a suitable combination of slot number and pole number.
(vi) Skew the slots or the magnetisation pattern.

(vii) Use a slotless topology.

(viii) Use an uneven distribution of slots.

Clearly all the above methods of reducing cogging torque are closely related to the

electromagnetic performance of the motor as well as to the complexity of manufacture.

Existing methods for predicting the cogging torque employ either analytical [6.6][6.7][6.81[6.9]
or numerical [6.10][6.11] techniques. The energy method is widely used in both analytical and
numerical approaches [6.1]~[6.11]. Of course other methods, such as Maxwell stress, have also

been used in the numerical approach [6.10][6.11]. However it is surprising to observe that
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in the calculation of energy many papers, eg. [6.1], [6.2], [6.7], [6.8], [6.9], neglect the
component of energy stored inside the magnets themselves, and yet still claim that good
agreement has been achieved between predicted and measured results, since in the author’s
experience [6.6] the neglect of the energy stored inside the magnets can introduce an error

of, typically, around 50% into the global results obtained from a finite element calculation.

In analytical approaches using the energy method the greatest difficulty is found in accounting
for the tangential components of flux density in both the magnets and the airgap region, which
arise due to the fringing of the field, leakage directly between the magnets, and at the
slot-openings. These components are as important as the radial components of the flux
density since although the absolute value of the energy may be small its rate of change with
rotor position in localised regions, such as the magnet edges and tooth tips, may be at least as
large as that due to the radial component. Clearly it is impossible for an analytical method
to account for all the geometrical complexities associated with the airgap region. As a
consequence it is found that whilst one analytical method may be adequate in one particular

case it may fail in another.

As regards numerical methods, because of the short wavelength of the cogging torque
waveform a fine spatial discretisation is required for a finite element mesh, typically less than
1 degree mech being required for a numerical energy calculation if the peak value of the cogging
torque is to be captured. However in the energy method, in which the torque is calculated from
the derivative of coenergy the calculation is approximated by performing two finite element
analyses at two rotor positions dispaced by a finite angle. This in itself may result in a large
numerical error due to the small change of energy with rotor position. Equally in a Maxwell
stress calculation the results can be extremely dependant on the local discretisation of the
mesh, which again necessitates a fine spatial discretisation. It is found that in general the
Maxwell stress method is usually accurate for determining normal forces but tends to be

inaccurate for torques and tangential forces [6.10][6.12][6.13].
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6.3 Methodology of Analytical Prediction

6.3.1 Basic Concept for Predicting Cogging Torque based on the Calculation of the Tooth
Lateral Force

Due to the difficulties cited in the previous section in the analytical calculation of energy, in
this section an alternative approach, based on the calculation of the lateral force acting on

the teeth, is proposed to predict the cogging torque.

However in order to simplify the field calculation the following assumptions are made:

a) the permeability of the iron is infinite, ie Fe = oo

b) the slot is simplified to a rectangular shape;

c) the field distribution can be determined from the magnetic field produced by the magnets
and relative permeance, as described in Chapter 5;

d) the magnetic field developed by the magnets can be calculated by assuming a smooth
stator surface, ie slotting is neglected, as shown in Fig 6.1;

e) the magnetic field distribution at the surface of the stator is obtained from a
two-dimensional solution given in Chapter 5;

f)  the relative permeance can be calculated according to the assumed field pattern shown in
Fig 6.2, in which flux crosses the magnet and airgap in a straight line where the magnet
faces a tooth and in a circular path, centred about the corner of a tooth, where the

magnet faces a slot opening.

The lateral force acting on the stator teeth, and hence the cogging torque at any rotor position,
is calculated by assuming that the circumferential flux density distribution on the sides of the
teeth is equal to the radial flux density distributions at the adjacent slot openings at the radius
of the stator surface. Therefore, along a circular flux path in a slotted region, centred at the
corner of an adjacent tooth as shown in Fig 6.3, the flux density is assumed to be the same at

corresponding points on the side of the tooth and at the slot opening, ie. Beb1’ = Brb1 etc.
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The cogging torque developed by an internal rotor/external rotor motor, at any rotor position,

is then calculated from:

QJ‘ 2 2
By’® -B2
Te = ), laJ- [#J re dy

k=1 toothside

”_20 6.1)
= % la j [Elzz——BzzJ re dy
k=1 0 Ko
where 1= Rj+r1s for an internal rotor topology
Ri-rs for an external rotor topology
Note:
F(x)= %’%ﬁ N/m ©2
where BaRi = Bmagnet & (6.3)

The calculation of the magnetic field produced by the magnets ( Bmagne: ) and the relative
permeance (X ) for motors having different topologies and modelled in different coordinate
systems has already been described in Chapter 5 and will be summarised in subsequent sections.

However a simple numerical evaluation procedure is:

Te=T1-T2 (6.4)
where

Qs Np b (653)
Ti=Y > f(xi)ladx)n for (k=1)u—27Sxis(k=1)1

k=1i=1
and

xi =-(i-1)Ax

xi=(k-1)t+xi

b
rs=2 =lxl



b /2 (6.62)

Ax N

Np is the number of discretisation integration points over a half-slot opening.

and

& N (6.5b)
Ta= Y Y f(xi)Ualx)r for (k-1)1 sx,-s(k_1)1,+?0

k=1i=1
where

xil=+(i-1)Ax

xi=(k-1)tu+x’

re =2 _| x| (6.6b)
2 i
6.3.2 Relative Permeance Calculation
In accordance with Fig 6.2 the permeance can be calculated from
Ho — _b_o < v < - ﬁ
e 2mre for (k-1)1, ) <xi<(k 1)1:;-&-2 (6.7a)
g+—+——
A=A HR 4
to for (k-1)u+22 < s y-2 (6.7b)
hm 2 2
g+
[ MR
where k=1,2, ... Qs
whilst the relative permeance is calculated from
¥ = A (6.7¢)
Ko
hm
HR
bo ,
rs=— -l x|
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xi=(k-1)1+xi’

-(i-1)Ax for (k—l)t;—%QSxiS(k—l)'tt

X' =
+(i-1)Ax for (k—=1)1 SXiS(k-l)TH'%

and Ax is as before. However in the calculation of the cogging torque the flux density, and
hence the permeance, is required only in the slot-opening regions. Therefore only equation

(6.7a) is used in the calculation.

6.3.3 Calculation of Magnetic Field Produced by Magnets

The calculation of magnetic field produced by the magnets is based on the field calculation

described in Chapter 5 and is summarised as follows:

a) In a rectangular coordinate system the magnetisation can be expressed as:

- - (6.8a)
M= Z 2 My cosn_—x
n=135.... P
where
Sin”_‘}ZL” (6.8b)
Mn"=Br op nopm
2
Since
T
*° -2n—hy
1-e
By](x,y) = Z 2Mn’ - T
n=1,35,... 1_e—2ﬂa(8+hm)
o, . _ (6.9)
en‘tp(hm b2 IR n’tp(28+hm y) T
2 T

Therefore the flux density distribution produced by the magnets on the stator surface, ie. at

Y = g+ hm, isused to calculate the cogging torque:
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S T P SO
Bmagnet = Byr (x,¥)ly = hp+g = Z 2M, - € "1 cosn—x
P=13,5,.  1—e 25 (8+hn) ?
(6.10)
b) In a polar coordinate system
(1) Ininternal rotor motors the magnetisation is given by:
(6.11)

M = 2 2Mp’ cosnp®
n=13.5,...

where M’y is the same as in equation (6.8b).

since when np = 1 the airgap field distribution is given by:
Rol2 _[Bm)2 , (Bm)2) (Ro)2
Bi(r.0) = My R; R; Ri Rm
T R (et [T (Rm)2 [ BR=1T (ReYo_ (Rm)2
HR Ri HR R; Ro
- 12
[1 + [5;—')2:] cos 0 (6.122)

and when np # 1itis given by:

My np
MR (mp)? - 1

By(r,0) =,

(p—1) +2[Bmlm+t _(p1y|Bm ] 2
Ro RO
Tee+1 1 (Rm\onp|_ BR=1] (Ro\omp _ (Rm )2
MR R; HR R; Ro
6.12b
(OO

where Rp = Ri—g

and Rm=Ri—-g—hm (6.12¢c)

Therefore at the stator surface, ie. r = R; the magnetic field produced by the magnets is given
by:
when np=1



Rol2 _ (Rm)2 _ (Rm)2, (Ro)2 (6.13a)
B _ My Ri Ri Ri Rm s 6
magnet = R lJ»_R"‘_l l/_ R_m 21 IJ»R\‘-I & 2_/ R_m 5
KR Ri UR Ri Ro
and when (np # 1)

4 My np Ro +1
B — 2o Inp
magnet = E, (n )2 ] (Ri)

(np_1)+2_R_mnp+l _(np+1)R_m 2np (613b)
RO Ro

. N\ N 7 9
uR+1 1 (Rmiomp|_ BR=1| (Ro\onp _ (Rm|2mp o
MR R; MR Ri Ro

(2) Inexternal rotor motors the magnetisation is again given by equation (6.11)

since when np = 1 the airgap field distribution is given by:

Rol2 _(Rm)2 | (Rm)2, (Ro )2
B gy = MU [Ri} - (Ri] ¥ (Ri] o [Rm)
A(r,0) = TR 11_ Rm)2 | r=17 (Ro 2_’ Rm |2
HR R; ur [ (R Ro
[1+ )] ons o

and when np # 1 itis given by:

-2My’
B1(r0)=Y HRn ) (np’)?— 1

(np—l)(&) 2np +2(& np-1 _ (np+1)
Rm R

m
Tur+1 1 (RiYomp|_ pR=T[ (Ri2np _ (Ro)omp
MR Rm HR RO Rm
T \mp-1, (Ri)mp-1(Ri|np+1 (6.14b)
{ (Roj + (Roj (r} ]cos np 6

where Rp = Ri+g

and Rm = Ri+g+hm (6.14C)
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Therefore at the stator surface, ie. r = R; the magnetic field produced by the magnets is given

by:

when np=1

Rol2  (Rm)2 4+ [Bm 2, R )2 (6.15a)
B . ke i Ri Bm cos 0
magnet = R L"‘l A /_ _Rﬁ 5 g HR\—I & 2_/ R_m 5
HR Ri MR | | Ri Ro
and when (np # 1)

-1
o (=4aMp) o (R
Bragrt = 2 " (np)* - 1 (RI

(np—l)(g—;} 2np +2(II§_;)"P-1 — (np+1) (6.15b)

0 A e
R+ 1 (RiYom|_ BR=L] (Ri\on _ (RoYomp|[ > *
KR Rm HR Ro Rm

6.3.4 Magnet Shifting

When one pair of magnet poles is rotated relative to an adjacent pair, whilst the permeance
will remain unchanged the mmf distribution will be modified since the magnetisation is no
longer a symmetrical pattern (cos np 6 terms only) but a combination of symmetrical
components (cos np 6 terms) and anti-symmetrical components (sin np 0 terms). This can be
seen in Fig 6.4, where the magnetisation pattern after shifting is decomposed into a symmetrical

pattern, which is the same as before, and an anti-symmetrical pattern.
If the distance by which one pole-pair is shifted relative to another pole-pair is dxm the
magnetisation pattern will be as shown in Table 6.1 where it is compared against a normal

symmetrical pattern.

In a rectangular coordinate system the resultant magnetisation is:

M= Y My {[1+(-1)"* cosn * dxm]cosn>x
p p
n=123,...



+[(-1)" sinn = dxm]
Tp
where
sin—Lno; T
Mn’=BR ap
nopm
2

|
sinn—x]}
Tp
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(6.16)

(6.8Db)

Table 6.1 Comparison of magnetisation pattern before and after magnet shifting

M Normal Shifted by dxm
Op Gp
-BRr —‘CprS—(‘tp— 2 Tp) —’Cpsxs-('tp—'?'tp)—dx”l
Cp Cp Cp Op
0 "(Tp-TTp)st—TTp —(Tp—?Tp)-deSXS—TTp
Op Op Op Op
Br —E‘TPSXSTTP —TTPSXSTTP
ap Op ap
0 TTPSXSTP—_Z—TP E—TPSXSTP—TTP—dxm
(0 (04
-Br Tp——prSXSTp Tp—Tpr—deSXSTp
Note:  Condition: ldxm!I< (1-0p ) Tp

Hence the magnetic field produced by the magnets is obtained as:

T
> -2n— hpn
, 1-e T _,
Bmagner = E Mp 14 e "Tpg
n=135.. 1—¢ 2ty (8+hn)
[cos n —~ x+(=1)""1 cosn = (x—dxm)]
Tp Tp

6.17)

Similarly for internal and external rotor motors the magnetic field distributions produced by the

magnets when one pole-pair is shifted by dxm with respect to another are:

Internal rotor motor:
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when np=1
Ro )2 Rm]z (Rm)z [Ro]z
Ko12 _ [Em Rm )2, [Re
B = My (RiJ (Ri * \Ri " le
" T bk \pe+ 1T (Rm)2[_ HR=1](Ro)2_ (Rm)2
KR R; UR Ri Ro
[cos L oyt cos = (x=dxm)] (6.18a)
T Tp
and when (np # 1)
2Mp’ np Ro\mp+1
B = =9
R
Ro RO
Ter+1T (Rm\am|_ BR=1T (Ro\2np _ (Rm\2np
HR Ri MR Ri Ro
[COSn—n—x+(—1)n+l cOSnE(x_dxm)] (6.18b)
Tp Tp
External rotor motor:
when np=1
Ro )2 Rm |2 [Rm}z (Ro]z
+ — 1" == +|="In|—
B - M (Rij (Ri) Ri | " Rm_
TR TS | _(Bm)2[_ R=17(Ro)2_"(Rm)2
HR Ri HR R; Ro
[cos % X+ cos % (x—dxm)] (6.192)
and when (np # 1)
Bragret = 3, C2MR) . (Ri Pl
magnet R (np )2 - 1|Ro
(np-1) Ro | 2 +2 Ro\mp-1 _ (np+1)
Rm Rm
|+l 1_.&2@_}’”\?—— Rilonp _ (Ro \2np
uR Rm HR RO Rm
(6.19b)

[cosn = x+(=1Y"*1 cosn = (x—dxm)]
Tp Tp
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(a) Mshift

(b) Msymmetry

(normal)

(¢) Masymmetry

Fig.6.4 Relationship of magnetisation between shifted and normal magnet arrangements

dxg

il

Fig.6.5 Uneven slot distribution
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whcretlx=p9 and x=xs—xsr , O0=0Qs— Qsr
P

¢s is the angular position with respect to the stator reference;
@sr is the angle between the stator and the rotor reference positions;

Xs, Xsr are similarly defined.

6.3.5 Uneven distribution of slots

The use of unevenly distributed stator slots offers another alternative method for reducing the
cogging torque. Again by utilising the idea of superposition the resultant cogging torque
can be calculated by the technique developed in this chapter. For example, if the slot distribution
is as shown in Fig 6.5 where alternate slots are displaced by dxs from the position which they

could occupy with uniform slotting, then if

Q' = Q=2 (6.20)
the resultant cogging torque is given simply by

Te = Tc! + Tc2 (6.21)
If all the slot-openings are identical then

Te(x) = Te (x) + Te! (x + dxs ) (6.22)

6.5 Validations

Validations of the cogging torque waveform and its variation with slot opening have been made
against finite element predictions for two prototype motors whose main parameters are listed

in Table 6.2.
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Table 6.2 Parameters of prototype motors

Parameters Motor 1 Motor 2
(internal rotor) (external rotor)

2p 12 8
BR 0.56 0.245

HR 1.05 1.05

p 1.0 0.8

R 0.7327 x 10" 0.1325x 10"
g 0.13x 107 0.5x 10
hm 0.91x 107 0.3x 107
bo 0.38x 10 Variable
Qs 36 6

la 0.95 x 10! 0.8 x 10

6.5.1 Finite Element Calculations

In this section the finite element method is used to calculate the cogging torque by both the
Maxwell stress integration and the energy methods which are described in Appendix 6.7. As
indicated earlier the calculation of the cogging torque by both of these methods necessitates a
very fine spatial discretisation. Therefore in order to establish the reliability of the results from
the finite element calculation five different meshes have been used to model one pole-pitch of
motor 1, as shown on Fig.6.6a. However in order to simplify the study its yoke is removed and

replaced by infinitely permeable iron.

The meshes employed are:

a)Mesh 1:  Fig 6.6b, three layers in the airgap;
b) Mesh 2:  Fig 6.6¢, as Mesh 1, with mesh density along the radius doubled near the tooth

tips and in the magnet;
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c¢)Mesh3:  Fig 6.6d, as Mesh 2, with mesh density around the circumference doubled near
the tooth tips and in the airgap, as well as in the portion of the magnet nearest the
airgap;

d) Mesh 4:  Fig 6.6e, as Mesh 3, the only difference being that the discretisation pattern of
the elements in the airgap is different;

e)Mesh5:  Fig 6.6f, as Mesh 3, but with the mesh density doubled along the radius through

the airgap.

Fig 6.7 shows the flux distributions for different angular positions of the rotor with respect to
the stator, whilst Tables 6.3 - 6.7 and Fig 6.8 show the calculated cogging torque. Fig 6.9 shows
a comparison of the cogging torque obtained by Maxwell stress integration over a circular path
through the middle layer of airgap elements for the different meshes, whilst Fig 6.10 shows the
cogging torque obtained by the energy method. The variation of total energy against the total

number of nodes and elements is shown in Fig 6.11 and Table 6.6.

With reference to the results from the finest mesh (Mesh 5), the results obtained by Maxwell
stress integration are not as good as those obtained by the energy method. Nevertheless when
employing Maxwell stress it is always better to integrate through the middle layer of airgap
elements in order to get reasonable results. In addition it remains necessary to have a fine mesh

discretisation.

Fig 6.12 and Table 6.9 show a comparison of the cogging torque calculated by both the Maxwell
stress and energy methods for meshes 3, 4, and 5. They show that the results obtained from both
methods converge as the mesh is refined and that the total energy converges to a constant [6.14].
Also given two meshes of the same mesh density but reversed mesh discretisation in the airgap

improved results are obtained if the average of the two Maxwell stress values is used.



half periodic boundary
(a) Boundary conditions

N\

(c) Mesh2

(e) Mesh 4
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(b) Mesh 1

(d) Mesh 3

=

in

(f) Mesh 5

Fig 6.6 Meshes and boundary conditions of the internal rotor motor
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Fig 6.7 Equi-scalar potential distribution for different angular positions
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COGGING TORQUE (MESHS)

Fig 68 Predicted cogging torque

curve 1: predicted by the energy method
- curve 2: predicted by Maxwell stress evaluated
for a path through the layer of airgap
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curve 3: predicted by Maxwell stress evaluated
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Fig 6.12 Comparison of predicted cogging torque
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Table 6.3 Comparison of cogging torque from finite element calculation with Mesh 1 (Nm)

Maxwell stress

Angular position
g(de pee) Through layer of Through middle Through layer of | Epergy method
er elements nearest . elements nearest
of airgap
magnet stator

0 -1.000 -0.826 -0.924 0.00

0.5 1.01
1 -0.730 -0.670 -0.304

1.5 1.72
2 -0.643 -0.689 3.177

2.5 2.87
3 3.892 3.34 8.07

35 5.57
4 5.836 5.175 4.40

4.5 299
5 0.0032 0.0035 -0.0029 0.00

Table 6.4 Comparison of cogging torque from finite element calculation with Mesh 2 (Nm)

Maxwell stress
a0 | sein et o Thcough midate | o0 W1 oF| Energy medhod
magnet of airgap stator

0 -0.853 -0.788 -0.743 0.00

0.5 0.995
1 -0.423 -0.451 0.045

1.5 1.81
2 -0.038 -0.127 3.34

2.5 3.03
3 3.588 3.381 7.49

3.5 5.27
4 5.190 471 4.288

4.5 2.81
5 0.0024 0.0033 -0.0026 0.00
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Table 6.5 Comparison of cogging torque from finite element calculation with Mesh 3 (Nm)

Maxwell stress
Angular position | Through layer of . Through layer of | Eperoy method
(degree) elements nearest ng?i?r;;ddle elements nearest &y
magnet stator

0 0.901 0.400 -0.252 0.00

0.5 0.276
1 1.53 1.03 0.357

1.5 1.035
2 2.47 1.96 1.27

2.5 2.33
3 4.38 371 3.03

3.5 4.17
4 5.37 476 391

4.5 2.45
5 1.02 0.405 0.307 0.00

Table 6.6 Comparison of cogging torque from finite element calculation with Mesh 4 (Nm)

Maxwell stress
g0 | ot eder of Thuough middle | 008 W1 S| Energy method
magnet of airgap stator

0 -3.74 -0.966 -0.502 0.00

0.5 0.280
1 -3.10 -0.303 0.104

1.5 1.037
2 -2.12 0.714 1.02

2.5 2.33
3 -0.348 2.57 2.80

35 4.17
4 0.421 3.39 3.68

4.5 2.45
5 -3.90 -0.931 -0.539 0.00
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Table 6.7 Comparison of cogging torque from finite element calculation with Mesh 5 (Nm)

Maxwell stress
o) | et 35 Of | irough midte | THOUER 1o | Encrgy meitod
magnet of airgap stator

0 0.455 -0.320 -0.399 0.00

0.5 0.272
1 1.08 0.311 0.211

1.5 1.023
2 2.03 1.25 1.13

2.5 2.307
3 3.90 3.11 2.90

3.5 4.15
4 4.85 4.04 4.93

4.5 2.45
5 0.522 -0.294 -0.429 0.00

Table 6.8 Energy variation with mesh and angular position

Mesh(node, element) Energy (J)
Angular position 0 1 2 3 4 5
Mesh 1 (348,618) 5.21314 | 5.19770 | 5.17143 | 5.12743 | 5.04222 | 4.99639
Mesh 2 (466,846) | 5.14532 | 5.13009 | 5.10246 | 5.05603 | 4.97529 | 4.93232
Mesh 3 (718,1350) | 5.05830 | 5.05408 | 5.03824 | 5.00263 | 4.93884 | 4.90127
Mesh 4 (718,1350) | 5.04437 | 5.04009 | 5.02422 | 4.98858 | 4.92476 | 4.88718
Mesh 5 (901,1710) | 5.05311 | 5.04895 | 5.03329 | 4.99797 | 4.93441 | 4.89690
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Table 6.9 Comparison of cogging torque from finite element calculation (Nm)

Angular Energy method Maxwell stress
fﬁ;g Mesh 5 Mesh 4 Mesh 3 Mesh 5 +%:;h4§/2
0 0.00 0.00 0.00 -0.320 -0.283
0.5 0.272 0.280 0.276
1 0.311 0.3635
1.5 1.023 1.037 1.035
2 1.25 1.337
2.5 2.307 2.33 2.33
3 3.11 3.14
35 4.15 4.17 4.17
4 4.04 4.075
4.5 2.45 2.45 2.45
5 0.00 0.00 0.00 -0.294 -0.263

6.5.2 Comparisons

Figs. 6.13 and 6.14 show the comparison of the predicted magnetic field distribution at the stator
iron bore for both internal rotor ( Motor 1) and external rotor ( Motor 2 ) motors. The predicted
results are obtained from either analytical or finite element calculations, whilst in the calculation
the stators have been modelled by equivalent slotless topologies as shown in the Figs. 6.13 and
6.14. Furthermore, in the finite element analysis the stator and rotor iron has been modelled by
natural Neuman boundary conditions. Hence the effect of saturation has been neglected. It shows
that there is excellent agreement between the analytical and the finite element predicted magnetic

field distribution produced by the magnets for both motors.
Based on the analytically predicted field distributions, the cogging torque waveform is calculated
and compared with that deduced from the finite element analysis, as well as measurement.

6.4.2.1 Internal Rotor Motor

A comparison between the analytically predicted cogging torque variation with rotor position

and the results from a finite element calculation for the internal rotor Motor 1 is shown in Fig
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Fig 6.13 Comparison of field distribution at

the stator iron bore for internal rotor motor
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Fig 6.14 Comparison of field distribution at

the stator iron bore for external rotor motor
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6.15. The finite element results are based on Mesh 3 and calculated by the energy method, and
hence are considered to be of high reliability. However in order to obtain the peak value of the
cogging torque more points on the cogging torque waveform in Fig 6.13 than those in Fig 6.12

have been calculated.

The prediction of cogging torque by the proposed method is considered good enough to allow
the variation of the peak value with the machine design parameters to be established. Also
it is worth restating that traditional analytical models based on the energy method would have
failed since the predicted cogging torque would be zero when the pole-arc to pole-pitch ratic

is unity as was the case in this prototype.

cogging torque

S0

&

A

8

L
8

FEM -——-
analytical

predictions

co?ging torque (Nm)
5 5 B

1]
-

&

-500 400 -300 -200 -100 000 100 200 3C0 400 500
(mechonic degree)

Fig 6.15 Comparison of predicted cogging torque waveforms forinternal rotor motor No 1
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6.4.2.2 External Rotor Motor

Comparisons for Motor 2 are shown in Fig 6.16 and Table 6.10 where the measured and finite
element predicted results are taken from [6.1]. As can be seen, the fundamental (ie 24th
harmonic) component of the cogging torque is a minimum for a particular slot-opening, which
by the technique proposed is when o= 0.647, ie bo = 4.9mm, which is in excellent agreement
with both the measured and finite element results. However for this condition the 48th
harmonic attains a negative maximum (see Fig 8 in [6.1]), so that the cogging torque is not
actually zero but a small value. For convenience, subsequent results predicted by the technique
are the resultant peak values of cogging torque, ie the resultant of all harmonics, and its first
two harmonic components, as shown in Table 6.10. However in Fig 6.16 the variation of the
peak value of the cogging torque waveforms with the slot openings is plotted only for the
fundamental component (ie 24th harmonic). When o = 0.568 and o = 0.647 the resultant
cogging torque is dominated by the 24th and 48th harmonic components respectively, and when
a = (0.683 it is the resultant of two harmonic components, whilst as far as the 24th harmonic
component is concerned, the waveform for o = 0.712 is in anti-phase to that for o = 0.524,

which is indicated by their signs.

In Fig 6.16 the predicted peak value of cogging torque deviated more from the measured
results and the finite element predictions as the slot-opening was increased. This may be caused
by the finite height of the teeth which in the analytical model are assumed to be longer than
half the slot-opening. However as the slot-opening is increased this assumption may no longer

be valid, and modifications may be necessary. For example, the permeance given by equation

(6.7a) could be modified to;
’ b 6.23
o (k—l)t;+%Sxis(k—l)’tt+70+htt (623)
hm 2mrs [oF and b b
x=<g+u—’;+T‘ (k-1)1,+7"-h,, < xi< (k—l)‘t;+70
0 for (k—l)‘tt—%-i-hus XiS(k—l)T['i'b—;—hn
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where hy is the height of a tooth tip. For this prototype motor the height of tooth tips depends
on the slot opening, as shown in Fig 6.17. Table 6.10 also shows the predicted results when the

modifications are made according to equation (6.23) in which hy is determined by equation

(6.24).

Table 6.10 Variation of cogging torque with slot opening predicted for prototype motor 2

before modification after modification
o slot peak height of| Peak
opening | value of |  24th 48th | (ooth tip | value of |  24th 48th
cogging |harmonic{harmonic cogging |harmonic|harmonic
torque torque
(1-bo/tt) { bo (mm) | (mNm) | (mNm) [ (mNm) | hgg(mm) | (mNm) [ (mNm) | (mNm)
0.712 4.0 0.71 0.70 0.008 1.53 0.63 0.61 0.054
0.697 4.2 0.59 0.57 -0.05 1.57 0.46 0.45 -0.006
0.683 4.4 0.48 0.42 -0.11 1.61 0.3 0.27 -0.041
0.668 4.6 0.37 0.26 -0.16 1.65 0.15 0.08 -0.08
0.654 4.8 0.26 0.09 -0.19 1.68 0.19 -0.096 | -0.11
0.64 5.0 0.26 -0.08 -0.20 1.72 0.36 -0.3 -0.12
0.625 52 0.38 -0.24 -0.19 1.75 0.55 -0.5 -0.11
0.611 54 0.48 -0.39 -0.16 1.78 0.69 -0.67 -0.08
0.6 5.6 0.58 -0.53 -0.12 1.82 0.86 -0.85 -0.043
0.582 5.8 0.66 -0.64 | -0.059 1.85 1.02 -1.01 -0.004
0.568 6.0 0.74 -0.73 0.004 1.88 1.12 -1.11 0.006
0.553 6.2 0.81 -0.79 0.062 1.91 1.23 -1.21 0.101
0.539 6.4 0.85 -0.83 0.11 1.93 1.28 -1.25 0.141
0.524 6.6 0.88 -0.83 0.14 1.96 1.33 -1.28 0.15
0.51 6.8 0.86 -0.8 0.15 1.99 1.3 -1.25 0.15
0.496 7.0 0.79 -0.74 0.13 2.01 1.24 -1.21 0.12
0.481 7.2 0.67 -0.65 0.096 2.03 1.13 -1.11 0.077
b = Ri = NG + 4 (x0 — bo )" (6.24)

where xo=11mm.

Clearly when the slot openings are large such effect is very significant and the finer modification

is necessary in order to achieve more accurate peak values.
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Fig 6.17 Tooth geometry of external rotor motor
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Based on the developed analytical model, the effects of the leading design parameters on the
cogging torque can be investigated to establish the general rules for minimising the cogging
torque to aid the optimum multi-dimensional selection of an appropriate combination of slot
number and pole number, auxiliary slots and teeth, slot openings, magnet pole-arc to pole pitch
ratio, angle of skew of magnet and/or slots, magnet shift, distribution of slots etc., and hence

enable low cogging torque motors to be designed.

Using the basic parameters of the external rotor motor ( Motor 2 ), typical results are shown in
Figs 6.18 and 6.19. Fig 6.18 shows the variation of the peak value of the cogging torque with
pole-arc to pole-pitch ratio for different combinations of stator slot number and magnet pole
number, viz Qs /2p = 9/8, 6/8, 12/8, and 12/4, whilst Fig 6.19 shows the variation of the peak
value of the cogging torque with the slot opening for different pole-arc to pole-pitch ratios, viz

op = 1.0, 0.8, and 0.7925 when the slot number/pole number is Qs /2p = 9/8.

6.5 Conclusions

An analytical method for predicting the cogging torque based on the calculation of the field
distribution and the lateral forces which act on the stator teeth has been developed and partially

validated.

The technique offers acceptable accuracy when predicting the peak value of the cogging
torque and its variation with design parameters. It remains valid even when the pole-arc to
pole-pitch ratio is unity, which was not the case for existing analytical methods based on the
calculation of energy. The technique can cater for both internal and external rotor motors,
modelled in either rectangular or cylindrical coordinate systems, and with motor topologies

in which the magnets are shifted or the stator have unevenly distributed slots etc.
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6.6 Appendix -Torque Calculation by the Energy Method

Electromagnetic force or torque can be calculated in a variety ways, such as the Maxwell stress
method [6.10], the energy method [6.11], and the virtual work method [6.12][6.13][6.15].
However, they require accurate field solutions, and thus a high level of mesh discretisation, since
force or torque is dependent upon local field quantities. In this appendix, however, only the
energy method is described since its application to permanent magnet machines is somewhat

different from that for wound field machines .

In order to calculate the torque at a particular rotor position the method requires that accurate
field solutions be calculated for two different rotor positions, displaced by an incremental angle.
Therefore the technique is demanding on computing time, and may also suffer from cancellation
problems since it relies on the difference between quantities of nearly equal magnitude. However
this disadvantage can be overcome by employing the virtual work method [6.13][6.14][6.15] in
which the spatial derivative of energy is pre-deduced in formulating the finite element equations

and therefore only a single field calculation is required for each force (torque) calculation.

6.6.1 Torque Produced in an Electromagnetic device

By conservation of energy the total system energy change due to an angular displacement can

be expressed as:
A Eelec = A Estored + A Emech (6.25)

viz, a variation of the electrical input energy will cause a variation of the stored magnetic energy,
and at the same time result in mechanical work given by the product of torque and angular

displacement.

In a permanent magnet device, such as a brushless DC motor, the input energy is the electrical

energy supplied to the windings from the power supply, whilst the magnetic energy is stored in

(i) Non-magnetic regions, such as air and copper;
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(ii)Soft-magnetic regions, viz iron;

(iii)Permanent magnet regions.

Therefore
A Esiored = A ( Egir + Eiron + Emagnet ) (6.26)
AEmech=TAB (6.27)

Hence the torque produced is given by

IH

- (6.28)

T= 0 (A Estored — A Eelec )

>

6.6.2 Energy Stored in a Magnetic Field

In general the energy stored in a magnetic field can be calculated by:

E=[wav (6.29)

B (6.30)
w = energy /unit volume = _[H dB
0

which is calculated according to the material properties, viz:
(i) Non-magnetic region

As shown in Fig.6.20a, since B= o H, equation (6.30) becomes

B2 (6.31)
Wair = —

2 o

(i) Soft magnetic region

By modelling the magnetisation characteristic by the function
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B = yo H+s1arctan (a1 H )+ s2 arctan (a2 H) (6.32)

where s1,52,al, and a2 are constants for a specific material.

the energy can be calculated according to Fig.6.20b:
Energy stored = BH — Coenergy stored (6.33)

and

g H? s
Coenergy = JBdH=uOT +Hs1arctan(a1H)—2—;l—ln[1+(a1H)2]
0

+HS2arCtan(a2H)_§212;1n[1+(a2H)2] (6.34)

H (6.35)
Therefore wiron= BH — _[ B dH
0

(iii) Permanent magnet region

Assuming a linear demagnetisation characteristic as shown in Fig.6.20c, then

(BR—B) ,, _ (BrR-B)? (6.36)

2 T 2HoMR

Br
[HaB=
B
In the finite element calculation the stored energy produced can be considered to be associated
with the components of B which are parallel and perpendicular to the magnetisation direction,
Bpar and Bper separately, ie. the energy associated with Bpar is calculated by the above equation,
whilst the energy associated with Bper by treating the magnet as equivalent to the air. Therefore

the total stored energy is given by:

1

=1 rpo _1 5 2 (6.37)
Wmagnet =5 Ho Hpar (BR Bpar )2'*' 2 Ho Hper Bper
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where Lpar and [per are the relative permeabilities parallel and perpendicular to the magnetisation
direction and can be approximated by
Hpar=HR, Hper=Ho (6.38)

6.6.3 Input Electrical Energy

The unit volume input electrical energy corresponding to any rotor position is given by
Eelec=[J.Adv (6.39)

where J is the specified current density, and A is the vector magnetic potential. However in the

calculation of the cogging torque the current density is set as zero.
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CHAPTER 7

ANALYTICAL SIMULATION OF DYNAMIC PERFORMANCE
OF BRUSHLESS DC DRIVES

7.1. Introduction

The increasing prominance of permanent magnet excited machine drive systems for motion
control applications in all market sectors reflects not only the significant improvement in material
properties which has occured in recent years, with the tantalising design possibilities which this
offers, but also a developing capability in both power and integrated electronics, which is being
utilised to control drives for equipment varying in sophistication from machine tools to domestic
fans and the like. Of the various permanent magnet machine formats which have evolved it is
the brushless dc motor which is the most important emerging category since it offers good
reliability and controllability as well as a choice of topologies to suit the size and shape of product
for which it provides the drive, such as disc drives and spindle drives for computers and VCR’s
etc. Many of its applications are extremely sensitive in respect of the permitted levels of speed

pulsation and acoustic noise.

However, although the elimination of the commutator has reduced the mechanical noise, the
non-sinusoidal phase current waveforms have tended to increase the electromagnetic noise.
Furthermore significant torque ripples may result from commutation events as well as cogging
etc, which in turn will induce tangential vibrations. Therefore, it is often important to
predetermine the dynamic characteristics of the drive system, embracing not only the motor and
its load but also the electronic converter and control system, to ensure that a given design can
produce the required performance over a wide range of operating conditions. In this respect the
effects of winding inductances, as well as other parasitic influences, which may cause the

torque-speed characteristic of a drive to deviate substantially from the idealised linear form, as
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well as giving rise to unacceptable torque ripple and affecting performance factors such as

dynamic response and speed range, may be significant.

Several methods for predicting the dynamic steady-state performance of permanent magnet
brushless DC drives have been developed. However, truly numerical methods, despite allowing
a high degree of refinement in the system model [7.1], tend to be rather time-consuming and
hence unsuitable for routine use as part of an iterative design procedure. In this respect the
approaches that have been most successful exploit the symmetry of the machine and its drive
inverter, and hence the symmetric waveforms that describe the electrical variables. Such a
technique was used initially for analysing the steady-state performance of a triac-controlled
single-phase induction motor [7.2]. Subsequently the technique was extended to the analysis of
the steady-state performance of three-phase induction motors with voltage control by
symmetrically triggered thyristors [7.3], and more recently the technique has been applied to the
analysis of permanent magnet brushless DC motors [7.4][7.5]. However previous analyses
assumed either sinusoidal [7.4] or trapezoidal [7.5] back-emf waveforms in the stator windings.
In practice the actual induced emf will depart more or less from these idealised waveforms, which
may, as a consequence, introduce errors - especially in the prediction of torque ripple or when

the merits of advanced or retarded commutation are being considered.

In this chapter the technique is also applied to the analysis of permanent magnet brushless DC
drives, but it is developed further so that it can account for any induced back-emf waveform.
Therefore because it remains based on an analytical model, for which the initial conditions which
yield the steady-state solution are generated directly by exploiting the periodicity in the stator
winding current waveforms, it provides a rapid means of assessing the important features of

motor and drive performance during the early stages of design.

The model includes the following features:

(1) It can account for any induced back-emf waveform.
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(ii) The switching devices and freewheel diodes in the inverter drive circuit are represented as
an appropriate constant voltage drop behind a series resistance.
(iii) It can cater for normal, advanced, or retarded commutation.

(iv) It can impose a pre-specified current limit.

In addition, the analytical electromagnetic circuit equations can be combined with the motion
equation of the rotor. Consequently, a numerical model, i.e., a state-variable model, for predicting
the transient and steady-state dynamic performance of 3-phase star-connected brushless DC
drives is developed. The converter drive circuit is idealised into two states, according to whether
the freewheel diode is conducting or not. These are ALWAYS described by two FIXED groups
of state equations for both transient and steady-state dynamic operation. Then the dynamic
performance is obtained by introducing the relationship between the state variables and the stator

winding currents.

The analysis is validated against measurements on an axial-field, three-phase, 12-pole permanent
magnet brushless DC motor, and two prototype radial-field, internal rotor, three-phase, four-pole
permanent magnet brushless DC motors. One of the stators has an overlapping stator winding
whilst the other has a non-overlapping stator winding. Comparisons are made with predictions
from the different models which are developed. The effects of commutation and winding
temperature (resistance) on the dynamic performance are investigated, and the integration of the

developed model into a more sophisticated system simulation package is then indicated.

7.2. System Model and its Symmetry

Fig7.1 shows a 3-phase star-connected brushless DC motor together with its bipolar drive, which
consists of a transistor bridge inverter with freewheel diodes. Commutation logic ensures that
the phase currents are switched in synchronism with the rotor position so as to maintain an

average load angle of 90%lec. under normal commutation.
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In the ensuing analysis it is assumed that:

(i) The system is operating under a steady-state condition, and moreover that the rotor speed
is constant, ie. the motor plus its load present a sufficiently high mechanical time constant
such that any torque ripple produces negligible speed fluctuation.

(i) The six transistors T1 - T6 have identical idealised characteristics, and are switched
symmetrically. In the non-conducting state they are modelled as an infinite impedance
whilst in the conducting state they are represented by a fixed voltage drop behind a series
resistance. Similar assumptions have been made for the freewheel diodes D1 - D6.

(iii) The 3-phase permanent magnet excited motor is entirely symmetric and produces periodic
induced back-emf waveforms.

(iv) The parameters of the motor are assumed to be constant, ie. saturation and thermal effects

are neglected.

A typical stator phase winding current waveform is illustrated in Fig 7.2.

If the commutation timing is assumed to be spaced correctly by 60%lec, then the current
waveform has a symmetrical pattern consisting of three intervals per half-cycle, each interval
being sub-divided into two periods whose relative length is determined by the conduction time

for a given freewheel diode, as summarised in Table 7.1 and Fig 7.3.

Period 1a (- % <0 <01), when the freewheel diode is conducting. 01 is the instant when the

freewheel diode switches from a conducting to a blocking state, whilst (% + 01) is the conducting

time of the diode. During this period all three phase windings of the stator carry current since
there are two distinct paths for current to circulate, as shown in Fig 7.3. The main path is from
the power supply and through two phase windings via two transistors, whilst the other is through

one of the two windings and the third phase winding, via a transistor and diode.
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Period 1b (6126 < %), when the freewheel diode is blocking. At the instant 01 the circulating

current through the diode becomes zero. During this period the only current path is through the

two phase windings which are connected to the power supply via two transistors.

Because of symmetry in the waveform only one interval —— <0 <— (and hence two periods

oA
a|a

A1 and A2 ) needs to be analysed, the waveform for each phase then being constructed by a

suitable time displacement.

For example, with reference to Fig 7.2:

a) The current of phase A in intervals 4, 5 and 6 is in antiphase to that in intervals 1, 2 and 3.

b) The time periods for intervals 1a, 2a and 3a are the same, viz A] = % + 01, and similarly

for intervals 1b, 2b and 3b, viz Ag = % -0

¢) The value of the current in period 1b is the same as that in period 2b.

d) The value of the current in period 2a is the sum of the currents in periods 1a and 3a.

In summary, in order to obtain the entire current waveform only one sixth of a full cycle, ie.,

<0<

, needs to be analysed, for which the most important parameters to determine are:

ala
aa

a) the initial value of the current in a phase which is being commutated off at the instant that

another phase is being commutated on, eg. with respect to Fig 7.3, the value of ic at

T, . . . .
6=—g, ie. ico wheniag =0 and ipo = - ico.

b) the conducting time ( 61 + %) of the freewheel diodes during the commutation process.

With respect to Fig 7.3, eg. the conducting time of Dg as current is commutated from phase

C to phase A.
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Clearly, Fig 7.2 is only a representative current waveform, and the actual waveform will depend

on the motor and drive parameters as well as the load condition, as will be demonstrated later.

7.3. Mathematical Models

7.3.1 Back-emf and Commutation

If the maximum value of the normalised back-emf per phase is 1 it can be expressed as a function

of the angular position and the commutation angle in the form:

ea=emf(0—a+6p)

ep=emf(0—o+0,—2n/3)

ec=emf(0—o+0,—4n/3) (7.1)
where o is the commutation angle, being

<0 for retarded commutation

= 0 for normal commutation

>0 for advanced commutation

Under normal commutation the commutation of the current in a particular phase is time delayed
by an angle 3 =7/6 from the zero crossing of its induced emf waveform, as shown in Fig 7.4.
Since, in Fig 7.2, the current starts to flow in phase a at 6 = — /6, then, for this case, the angle

0o is defined as;

60 =B+ (7.2)

o3
Wiy

Hence, for sinusoidal induced back-emf waveforms,

ea=sin(9—oc+§)

eb=sin(e—a—§)

ec=sin(0—-a-m) (7.3)
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Any other back-emf waveform can be discretised numerically in the form:

emf(I) and 6O(I) I=1,2,...,N (7.4)

where N is the total number of data points over a complete cycle. Thus the back-emf at any
instant is determined by linear interpolation. For example, the idealised trapezoidal back-emf

waveform shown in Fig 7.5 would be discretised as in Table 7.2.

Table 7.2 Idealised trapezoidal back-emf waveform

emf (I) 0 Eo Eo -Eo -Eo 0
0 (I) 0 90 T - 90 75+Go 2717—60 2r
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Of course, the more complex the waveform the more data points are required to represent it.

emf 5
Eof

1 ] 1
0 Bo T8 T\ 7+6o 27— 0

Fig 7.5 Trapezoidal back-emf waveform

7.3.2 Drive Circuit

The drive circuit for a brushless DC motor contains a complex arrangement of transistors, diodes,
resistors, and capacitors. However, as regards the main current path from the power supply to
the motor the most important are the transistors and freewheel diodes. A typical idealised
current/voltage characteristic for a transistor in its conducting state is shown in Fig 7.6a. This
can be modelled as a fixed voltage drop behind a series resistance as shown in Fig 7.6b, where
AV1 and AR are the voltage drop and resistance of one transistor. Hence the total voltage drop

Vi is given by:

Vi=AVi+ARi; (7.5)

Yt

AR

AVq Yt

(a) (v)

Fig 7.6 Characteristic and equivalent circuit of transistor and diode
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The relationship between the power supply voltage Vps and the terminal voltage Vwt at the

windings, Fig 7.1, is

Vw[=Vps—2Vt=Vps—AVﬂ "'AR[ it (7.6)
where
AVa=2AV1 AR=2AR 1.7

For simplicity, when the diode is conducting its resistance is assumed to be the same as that of

the transistor, but its fixed voltage drop AV2 is different, ie.

Vi=AV2+ARi; (7.8)

7.3.3 Voltage Equations

In the model, voltage equations for a star-connected three-phase brushless DC motor in the
interval - /6 <0 < /6 are expressed for the two periods : — /6 < 0 < 61 when the freewheel

is conducting; and 01 <0 <m/6 when the diode is blocking.

Hence, for—- /6 <0 <01

R(la—lb)-'-L(E‘——d_t +M (- —— )t KemOm(ea—ep)=Vps—AVn
R(lc—lb)'*'L(dt T +M(_dT—$)+Kem03m(ec"eb)— AVp
ig+ip+ic=0 (7.9)
where AVp=AVi+AVy (7.10)

and for 01 <0<n/6

. dig dip dip di
R(za—u,)+L(d—;’—W +M E-d—;‘)u(emmm(ea—eb)=vps—AV,1
ic=0
ia+ib+ic=0 (ipb=—ia) (7.11)

where R=r+AR



€a,€b,Cc

Kem

O=pomt

d
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are the phase resistance and self-inductance, and the mutual inductance
parameters of the motor.

are the normalised back-emf waveforms, with unit magnitude corresponding to
their peak value.

is the normalised back-emf constant, which is related to the normalised back-emf's
€a,€b,ec. Since the value of Kem is determined by the peak value of the back-emf
waveform it is larger than or equal to the back-emf constant, Ke determined by
the average value of the back-emf waveform during the conducting period.

is the mechanical angular velocity of the rotor.

d do d

where p is the pole-pair number.

The governing equations can be rearranged into the following forms:

for-n/6<60<01

pOm(L-M) dig . Kem Om _2(Vps—AVt1)+AVt2
R 40 +la+—3R (Zea—eb—ec)— 3R
pom(L-M) dic . Kem Om _—2AVnp - (Vps—=AVn)
R d9+lc+—3R (2eC—€a eb)— 3R
ib=—ig—ic (7128.)
and for 01 <0 <1/6
p(Dm(L—M) dla . Kem())m _ 2(Vps—Ath) +AV[2
R de+la+——3R (2eg—ep—ec) = 3R
ic=0
ip=—1Ig (7.13a)

and then simplified into



for—-n/6<0<6;

di . ,
d—’9‘1+clza=Qa(e)

di . ,
£+Cllc=Qc(e)

ib=—ia—ic

and for61 <0 <n/6

.
8y Clia = 0a7(0)

do
ic=0
ib=—ia
R
where C1 = p om (L=M)

C _2Vps—2AV11+AVt2
A= om (L—M)

0= VestAVI=2AV
2 pom(L-M)

Vps—Ath
2pom(L—-M)

Cx3 =

Kem

G =r-m

C
Qd (0) = C21—?3(23a—eb—ec)

C
0 (8) = -3 (2ec—ea—ep)

05" () = (=2 (eamep)

(7.12b)

(7.13b)

(7.14)

210
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7.3.4 Calculation of Phase Currents

As can be seen from the above equations, the variables of one phase have been decoupled from

those of another. Therefore, the explicit solutions are:

for—-t/6<0<0;

0
i=e 00 [ 07(0)eC%0+Ca ]

A

0 (7.15)
io=e %1 [ 02 (0)eC1%d0+c]

p1]

6
and for 01 <0 <n/6

0
l'a” = e—Cle [ J’ Qayr(e)eC19d9+Can]
01

"

i’ =0 (7.16)

where the superscripts ’ and " refer to periods 1a and 1b respectively, and the constants 01, Ca’,

Cc’, Ca " are determined from the continuity conditions:

1) igflg. _®=0 (7.172)
6

D) icle-E=ialg -k (7.182)
3) illg_g =0 (7.192)
4) id'lg =g = ia"lg =g, (7.20a)
which yield:

9 (7.17b)
co=-] 07 (8)e€1 a0

1
oA

Ca =0 (7.18b)
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o o (7.19b)
Ca’ =Co+ ] 0s(0)e%d0 =] 0 (0)e 1040
= i
6 6
x (7.20b)
_ 01 6
e¥13 [ 00(0)eC1%a0 + [ 0, (8)e1®a0 + [ 07 (8)eC1000 =0
_z _T 61
6 6

The above equations can now be used to determine the conducting time of the diode as described

in section (7.3.5).

T
6

T

At each instant during the period — 6

<6< %,startingfrome = ——whenia’ =0, the phase

currents are calculated from the value at the preceeding instant according to:

for —% < 0;+A06 < 01

0;i+A0
ia’ lgsno= e CLO+AO [ [ 00 (0)eC1040]
_r
6
0; 09;+A0
= G188 G [ 0 (0)e1%a0+ | 00 (0)eC%4d0]
_z 6;
6
0i+A0 (7.21a)
=" [l + om0 [ 0 (0)eC1040]

6;

ia’ lo, . 1= 0 (7.21b)

and for 61 < 6;+A 6 S%



0;+A0 (7.22a)
ia”losso = e B8 [igvly 4710 [ g (0)eC104d0)
6;
| | (7.22b)
la lgg=0 = lgle =0
and similarly for phase ¢
T
for B3 < 0;+A0 <6
0;+A0 (7.23a)
ic'lavne = e 48 [icly, + o718 [ g2 (0)eC1%a0)
0;
T (7.23b)
lc, |90=_£= Cc’ €C16
6
TT
and for 6 < 6;+A0 < 5
(7.24)

l'c"le;+Ae =0
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where
0
co=-] 00 (8)ea0
_z
6
7 1 (7.25)
_n (€191 _gC1g ) + & f (2ec—eaep)e10do
C1 3
_z
6
and
6;+AB c c 0+ A0
[ 0 ®eC®ap =Ci11 (1OFA0) _ Gy 23 I (2ea—eb-ec) e€10 a6
H 0;

(7.26)
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9,- +AB C C e'. A©
C1 2
0; 0;
(7.27)
0;+A0 C c 0;+A0
[ 00 @®@e®d0 = % (L1(0iFA0) _ 16y —33 f (ec— ea-eby €19 d 0
0; 1 0;
(7.28)
0;+A0
The integration J ...d 0 can be evalulated by any numerical method, such as the Gauss
0i
integration method, as described in section (7.3.7).
Hence the initial value of the phase currentic at 0 = —% ie. ico’ is determined from:
T 7.29
iCO’ =ic’|eo=_§= CC’ eCl6 ( )

The current waveforms then repeat cyclically.

If, however, during the calculation procedure the value of a phase current exceeds a pre-set
current limit it assumes this to be a default value for that instant, before continuing with the

calculation.

7.3.5 Conducting Time of Freewheeling Diodes

The conducting time of the diodes is obtained by rewriting equation (7.20b) as:
F(81)=0 (7.30)

where
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T
01 x 6
F(61)= J[eC‘EQc’(eHQa'(e>]e"1°de+J s (8)e% a0
_rn 01
6
_ 1 aZy 06 _ —aZ,, C3 X ce
—C1(021+C22e 3) (e e 6)+C1(e6 e )
r
6
C
—fj(ea-eb)eclede

r
6

x 1 (7.31)
—% (2¢3-1) f (2ec—ea-ep)e“1%do

I
6

Since the diode blocks at instant 6 = 07, the conducting time | 81 + % | can be determined

by iteration of 01 until equation (7.30) is satisfied.
7.3.6 Torque, Terminal Current, and Efficiency

During the different periods of a cycle the terminal current corresponds to the current in phase

A, B or C respectively according to Fig 7.3, ie.

s for -¥<@sS% (7.32)
—ic for —gsesg
; T 5w
ie. i =1 ’ for ;RSGSEt
—ig for ?SOS-6—
ic for 7?”59537“
—ip for 3—27E-S9_lé—n

However, because of symmetry, the average value of the terminal current need to be calculated

only over the period [-7t/6, /6], during which the circulating current through the freewheel diode
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is restricted to phases B and C and makes no contribution to the terminal current. Therefore the

average terminal current is given by:
(7.33)

1 N
Ilave = ﬁ z iaj
j=1

where N is the number of discretising points over the period (- 7/6, 7/6). The average torque
can also be calculated over the same period, but now the contributions of all three phases must

be considered. Therefore the instantaneous value of the torque is given by:
Tt = Kem (igeq + ipep + icec) (7.34)

whilst the average value is:

] N (7.35)
Ty, = N 2 th
Jj=1
The efficiencies of the total system and of the motor alone are given by:
_ Tlave O)m (7.36)
Ns = Vos T
Ttave Om (7.37)
Mm = 5 —F—
Ve 1 tave
7.3.7 Numerical Integration
In the previous sections there are a number of integrations of the from:
(7.38)

6
f= ] eGP e(0)de
0
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for which five point Gauss numerical integration is adopted. The Gauss integration points and

the related weighting factors are:

GK(1) =0.2369269 GX(1) =-0.9061798
GK(2) =0.4786287 GX(2) =-0.5384693
GK(3) =0.5688889 GX(3)= 0.0
GK(4) =0.4786287 GX(@4)= 0.5384693
GK(5) =0.2369269 GX(5)= 0.9061798 (7.39)
Letting CA1 = w
4
Ciy = (ButOD) (7.40)
2
and 0 = CA]1 6x+CA2 (7.41)

1

then f: j e—C19 E(G)CA1|0=CA1 0 + CAz d Ox
-1

5 (7.42)
= Y, GK(I) e €19 ¢ (0)cAr 0 = CA1 0 +CAz
I=1

In general the integration interval can be divided into several sub-intervals and then the Gauss

integration is performed over each sub-interval.

7.4 Validation of Mathematical Models

7.4.1 Radial- Field Brushless DC Motors

Fig 7.7 shows two prototype radial-field, internal rotor, three-phase four-pole permanent magnet

brushless DC motors on which the analytical model has been validated.

One of the stators has an overlapping stator winding whilst the other has a non-overlapping

winding.
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(a) stator with overlapping 3- (b)stator with non-overlapping (¢) rotor with surface mounted

phase winding 3-phase winding ferrite magnets

Fig 7.7 Radial-field brushless DC motors

Both motors use the same rotor, and are supplied from the same drive circuit. Fig 7.8 shows the
stator laminations together with their associated normalised back-emf waveforms. The

parameters of the motors are given in Table 7.3.

Table 7.3 Parameters of the prototype radial-field motors

parameter symbol O\ﬁﬁgﬁgg 1on(3'iir£1£ g ing unit
pole-pair number 2p 4 4
slot number Qs 12 6
winding resistance r 2.7 1.095 Q/phase
self-inductance L 5.63 7.72 mH/phase
mutual-inductance M -2.15 -3.25 mH
back-emf constant per phase Kem 0.0987 0.089786 Virad!

The motors were supplied from the "Motorola” MC 33034 drive IC which was supplied at
Vps=45V. The voltage drop and equivalent resistance for the devices which are used in the drive

model are:
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AV1=0.163V, AV2=0.7V, and AR=0.65Q

Fig 7.9 shows the excellent agrement between the predicted and measured phase current
waveforms, whilst the predicted torque waveforms are shown in Fig 7.10. Fig 7.11 compares
predicted and measured dynamic torque/speed characteristics, which are not linear as would be
the case under idealised commutation conditions (ie L = M = 0), the difference in their slopes
being mainly due to the neglect of the variation in winding resistance with load, and hence

temperature, in the simulation, which will be discussed further in section 7.6.

Fig 7.12 shows the predicted and measured conducting time of the freewheel diode, whilst Fig
7.13 compares predicted and measured phase current waveforms for the non-overlapping
winding motor when the instant of commutation is varied from normal, to 14%lec. advanced,
and 14%lec. retarded. The effect of commutation on the dynamic performance will be discussed

in section 7.6.
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Fig 7.8 Stator laminations and back-emf waveforms
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7.4.2 Axial-field Brushless DC Motor

The simulation models which have been developed are suitable for both radial-field and
axial-field topologies of brushless DC motors. In this section validations are made on the
12-pole, axial-field, brushless permanent magnet DC motor, shown in Fig 7.14, which has a
single airgap, three-phase overlapping airgap winding, and sintered NdFeB magnets [7.6]. The
parameters of the motor are shown in Table 7.4. The motor is driven by the "Unitrode" UC 3620

integrated circuit, for which the constant voltage drop and series resistance are modelled as:
AV1 =08925V and AR =0.825Q

for both the transistor and freewheel diodes.

Table 7.4 Parameters of an axial field motor.

Pole-pair number 2p=12
Pole-arc/pole-pitch ratio op=1.0
Supply voltage Vps = 12-15V
Speed n=800 rpm, ® = 83.8 rads/s
Magnet thickness Im =3 mm
Airgap length (effective) lg’ =2.77 mm
External diameter Do =88.4 mm
Internal diameter Di=71.6 mm
Magnet remanence BrR=115T
Relative recoil permeability HR =1.02
Total conductors per phase N =528

End winding overhang (average) lec = 1.5 mm
Measured Parameters:

Phase resistance (at normal running Rph =0.93 Q
condition)

Self-inductance L=0.16 mH
Mutual inductance M =-0.099 mH
Equivalent resistance from supply

voltage to the terminals of windings 1.65 Q

Fig 7.15 shows the predicted and measured line and phase back-emf waveforms [7.6]. Figs 7.16
and 7.17 show typical comparisons of the predicted and measured phase currents and

torque-speed curves when the motor is operated at different supply voltages, whilst Fig 7.18



227

shows a calculated torque waveform. However, despite inductance having a significant effect
on the current waveform, the torque-speed curves are not affected greatly, ie. they are almost

linear since the winding inductance of the prototype slotless motor is comparatively small.

Fig. 7.14 Prototype axial-field brushless DC motor

! BACK EMF (BOORPM, CALCULATED & MEASURED)

———— +++ DOO

Fig. 7.15 Comparison of predicted and measured line and phase back-emf waveforms
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7.5 Coupling the Rotor Motion Equation into Steady-State Models

In the preceeding sections an analytical method for simulating the steady-state dynamic
performance of brushless DC drives was described. However, the transient dynamic
performance may also be of major importance. It is then necessary to abandon the assumption
of constant speed. However, in this case it becomes unrealistic to use an analytical model.
Hence in this section, a numerical model, ie. a state-variable model is developed by extending

the models developed in section 7.3 to include the motion equation of the rotor.

The drive is first idealised into two states, which depend on whether the flywheel diode is
conducting or not, which are ALWAYS described by two FIXED groups of state equations in
an idealised state-variable model and solved by the Runge-Kutta integration method. The
dynamic performance is obtained by introducing the relationship between the idealised state

variables and the stator winding currents.

The developed state-variable model includes similar features to those cited for the analytical
model, such as the ability to cater for any back-emf waveform, and normal, advanced, or retarded
commutation, as well as to impose current limiting. Also it is very easy to integrate the model

into a complete system simulation package, as will be shown later.

7.5.1 Idealised State-variables

Although under transient dynamic conditions the speed cannot be assumed to be constant as in
the steady-state models described in section 7.3, the relationship between the rotor angular
position and the stator commutation periods is still valid. The states of the drive system consist
of six uniform intervals of 60°lec per full cycle, each interval being sub-divided into two periods
as mentioned in 7.2. Of course, in general the current waveforms of the three phases will no
longer be the same in each cycle and have no periodicity. However, it is possible to describe the
system if two idealised state current variables are introduced, one being the line current i from

the dc power supply to the transistors and windings of two excited phases, the other being a
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circulating current i1 through the diode, transistor and windings of two phases, Fig 7.19. The
relationship between the two idealised state variables iI, iI1 and the phase currents ia, ib, ic in each
interval 1- 6 is shown in Table 7.5. In two periods of every interval (periods (a) and (b)), these
relationships are the same. However, because the diode is blocked in period (b), the circulating
current through the diode iy is always zero. The start point of period (b) is determined by
examining when the current i1 becomes zero in period (a), at which time the diode is switched
from conducting to being blocked. Hence the system model can be implemented by two

idealised states depending on whether the diode is conducting or not, as shown in Fig 7.20.

The equations developed for the steady-state model in section 7.3 are still applicable to the
dynamic state as far as the electrical aspects are concerned and can be incorporated with the
equation of motion for the rotor. Due to the inductance, the currents cannot change
instantaneously, and continuity conditions must be applied when the drive system switches from

one interval to another. These conditions are:

ia(or ip,ic) 0= interval boundary" = ia (or ib,ic)|0= interval boundary” (7.43a)

Here "-" means in the previous interval, whilst "+" means in the following interval. Interval

boundaries for angular position are 6 =0, n/3, n,n/3,5n/3,2n etc.

When these boundaries are applied to the two state current variables, they become

i1l 9= interval boundary+ = iirl o= interval boundary (7.43b)

it e = interval boundary+ = i119 = interval boundary” (7.43¢)

which are shown on Fig 7.20. Whilst the initial values for i1 and i1 at time =0 are zero.
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Here it is worth mentioning two important aspects:

i)

ii)

In the analytical approach the angular position is with reference to 6 = — /6 in order to
simplify the subsequent expressions in the formulae, in which the integration is from
0 = —n/6 ton /6. Inthe transient state it is usual to define the angular position with
reference to 6 = 0. Therefore there is an angular difference of &t /6, between the analytical
and the numerical models. Hence equation (7.2), ie, 0o, in the expression for the back-emf
waveform now becomes:

1
90-[3+0—6

The variables in the state-equations of electrical machines are usually assumed to be the
phase winding currents, ia, ib, and i, [7.1][7.7] [7.8][7.9]1[7.10]. As a consequence the state
equations depend on the commutation logic, which change according to the switching
sequence of the drive. Due to the cyclic nature of the commutation events the state equations
also vary cyclically. In contrast, in this thesis an idealised model of the state variables is
introduced in which two FIXED groﬁps of state equations, in terms of two idealised
state-variables i and i1, are ALWAYS used to describe the states of a brushless DC drive
throughout the transient and steady-state dynamic conditions, irrespective of the

commutation events or switching sequences.

Q

9

Fig. 7.19 Idealised state-variable model
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Fig. 7.20 Relationship between the idealised state-variables and the winding phase currents
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7.5.2 State-variable Equations

In the same way as for the analytical models described in section 7.3, the switching devices and
freewheel diodes in the inverter drive circuit are modelled as a fixed voltage drop and series
resistance, as shown in Fig 7.5. According to the idealised state-variable model described in the
previous section, the voltage equations for star-connected three-phase brushless DC motors in
an interval of 7/3 can be expressed in two periods : period 1 when the diode is conducting, and

period 2 when the diode is blocking.

Hence for period 1:

.. diir di di dl
R(11—1111)+L(—1—l)+ ( L +KemOm (er—enr) = Vps—AVn

dt dt dt
L dir  dim digr  din _
R(l11—1111)+L( 1: " dr j+M( i1 _d ) Kemom (err—enr) = AV
+ig+igr =0 (7.44)

When i1 becomes zero, the diode is blocking, or when the conducting period being to the end

of the period, and the state changes from period 1 to period 2, for which

. diir dim dimr  dir
R Cir= "”)+L(dt dt ]+M( dt dt

)+Kem0)m(e1—e111) = Vps—AVn
ir=0

ir+ig+inr =0  (igr = —ir) (7.45)

In a similar way to that in section 7.3, a simplified form of state equation can be deduced, viz:

for period 1:

dif P
dt+C1u— or(6)

din P
P +Crinr =6’ (9)

i = —ir—iyn (7.46)

and for period 2:



dif P
dt+C1t1—91 (9)
in=0

i = =iy

where

C
or(oe) = C21——33-(2e1—e11—e111)wm
, C3
o (0) = sz—T(Zen—eI—em)mm

c
or’ (8) = C23—73(e1—em)com

on = BB ST
Cxn = _Vps;(ALVt_lA—l-iAVQ
€23 = ‘2/(s1j —A A‘l/t;

€3 = (LK—erL)

(7.47)

(7.48)
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Equations (7.46) and (7.47) are used to describe the states of a brushless DC motor drive

throughout the transient and steady-state dynamic conditions.

According to Table 7.5, the relationship between the state variables iI, iI1, i1 and the phase

currents ig, ib, ic in one cycle is

ig = ir forOSOSE

ic = i1
ib = —ia—ic

3
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,

T 27
P o= g f =<p<=—
< ic i or 3 0 3
b =i
\l‘a = - ib - ic
)
ip = i for 23—RS9S11:
< - .
la = U1
lic = —ia—ib
ig = —1iI for nses‘g—”
9. .
lc = — Ul
Ll.b = - ia - ic
( 4 5n
ic =1 for —<0<—
< c 1 3 3
b =il
a = —ip—ic
f 49
ipb = —if for %ESBSZn (7.49)
< . -
lg = —=ul
e = —la—1ip
. do
In the above equation, ar =P Wm
For both periods, the torque equations are
Te = Kem (eaia+ebib+ecic) (7.50)
d
Te = J—dtﬂ+D @m + T+ T¢
where Te is the electromagnetic torque;
T} is the load torque;

Tc is the cogging torque;
J is the intertia of the rotor, including the inertia of any coupled load;

D is the damping factor.

Therefore the state-variables are chosen as:
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r

y1=t (7.51)
Y2 = Om

y3 =i

y4 = ilI

lys = 0

The state equations are:

For period 1:
dy1 _
de 1
dy2 1
dt —J(Te—D)’Z—TI—Tc)
d C
%=—C1y3+C21——3y2(2e1—e11—e111)
t 3
d C
-d—y;1=—C1y4+C22——3§y2(2e11—e1—e111)
@ _ (7.52)
For period 2:
dy _
dt 1
dy2 1
ay3 _ (%]
dr = Ci1y3+C23 2y2(e1 el )
dys
dt ~ 0
ays _ (1.53)
In the above equations e, eII, eq are the back-emfs, and
Te = Kem(egia+epip+ecic)
= Kem (eria+emip+eiric) (7.54)

The initial values of all the variables are zero.
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7.5.3 Numerical Integration of State-variable Equations

In electrical engineering, the two most popular numerical integration methods for solving the

state equations of a system are the Runge-Kutta method and the Adams-Bashforth method.

The state equations are:
y(t) =F(y,v) (7.55)

where y(t) is the state-variable and v is the control variable.

The main requirements of the 4th-order Runge-Kutta method are:

1) Calculate the slopes four times in each integration step;
2) Calculate the weighted average slope;

3) Determine the variable values of the next step by the formulae:

yi+l=yi+%(K1+2K2+2K3+K4) (5.56)
where

Ki=hF (yit)

K3 = hF(yi+ﬂ,ti+%)

K3 = hF(yi'i'%,ti'i'g)

K4 = hF(yi+%,ti+h) (7.57)

and h is the step length of integration.

The main advantage of the Runge-Kutta method is that when yi+1 is calculated only yi is used.
Therefore itis very easy to change the step length of integration because it is a mono-step method.
Furthermore its calculation accuracy is quite high (the residue error is O(h5 ). However it requires

four slopes in order to calculate the slope in one integration step, and thus the calculation time
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is high. If a larger integration step is used the calculation accuracy will be reduced, and may

lead to unstability.

The Adams-Bashforth method is a multi-step method. At time tj it estimates the value y’j+1 at
time ti+1 by utilising the variable values and their first-order differential values in the previous

steps. Calibration formulae are then used to improve the accuracy of the estimated results.

The estimation and calibration formulae are:

, h . . . .
Vil = yi + 2—4(55 yi— 59yi-1+ 37yi-2 — 9yi-3)

ho, ., ) ) . 7.58
yi+1=yi+§(9yi+1+19yi-5yi-1+yi-2) (7.58)

where y’i+1 are the estimated values of y at ti+1, whilst yi+1 are their calibrated values.

The main advantages of the Adams-Bashforth method are its comparatively high accuracy, which
has the same order of residue error as the Runge-Kutta method, and its comparatively high
stability. Because it needs to calculate the slope only once, it takes less computer time than the
4th-order Runge-Kutta method. However the estimated results of one step are related to the
previous values of several steps, eg. when yi+1 is calculated, values yi, yi, yi-1, Yi-2 , and

yi-3 are used.

When the integrated function has a sudden transition, which often occurs in brushless DC drives
as the transistors and the conducting windings are commutated, the differential value changes
very quickly, and a larger error will be introduced in the Adams-Bashforth method unless special
methods are used to compensate for this. In such circumstances it is better to use the Runge-Kutta

method.

In this study, therefore, the 4-th order Runge-Kutta method is used.
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Fig 7.21 shows the predicted transient phase current, torque, and speed time waveforms during
the starting period for the non-overlapping winding radial-field motor referred to earlier. The
drive has a current limit of 3A. Therefore when the phase current tends to exceed the current
limit when only two phase windings are conducting it is set to the default of 3A. However during
the transient period there is a surge in the current waveform which is larger than 3A. This is due
to the circulating current which flows when all three phase windings are conducting, but which

makes no contribution to the line current.

7.6 Comparison of Predictions from Different Approaches

The analytical steady-state dynamic model and the state-variable transient model for simulating
the performance of brushless DC drive systems have been validated against tests as well as against
predictions from an earlier numerical model developed at the University of Sheffield [7.7]. The
validation is described in this section, and the integration of the state-variable model into a more

sophisticated system simulation package is indicated.

Figs 7.21 and 7.23 compare the predicted and measured current waveforms under normal
commutation for the radial-field motor having non-overlapping windings, whilst Figs 7.24,7.25,
7.26 and 7.27 show comparisons for 14 degrees elec. advanced and 14 degrees elec. retarded
commutation. In the figures, (a) is the measured waveform, (b) is the predicted waveform from
the analytical steady-state simulation model, (c) is the predicted waveform from the state-variable
simulation model, and (d) is the predicted waveform from Liu’s earlier numerical simulation
program [7.7]. Excellent agreement is obtained under different load and commutation

conditions.

The analytical simulation technique, though being restricted to the analysis of the steady-state
dynamic performance, provides a rapid means of assessing the important features of motor and

drive performance during the early stages of design since the initial conditions which yield the
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steady-state solution are generated directly by exploiting the periodicity in the stator winding
current waveforms. The calculation is only necessary for 1/6 of a cycle of a complete current

waveform.

In contrast, other numerical techniques for predicting the steady-state performance require
computation over about a hundred cycles, depending on the inertia of the rotor. Therefore the
angular position increment in the numerical computation is very critical since if it is too small
the computing time will increase greatly, whilst if it is too large the conducting time of the diodes
will be not predicted to the required accuracy, and a large error will be introduced into the
prediction of the current, and hence the torque waveform. Since a typical increment angle is
around 0.0001 - 0.00001 electrical rad., computation time will be excessive for predicting the
steady-state dynamic performance during the routine design studies. Nevertheless a numerical
transient dynamic model is necessary when the speed ripple is likely to be large, and when a
brushless DC motor is to be used in a servo or control system. The proposed transient dynamic
model, based on the idealised state-variables, offers the following advantages compared to

alternative approaches [7.7]:

a) The model is very simple. The electrical state equations are identical to those of the
steady-state model.

b) The state equations are in standard forms, and hence do not involve the inversion of the
coefficient matrix as in [7.7].

c) Unlike the situation in [7.7] the coefficient matrices of the state equations need not change
their values in all of the commutation intervals. This is the major advantage of the proposed
idealised model.

d) It has been shown that it is appropriate to use a constant voltage drop and a resistance to
represent the characteristics of transistors and diodes when they are conducting. This simple
method of the switching devices combined with the Runge-Kutta integration method for
solving the state equations has eliminated the disadvantages associated with the

Adams-Bashforth integration method [7.7], which requires special models of the devices
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so as to avoid large errors in the solution during the commutation period. For example in
[7.7] aresistance-inductance model is employed in which the inductance and resistance are
selected such that the "off" state impedance of an open-circuited phase has a time constant
similar to that of the "on" state phase. By so doing the transition of the differential values
of the currents during the switching period is smoothed and numerical instability avoided.
However such an approach introduces two disadvantages: the order of the state equations
is greatly increased (almost doubled), which greatly increases the simulation time; and an
inductance must be specified for the switching devices, which might cause difficulty when

different drive systems have to be simulated.

As aresult, the developed numerical dynamic model for simulating the transient and steady-state
dynamic performance of a brushless DC drive can now be used as a single functional block in a
general purpose system simulation package developed at the University of Sheffield, as shown

in [7.11].

7.7 Effects of Commutation and Temperature on Dynamic Performances

There are many aspects which affect the dynamic performances of a brushless DC drive. For
example, the machine parameters, viz. winding inductances and resistances, the free-wheeling
diodes, the back-emf waveforms. Temperature is also another consideration since it affects the

properties of magnets as well as the resistance of windings.

Fig7.28 shows how the demagnetising characteristic of two generic types of permanent magnets
vary with temperature. Ferrite magnets have a positive temperature coefficient of intrinsic
coercivity, whilst NdFeB magnets have a negative one, both have a negative temperature
coefficient of remanence. A temperature rise will therefore affect the open-circuit magnetic field
and hence the back-emf waveform, which in turn will cause the dynamic performances to deviate
from that at room temperature. In this section, however, attention is focussed on the effects of

the commutating instant and the temperature rise of the stator windings.
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7.7.1 Commutation Effects

In this section the effect of commutation on the current and torque waveforms and their spectra,
as well as on the linearity of the torque-speed curve is investigated. The spectrum analysis is
based on an analytical approach to Fourier series analysis which will be described in Chapter 8.
Fig 7.29 shows the normalised measured back-emf waveform and its spectrum for the prototype
non-overlapping winding motor, together with the waveform synthesised from a finite number
of terms in the Fourier series, terms being neglected if their amplitude is smaller than 1/100 of
the fundamental component. Clearly very good agreement is obtained between the actual and

synthesised waveforms.

Figs 7.30 and 7.31 compare the phase current and torque waveforms and their spectra at loads
of 0.05Nm and 0.1Nm respectively, whilst Figs 7.32 and 7.33 compare the current and torque
waveforms and their spectra the normal, 14 degrees elec. advanced, and 14 degrees elec. retarded
commutation. Figs 7.34 and 7.35 compare predicted and measured torque-speed curves for the

different commutation conditions. The results show that:

i) The load condition does not affect the shape of the current and torque waveforms
significantly, whilst the commutation strategy does have a major effect.

ii) The "flat" top of the ‘trapezoidal’ back-emf waveform for this non-overlapping winding
motor is only around 120 degrees elec. Therefore when operated with 14 degrees elec.
advanced commutation, at the instant when a phase is commutated on its back-emf is very
small, so that the current rises more rapidly than for normal commutation. However due
to the smaller back-emf at the beginning of the conducting period, the torque ripple is
increased. However, the average phase current may be increased and hence the average
torque is likely to be higher, although this depends on the average value of the product of
the instantaneous back-emf and current during the conducting period.

iii) In contrast to ii), when the commutation is retarded by 14 degrees elec. the back-emf at the
beginning of the conducting period of a phase winding has a maximum value corresponding

to the “flat top’ of the waveform, whilst at the end of the period it has a much lower value.
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Hence the phase current waveforms for 14 degrees elec. retarded commutation are initially
similar to those for normal commutation but then becomes larger, ie. the peak of the current
waveform occurs at the end of the conducting period, and is usually larger than that for
normal or advanced commutation. As a consequence, more current harmonics exist.
However, due to the smaller back-emf near the end of the conducting period, the torque
ripple may remain small.

It is clear that if the back-emf has the ideal symmetrical trapezoidal waveform and its
‘flat-top’ is wider than 120 degrees elec., then either advancing or retarding the
commutation will have no effect on either the current or torque waveforms, as well as the
torque-speed characteristic, as long as the whole of the conducting period falls within the
period corresponding to the ‘flat-top” of the emf. For example, if the ‘flat-top’ of the
back-emf waveform is 150 degrees elec. then advancing or retarding the commutation by
up to 15 degrees elec. will have no effect on either the current or torque waveforms, or the
torque-speed curve.

For a particular back-emf waveform, the phase current and resultant torque may be
increased by varying the commutation angle. Normally the commutation of the current in
a particular phase is time delayed by an angle P =30 degrees elec. from the zero crossing
of its back-emf waveform. Therefore the angle by which commutation is advanced or
retarded should be within a maximum value of 30 degrees elec., otherwise the efficiency
of the motor and drive will decrease significantly due to the back-emf being negative during
the part of the conducting period, and the additional copper loss, as shown in Fig 7.36.
Again, by varying the commutation angle the torque-speed curve is modified, as shown in
Fig 7.35. For a given operating speed, there is an optimum commutation angle at which
the efficiency of the motor or drive is a maximum. Fig 7.36 shows the predicted variation
of the average phase current, the torque, and the efficiency of the non-overlapping winding
motor with the commutation angle. Clearly the variation will depend largely on the

back-emf waveform and the parameters of the motor.



253

10 01 NP e lood I Nm = =
0.05 Nm— .. ‘mﬂ lood 0.05 Nms =
o (1¥,4]
0 [
Q80
o 2.
200 =
e S0 |
3 14
ou-
w-
a10 | J
- , { K RN
a0 20 M0 40 50 80 X gy 0s0 120 150 200 250 3m
ongle position (rod) (o) Normol hormonic order ( + 10 ')
‘zﬂ l w-
lood 0.8 N (o
100 lood 0.1 Nm = = »
h I.N‘ O-N h—--—-— w. w o.w an » - ™
0-75_ a7
1¥F
(m4 -
N, aX : B
Cinad SEANYAEAN 2
~ ¥ —050 |
- 000 3 -
c S o0
< -025 e
[ [ S8
o 1 B | ¥
-CL‘T_J 1
-1 010 |
R 000 | £ ¥ 2 a4, ',
a0 100 200 30 400 500 800 700 Q00 050 100 150 ( 200 ') 300
) ongle position (rod hormonic order * 10
: ylep (rod) (b) 14°Advanced
125 0%
] f
1°°1 080 Lod 01 NM = = =
tocd COS Nme s »
075_ anm
md
m-w
= Ze]
et T
: coel s
L -023 ; 5
o W ®ox
-0 4
-a73 00 |
-100 Q10 |
B be o0 ..
Qoo 100 200 hos] 400 500 600 700 [eT24] a0 10 150 200 250 30
ongle position (rod) harmonic order ( « 10 ')
(c) 14°Rstorded

Fig. 7.30 Effects of load/commutation on the current waveform and spectrum



254

0.!4- -
lood 0.1 NV aio Lood O1 NMm = x x
a2 Lood 0.05 Nm— . . X lood 005 Nms o =
- u.
Q10 | nmi
mi
g Sum
o008 | o 9
o ~ r~ ~. S oo+
Pt ~. . PN 7 ~ 00* |
] / \._/.4' '/ \\/\ '/ "~
aos [\/ v Vv 003
md
m-
oo
000 oo .f.’,’.l.-..‘.
am  0® W0 150 200 250 30 30 0% 00 00 10 10 20 250 X0 30 400
angle position (rad) © . harmonic order ( » 10 D)
a) Normaol
Ql‘_ 0."_
Lood 0.1 N o
Lood 0.03 N _ . aio load .1 NMm x = =
Q2 | i r lood 0.OS3NMme e =
(7 ]
aio | 008 |
~~ mi
5o, e
° ) ' ° ]
S 008 N, f3081 4
b T -
2 ,/ : Saos
o' =
/ -
oce oc2 |
4 N
e ..g.ﬁ.i.ﬁ.-ﬁ
a0 050 100 lm._zmzsoamm-osowamtmtsozmwmlso4m
ongle position (rod) ®) 14°Ad ; hormonic order ( » 10 ')
014_ an
Lood 0.9 NV e Q10 Lood 0.1 Nm
-4 3 » » »
an tood 0.03 N o e oce lood 0O NmMe s =
wl N 008 |
w-
© gom
oS o 1 )
s ™ ./\'\ IS /, Bw
- \. ./ -\ '/ \. . -~ 4
| \._/ s ~.” 003 |
md
wd
am
) -]
Om m v 2 B T
am 0% 10 150 20 2% 30 3x 05 00 050 100 150 200 250 X0 350 40
ongle position (rad) hormonic order ( » 10 ')
(c) 14° Retorded

Fig. 7.31 Effects of load/commutation on the torque waveform and spectrum



255

a0 current vs angle position as current vs harmonic order
* Normal x =
Normal -_— Q40 14°Mdvanced = =
08 | ;\ A 14°Advanced —-—-— y 140 +
\ It . Retorded ¢
"\ " 14°Retarded = =—--
I 03B | a
.\ 1) 1%
’ vl
/ 1
] 0 |
L}
”~~ ' ~~~
= . Sz |
- .‘ -
~ 000 | :
. v 020 |
- -~
3 -0 ]
° “ass |
+
04 a0 °
h +
050 005
> I~ | N I G O S 3 S S
Qo 100 200 M0 400 S0 60 700 000 050 100 150 200 250 300
ongle position (rad) hormonic order ( » 10 !)
(o) Current
700 torque vs angle position s torque vs harmonic order
. 500 | ) Normaol x =
600 | 14°Mdvonced = =
‘&1 14°Retarded & +
500 400 |
Ll - -
¥y ¥
=4 o3,
'4mj .Jm.
~300 | <20
© ©
E 2200
o T o
S0 S
100
100 1 +
1 14°Advanced —-—-_ aso
14°Retorded — -~ -~ 1 T o
00 . — . . —_— 11 ¢ e . o
ao 00 100 150 200 250 30 3% -Q50 00 05 100 150 200 25 30 350 400
ongle position (rod) harmonic order ( « 10 ')
{b) Torque

Fig. 7.32 Commutation effect on the current and torque waveforms and spectra (0.05 Nm)



current vs angle position

256

12 0% current vs harmonic order
Normal _— + Normal " u
0 A ,/"‘ 14°Advanced  ——-~ 080 | 14%Advanced = »
m - (J
a7s I\ g w 14°Rotorded 4+ +
] \ o
Iad \ 1t
050 J 1
LM 060
| ]
—~05 ( o
= \ Zoso
\ ]
< o c
C v 040
- -
b= 3
¢ Uqu
. w.
f
/ ' *
\y ] Q10 | * x
2J v \
o |1 1
-1 L) L) L) L] L LS ¥ L] om LS % ‘ ’ ! -’ ’I
000 100 200 30 408 S50 60 7™ aoo 050 100 150 200 2% 300
angle position (rad) hormonic order { » 10 ')
(a) Current

M _

Q12

Q10 |

= i \

Saos | L

My L ]

Jucs |1 ] Y \/

s |y y Vv
o Normol ~ ———

14°Advonced  —-—-~

oce | 14°Rotorded ~---

¥ T L2 T T ]

Q0o 030 100 150 200 250 30 350
ongle position (rad)

(b) Torque

an torque vs harmonic order

e Normal = =

1 § 14°Advanced = o
008 | 14°Retarded +
md
w’q
”~~
Soos |
[ ]
S Q08
2005 |
Soos |
m-

-3
mn-
m-
a8

oo I { FT ;' i 2

=G50 000 050 100 150 200 250 MO 350 400
hormonic order ( » 10 ')

Fig. 7.33 Commutation effect on the current and torque waveforms and spectra (0.10 Nm)



"\m-

0404 Measured s»—«
g 035 Predicted s—a
vw_

)
5%
5 o0y
& o8-
0.104
0.034

930 140 150 180 170 180 150 2 210 220 2% 240 250 280
Speed ( 10® rpm )
(a) Normal commutation

’\w-
040+ Measured »—x
o Predicted o—a
vw_
=
o 9201
£ 0.15
0.104
0.08
o

130 140 150 180 170 1.80 190 2 210 220 2.30 240 2.50 260
Speed ( 102 rpm )
(b) Adveanced commutation (14 elec.deg.)

A

EEEESE

Torque ( Nm )

030 140 150 180 170 180 10 3 290 220 2% 240 250 280
Speed ( 102 rpm )
(c) Retarded commutation (14 elec.deg.)

Fig 7.34 Comparison of torque-speed curves

257



Torque ( Nm )

Torque ( Nm )

258

o o tho tho the 1o 1o § alo sho ake 2k sk sho
Speed ( 10® rpm )

(a) Measured

Normal —nt
14 advanced o5—an
14 retarded +—t

.18+

% o 1k i ih ko ik § 2l sk sk 2k zk sk
Speed ( 10® rpm )
(b) Predicted

Fig 7.35 Effect of commutation on the torque-speed curves



259

530rpm: current ——=~2500rpm: current ————
tcrque ———— torque ————m
efficienCy —-. —. efficiency -----
W00 30 o0z
|
a0 | 050 |
300 |
80 | 045
me | 220 0%
~ 1< 1 5.
” ~ Zox |
T4 Ta0) @
> 2] %]
cm_ ; ‘6
o L ad
I Il Y _
lap]| 8 o / T
et o ow //
o 5 s V e
0 ®©
1 3" zos /
(o] -
200
i i §
050 7 P
4 “ g
100 | ws | v /
ooy 6B oo

=300 -200 -0 000 100 20 300 400 5.00
Iccarrrnu'(u.tion o.nglc (elec.deg. » 10 ')

Retorded Normol " Mdvanced
Fig. 7.36 Variation of average current, torque, and efficiency of

non-overlapping winding motor with the commutation angle

7.7.2 Temperature Effect

In Fig 7.34 it will be observed that there is a significant difference between the slope of the
predicted and measured torque-speed characteristics under normal, advanced, and retarded
commutation. However the predicted and measured torques agree quite well on light loads,
whereas the predicted torque becomes somewhat higher than the measured value as the load is
increased. It will be noted, however, that the predictions assume a constant winding resistance

viz. the room temperature value.

The effect of temperature on the winding resistance is the most likely cause of such a deviation.
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However the phase winding resistance Ry at any temperature "t" can be estimated from the

resistance Ryo at temperature "to" from:

2345+t (7.59)
R: =

T 2345+1, R,

Asaconsequence of the increase in phase winding resistance with load and therefore temperature,
the winding current, and hence the torque, will be smaller than the value predicted for a constant

resistance.

In Fig 7.34 every measured point was obtained under a stable thermal condition, ie. when the
motor had run for a reasonably long time, whilst the corresponding predicted values are all

calculated assuming a fixed winding resistance (21°C).

Fig 7.37 on the other hand compares the measured torque-speed curves for normal commutation
of overlapping and non-overlapping winding motos with those predicted when winding
resistances corresponding to temperature of 0 °C or 120 °C are used, as calculated from equation

(7.59). The revised values are given in Table 7.6.

Table 7.6 Revised resistances for overlapping/ non-overlapping winding motors

phase winding resistance (£2) non-overlff(ilélrg winding overlapping winding motor
21°C (measured) 1.081 2.67
0°C (calculated) 0.99 2.45
120°C (calculated) 1.5 3.7

The measured torque-speed curve of both motors is now straddled by the predicted curves.
However, a more detailed analysis would need a detailed thermal analysis so as to account for
the variation of the demagnetising characteristic of the permanent magnet temperature, as well

as a prediction of the frictional torque-speed characteristic etc.
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7.7 Conclusions

It is useful to be able to simulate the steady-state dynamic operation of a brushless DC drive
system during the early stages of design. The analytical technique which has been described and
validated in this chapter would be eminently suitable for this purpose. The analytical technique
presented can account for any induced back-emf waveform, and can model the characteristic of
the switching devices and free-wheel diodes in the converter circuit by an appropriate voltage
drop behind a series resistance. It can also cater for normal, advanced, or retarded commutation,
as well as a pre-specified current limit. However since it is based on an analytical model, for
which the initial conditions which yield the steady-state solution are generated directly by
exploiting the periodicity in the stator winding current waveforms, it provides a rapid means of
- assessing some important features of the motor and drive performance, albeit with the assumption

of negligible speed ripple.

By introducing two idealised current variables and incorporating the motion equation of the rotor,
a more refined state-variable model for predicting both the transient and steady-state dynamic
performance of a brushless DC drive has been developed and validated. Both models can be
linked to other aspects of the design process, for example finite element analysis for predicting
the back-emf waveforms and winding inductances. Further, although the analyses have been
restricted to motors having three-phase, star-connected windings, the techniques are applicable

equally to delta connected windings as well as to any number of phases.

The simulation models have been used to examine the effects of commutation and temperature
(winding resistance) on the dynamic performance, ie. current and torque waveforms and their
frequency spectra, torque-speed characteristics etc. It has been shown that the commutation
strategy can have a significant effect on the dynamic performance, whilst the variation in phase
winding resistance due to temperature changes may also cause a significant variation in the slope

of torque-speed characteristics.
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CHAPTER 8
MAGNETIC FIELD ANALYSIS IN

BRUSHLESS DC MOTORS ON LOAD

8.1 Introduction

One consequence of the adoption of electronically controlled brushless DC drive systems is that
the phase current waveforms contain significant harmonics, which, amongst other things, can
greatly increase the possibility of resonances between the radial exciting forces and the stator
structure as well as the total emitted acoustic noise. In order to predict the electromagnetic,
vibrational, and acoustic behaviour it is necessary to analyse the airgap field distribution with

the motor on no-load and on load.

Although several papers have been published on the calculation of the airgap magnetic field of
a brushless DC motor[8.1[[8.2], none have been concerned with the prediction of the magnetic

field on load.

The calculation of magnetic field in a loaded brushless DC motor involves the prediction of the
open-circuit field produced by the rotor magnets and the armature reaction field produced by the
3-phase stator windings. The armature reaction field calculation is important not only in the
prediction of radial exciting forces, but also in assessing whether the permanent magnets are
prone to partial irreversible demagnetisation, as well as in the calculation of self- and mutual-

winding inductances.

In Chapter 5 a technique for predicting the open-circuit magnetic field distribution in the

airgap/magnet region of permanent magnet motors was presented. The technique was based on



264

an analytical two-dimensional model in polar coordinates and accounted for the effect of stator
slotting on the magnetic field distribution. Excellent agreement with finite element calculations
was achieved. In this chapter the analytical calculation is extended to cater for the armature

reaction field produced by the stator windings.

The calculation of the armature reaction field in a brushless permanent magnet DC motor differs
significantly from that for a conventional motor, such as the induction motor, in the following
three aspects. Firstly, due to the low recoil permeability of the permanent magnets - typically
Hm 1is around 1.1, it has a much larger effective airgap. Secondly, the phase current
waveforms contain significant harmonics as a result of the electronic commutation events.
Thirdly, the magnetic field of the 3-phase stator winding does not rotate uniformly but in

incremental steps at the instant of commutation.

The large effective airgap of a brushless DC motor would lead to a significant error if a
conventional 1-d analysis in rectangular coordinates [8.3], such as those used in induction motors
[8.4] was employed. Due to flux focussing and interpolar flux leakage a two-dimensional model

is required.

This chapter describes a two-dimensional analytical technique, modelled in polar coordinates,
which can account for the important features of a brushless DC motor cited above, in particular,
the effects of stator winding distribution, the large effective airgap, the stator slot openings, and
the winding current harmonics etc on the distribution of magnetic field on load. The predicted
armature reaction field, due to the analytically calculated phase current waveform (Chapter 7),
together with the open-circuit field produced by the magnets (Chapter 5) make it possible to
predict the instantaneous field distribution under any specified load condition and commutation
strategy. The predicted open-circuit, armature reaction, and load field distribution are compared

with those obtained from corresponding finite element calculations.
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8.2 Analytical Calculation of Armature Reaction Field in Brushless DC Motors

In a similar manner to the prediction of the open-circuit magnetic field described in Chapter 5,
the armature reaction field is calculated in two steps. Firstly the 2-dimensional magnetic field
produced by the windings in a smooth airgap is analysed, then the 2-dimensional relative
permeance function, as described in Chapter 5, is introduced to account for the effect of slotting

and to obtain the actual armature reaction field.

For simplicity the relative recoil permeability of the magnets is assumed to be unity, which will
not introduce any significant error in the calculation of the load field distribution since under
normal conditions the armature reaction field is usually only around 10 - 20% of the open-circuit

field.

8.2.1 Magnetic Field of a Single Conductor

Fig 8.1 shows a single current carrying conductor in a cylindrical airgap for both internal rotor
and external rotor motors. If end effects are neglected, the airgap is uniform, and the permeability
of the stator and rotor iron is assumed to be infinite, the magnetic field is obtained by solving

the two-dimensional Laplacian equation:

2o 19 20, 13% _ (8.1)
V=i, ra) v 2y 270

whose general solution is:

@(or) =, (Avr'+Byr V) (Cvcosva+Dysinva)
Vv

+ (Aolnr +Bo) (Coa + Do) 8.2)

Since the permeability of the iron is infinite, only a radial component of flux density exists on

the stator and rotor surfaces, which gives rise to the boundary conditions:
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{a_qz} =0 83)

or r=R;

{a_(g} _ 0 (8.4)
or r=Ry,

The magnetic potentials on the stator and rotor surfaces can be obtained by integrating the
magnetic field intensity on the iron surfaces, ie. for closed paths over the stator or rotor

symmetrically enclosing the conductor which, according to Ampere’s Law, gives:

i (o i e 2 . (.3)
(p|r=R"=EE_1 =7 2 Vg Sinvoe
Qlr=R, =0 (8.6)

for an internal rotor motor, and

. . oo 8.7)
‘P|r=R.-=L(1—g)=L Y, 2 gnva

2 2V \
Ol r=R, =0 (8.8)

for an external rotor motor

where R; is the radius of the stator surface.

Rm = Ri — g — hp for an internal rotor motor, and

Rm = Ri + g + hm for an external rotor motor 8.9)

Hence for an internal rotor motor, shown in Fig 8.1(a), the magnetic scalar potential distribution
produced by the conductor, obtained from the general solution, equation (8.2), and the boundary

conditions, equations (8.3)-(8.6), is

R (8.10)
— ro- N r '|sinva
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and components of the flux density are then calculated from:

(8.11)

(a) Internal rotor (b) External rotor

Fig 8.1 Magnetic field of a conductor.

For a permanent magnet brushless DC motor it is more important to calculate the radial

component of the magnetic field, ie.

' RY _ —v-
Br=toy Xy [V RV sinva

‘n v V__R’va
(R )Y (8.12)
. v 1 +|—
= i1 Z L 4 sinv o
Mo s R; (R \2V
\% 1 - |2m
R;
"/

(8.13)
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whilst at r = Rj, ie. on the stator surface

. R_m2V (8.14)
B id41 1 R; .
rlr=R; = “05;["1'{ z 2 2y Smva
F vy 1 — R_m
R;

Similarly the magnetic scalar potential distribution produced by a single conductor can be
obtained for the external rotor motor, shown in Fig 8.1(b). However, the only difference between
the expressions for the magnetic potential and flux density in an external rotor motor and an

internal rotor motor is the sign of the expressions, ie.

of = — ¢ (8.15a)
B’ =-p - (8.15b)
therefore

Bflr=R, = —Bil =R, (8.16a)
Bflr=pg; = —Btl,=g; (8.16b)

where the superscripts "e" and "i" refer to external rotor motor and internal rotor motors

respectively.

8.2.2 Magnetic Field of a Coil

In a similar manner to the 1-d model [8.4] of an induction motor, the two-dimensional field due
to a single-turn current carrying coil in a brushless permanent magnet DC motor can be
determined as the resultant field of two conductors spaced by the winding pitch angle oy and

carrying equal but opposite currents.

In section 8.2.1 the radial component of the magnetic field due to single conductor was derived

as:



Fp(v,r)sinva

<|H

_ iy
Potors L

where for simplicity the subscript "r

h
d=g+ _ﬁ% = g + hm Iis the effective airgap and

Fo(v,r) is a function dependant on the radius and harmonic order, and is given by:

Fp(v,r) = Fh(v,r)

2V
v 1+ RTm
8_(EJ Rm) "
1 - am
for an internal rotor motor and
Fp(v,r) = F§(v,r)
v 1+ RTm
=_5_ -
( J R—m2v
i
, 2v

for an external rotor motor

(8.17)

r" which refers to the radial component is omitted;

(8.18a)

(8.18b)
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where it will be noted that the reference position for the magnetic field is at the position of the

conductor, as shown in Fig 8.2(a).



Internal rotor

External rotor

Fig 8.2 Reference positions of magnetic field of a coil.
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For simplicity the reference position for the magnetic field of a coil is chosen to be the axis of

the coil, as shown in Fig 8.2(b). Therefore,

. s Oy . "
for conductor 1, letting o = o’ + =2 i=14, then

2
P o0 1 o (8.19a)
LA = . ’ Xy
1t8 2 va(v,r)smv(a + 2)
v=1273,..
whilst for conductor 2, letting o = o’ — 921 , i =-—1i, then
oo 1 o (8.19b)
By =~ 2 ;Fb(v,r)sinv(a’—-iz)
1,2,3

Therefore for a single-turn coil, the resultant magnetic field is
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P i (8.19¢)
B=Bl+Bz=2uoﬁ z —Fb(v rycosvo’
v=123

Writing o’ as o and i’ as i, for a coil the radial component of the magnetic field is

i oo (8.19d)
B=2Hoﬁ Z —Fb(v r)cosvao
v=12,3

2
where K4y = sinv —O-;X is the winding pitch factor. (8:20)

Clearly the magnetic field is symmetrical about the axis of the coil.

8.2.3 Effect of Airgap Length

As mentioned in the introduction due to the large effective airgap, the armature reaction field of
brushless permanent magnet DC motors must be calculated by a two-dimensional method.
However it is of particular interest to compare the field distributions predicted from both 1-d and

2-d models.

Rewriting the expression for the magnetic field produced by a conductor as:

8.17)
Fp(v,r)sinva

<|H

i
= Ho o z
v=1,23
then if the effective airgap 9, and hence the value of | R; — Ry |, is small enough,

=Rm=Ri, Ri —Rm=23 (8.21)

Therefore, for the internal rotor motor

Fp(v,r) = Fh(v,r)
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~ 5 2v —R’Zv

=5£\_’ Rlzv

Ri (Ri=Rm)(RY" '+ RV 2Rm+ ... + RZ1)

2_V R2V
Ri §avR}V-1

=1 (8.22a)
Similarly, for the external rotor motor:
Fp(v,r) = F§(v,r) = 1 (8.22b)

which becomes unity, and therefore independant of the radius.

Therefore for small effective airgaps, the magnetic field produced by a single conductor becomes:

(8.23)
sinv o

<|,_.

= i
uon& z
v=1,23

which is identical with equation (10) in Ref [8.4]. Therefore when the airgap is small enough,
the magnetic field distribution predicted from a 2-d model is identical to that from the 1-d model
which is widely used in the analysis of the airgap field in induction motors. Furthermore there
is no difference between the result predicted for external rotor and internal rotor motors. In both
cases the magnetic field is independant of the radius. Hence flux focussing is neglected.
However because of their large effective airgap the airgap field produced by stator windings in
permanent magnet motors should be analysed by a 2-d method. In a 2-d model the function
Fo(v,r) describes the effect of the airgap length on the harmonic component of the magnetic field
produced by a conductor, and is equally valid for the magnetic field of a coil or a group of coils,

eg. a 3-phase winding.
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A numerical calculation for the effect of airgap length on the field distribution will be given in

section 8.4.3.

Since the difference in the magnetic field in internal rotor and external rotor motors is only in
the function Fyp(v,r) and the definitions of Ro and Rm , as described by equations (8.9) (8.18a)
and (8.18b), the analysis for an internal rotor motor can be easily modified for an external rotor

motor. Therefore in the following sections only the analysis of internal rotor motors is described.

8.24 Effect of Slot Openings

From various viewpoints, such as the calculation of the self- and mutual-winding inductances,
the prediction of the radial force distribution for noise and vibration estimation etc, it is important
- to calculate the armature reaction field distribution at the stator bore. However in the analyses
of sections 8.2.2 and 8.2.3 the current carrying conductors were assumed to be idealised line
current sources of zero sectional area. As a consequence, solutions for the magnetic field at the

stator bore cannot be obtained numerically since at r =R the function Fp (v,r) becomes

2v 2v

R

Sy R

_ yv(ir _ sV i
lFb(v,r)|r=Ri— Sr(RiJ - = 8% >
Rm Rm

1-|— 1-|—

Rl) r=R; (Rij

(8.24)

for higher harmonic orders v

(R \2"

L B for internal rotor motor

R;

")

(R; ¥
and |—/—| =0 for external rotor motor

N

Therefore for higher harmonic orders Fy(v,r) is directly proportional to the harmonic order, which
causes the solution for the magnetic field on the stator iron surface, ie. equation (8.17) or (8.20),

to be a divergent Fourier series. Hence a convergent numerical solution cannot be obtained.
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In Chapter 5 the effect of slotting on the open-circuit field distribution was studied by introducing
a two-dimensional relative permeance function. Slotting has a similarly important effect on the
armature reaction field, as will be shown later in this Chapter by analytical and numerical
examples. Therefore an identical 2-d relative permeance function, as the open-circuit field
calculation, will be introduced. However, in this section a slot-opening factor, obtained from a

2-dimensional analytical model, is also introduced for the following reasons:

a) To study the effect of slot-openings on the magnetic field produced by the stator windings
when the permeance variation is neglected.
b) To eliminate the numerical divergence problem in the solution for the magnetic field

produced by a conductor or a coil.

To show the effect of slotting, the 2-d model having a distributed current sheet, shown in Fig.8.3,

will be considered.

J=i/bo J=i/bo
bo/R
1 i re ?
—bo/2Ri O bo/2Ri o 0 &
J=-i/bo
(a) a conductor (b) a cail

Fig 8.3 Effect of slotting - distributed current sheet.

Figs 8.3(a) and 8.3(b) show the distributed current sheet representation for a conductor and a
coil respectively, both being accommodated in slots. The current sheet is so distributed that its

current value is uniform along an arc whose length is determined by the slot-openings, bo. For
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simplicity the field distribution of the distributed current conductor, shown in Fig 8.3(b), is solved

first.

For Fig 8.3(b) the current density distribution over the slot-openings is given by:

i bo_ bo (8.25)
- <

J=1b, T2R S%*2g
0 other o

Therefore the Fourier series expansion is obtained as:

i 2i 1 bo (8.26)
ETIRET Z sinv - cos v o

/= 2R;

whilst the governing Laplacian equation in polar coordinates is

Po, 130, 1 L 2 _, (827)
2
o Tror T 254

The boundary conditions to be imposed are
Holr=R, =0 (8.28)
Holr=pg;, =-J (8.29)

Since the general solution is

o(o,r)= 2 (Ayr’ + Byr V)(Cycosva+Dysinva)

v

+(Aolnr+Bo)(Coa+Do) (8.30)

__99¢ __,. 99

and Hy = 3r Br = -l 3r
__10d¢ __ . 13¢ (8.31)

Ha = roo Bo = Ho 9




276

Rm
SIDV&
_ Mol 1] 2R : io 1 Rm) _
=23 z . B Fp(v,r) sinv o+ o ln_Ri{ln(r 1
Y V2R R
(8.32)

where the reference for the angular variable a, ie. o0 =0, is at the centre of the distributed current
conductor. Hence, following a similar deduction to that given in section 8.2.2, the radial

component of the airgap flux density due to a distributed current coil is derived as:

sinv—b— (8.33)
2 i v 172K
B(a,r) = — Z » by Kay Fp(v,r) cosva
v v2Ri

where the reference for the angular variable ¢, ie. a =0, is at the axis of the distributed current

coil.

On comparing equations (8.33) and (8.20) it can be seen that the difference between the magnetic

field distribution for a concentrated coil and that for a distributed current coil is in the term

(8.34)

which can be appropriately defined as the slot-opening factor.

Clearly if the slot-opening b is very small, ie. b, — 0, then the slot-opening factor approaches

unity, ie.

Ksovlb,=0 = 1 (8.35)
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It can be shown that due to the introduction of the slot-opening factor the solution for the magnetic
field of a distributed current conductor or a coil is always convergent, and hence can be calculated
numerically, even at the stator surface. Similar results can be obtained for an external rotor

motor.

In summary, on the basis of a 2-dimensional analytical model, the magnetic field of a distributed

current coil, re-written from equation (8.33), is

2 Lo (8.36)

n

B(a,r) = é Z %Ksov Kay Fp(v,r) cosva
v
This is the radial component of the magnetic field in the airgap. A similar expression can be

derived for the tangential component.

8.2.5 Effect of Current Harmonics - Analytical Spectral Analysis

As mentioned in the introduction, the phase winding current waveforms of a brushless DC motor
contain significant harmonics as a consequence of the electronic commutation events. Typical
phase winding current waveforms have already been shown in Chapter 7, where the waveforms
were obtained from a dynamic simulation using either an analytical or a numerical approach. In
this section an analytical technique for Fourier series analysis is presented which is based on a

linear interpolation and an analytical calculation of the Fourier series coefficients.

The data for a waveform is assumed to be periodic in the interval (0, 2P; ) or may be transformed
into that range, where 2Py is the period. Suppose that in the interval (0,2P1 ) there are Np pairs
of values of the function ( fr, xr ), not necessarily equi-spaced, but with the particular values

£(0) and f(2P1 ), as shown in Fig 8.4.



f fr+1
1

f
? Tr/T fp
| | ?
| | | |
] | ) ;
X Xr Xr+1 Xp

discretised point 1 — Np

Fig 8.4 Linear interpolation for spectral analysis.
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then in one cyclic period (0, 2Pj) , the value between two discretised points is obtained by linear

interpolation, ie.

X—Xr
f(x) =fr+m (fre1 — fr)

_frXr+1l = Xrfr+d + fre1—fr X (8.37)
Xr+1 — Xr Xr+1 — Xr

for(xr < x < xr4+1),r=1,2, woNp—1

Based on this linear interpolation, the Fourier series expansion is obtained as:

T . T
f(x)=ao + n; {ancos(nle) + bn sm(n-ﬁx)}
oo (8.38)
= qap + Z \/an2 + b,,2 sin(n%x + Oy )
n=1 !
where
1 2P
a6 =3p | F)&
o
Np—1 (8.39)

= %PI [foxp—fixt + X, (Ffxre1 = fre1%)]

r=1
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{ 2P
— = I
an—Pl { f(x)cos(nplx)dx

-1 [fpsin(n%Xp) "flsm(n%xl)]

nw
Np-1 8.40
+ P ; Jre1 = Jr [cos(nix )—cos(n£x)] oo
) Xr+1 — Xr Pl P
r=1
2P;

bp = P% { f(x)sin(n%l-x)dx

-1 AN n
- [prOS(nPpr) flcos(nPle)]
Np 1 8.41
+ P P frel — fr [Sin(’lixr+1)—sin(n£x,)] ( )
n’ 2 Xr+1 — Xr Py P
r=1
and o, = arctan (ﬁJ (8.42)
an

Therefore, for the numerically simulated 3-phase current waveforms of Chapter 7, the Fourier

series are obtained as:

ia = Z Iu Sin[u(pmrt) + eu]

]

b=, Iysin[u(part —2n/3) + 64]

u
ic= Iusin[u(port —4n/3) + 64] (8.43)
u
where 6 = p @r ¢, and the current waveform for phase A starts at 6 =0, Fig 8.5, with 0y being

the phase angle for each harmonic.

Fig 8.5 compares an original simulated phase current waveform, for an overlapping winding
3-phase, 4-pole, radial-field brushless DC motor whose parameters are given in Chapters 5 and

7, and running at a speed of 1500 rpm, with one synthesised from its Fourier series. In the Fourier
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series expansion harmonic components whose amplitude was smaller than 1/500 of the
fundamental component were neglected. It will be seen that excellent agreement has been

achieved.

Table 8.1 shows how the amplitude and phase of the harmonic components in this typical current
waveform vary. Since the prototype motor had a symmetrical star-connected 3-phase winding,
only odd order harmonics exist, since for the steady-state operationi(0)= -i (0 +2x), and

there are no triplen harmonic components.

Table 8.1 - Harmonics in the current waveform at 1500 rpm.

Harmonic order, u Amplitude, Iy ,(A) Phase angle, 0y, (rad)
1 0.20628E+01 0.38649E+00
5 0.46674E+00 - 0.14506E+01
7 0.26598E+00 0.25084E+00
11 0.16602E+00 - 0.20073E+01
13 0.12351E+00 - 0.27334E+00
17 0.75471E-01 - 0.25521E+01
19 0.61059E-01 - 0.79823E+00

23 0.31228E-01 - 0.30442E+01
25 0.25372E-01 - 0.12638E+01
29 0.73870E-02 0.30790E+01

31 0.58718E-02 - 0.12936E+01
35 0.67434E-02 - 0.16859E+01
37 0.70265E-02 0.88281E-01

41 0.10564E-01 - 0.19967E+01
43 0.10383E-01 - 0.23149E+00
47 0.98646E-02 - 0.24833E+01
49 0.66259E-02 - 0.29747E+01
53 0.94893E-02 - 0.71258E+00
55 0.62827E-02 - 0.11969E+01

Total harmonics: 19
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2% current at 1500rpm vs angle position
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Fig 8.5 - Typical simulated and synthesised phase winding current waveform.

8.2.6 Armature Reaction Field of 3-phase Winding in Brushless DC Motors

In section 8.2.4 the magnetic field distribution due to a current carrying conductor or coil
accommodated in the slots of a motor has been obuined by a two-dimensional analytical
technique accounting for the effect of the slot openings. The magnetic field of a distributed phase
winding can be obtained by introducing a winding distribution factor, in a 1-dimensional analysis,

which is commonly applied to induction motors, ie.

B(a,r,z):w—% z %Ksov Kapy Fp(v,r) cosva (8.44)
v

with reference to the axis of the phase winding, =0,

where W is the number of series turns per phase;

Kdpv = KdvKpv
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Kpv is the winding distribution factor, given by:

. VT (8.45)
sin ¢ —
I
Kpr = LT
Qs
and q = Qs/2pm is the number of slots per phase per pole;

Qs is the total number of stator slots;
p is the pole pair number;

m is the phase number

Hence the magnetic field produced by the 3-phase winding in a brushless DC motor can be

deduced from equation (8.44), together with equation (8.43) as

- Bwinding (,r,t) = Bg(o,r)+ Bp(o,r) + Be(a,r)

2w 1
= o z ;Ksodevab(Vsr)

v

Lig cosvo + ip cosv(a—ZTn) + ic cosv(oc—4—37£)]

w 1
=Ho_5 z Iy Z ;Ksov Kdpy Fp(v,r)
u

v

.2{sin[u(pcort) + O4]cosva
. 27
+ sinfu(powrt —2n/3) + Gu]cosv(oc—T)

47 (8.46)

+ sinfu(port—4n/3) + Gu]cosv(a—T)}

where
sin[(upwrt) + O4u+va] +

2y =1 sin[ (up @rt) + Ou+va — (13)+u)2n/3] +

+sin[(upwrt) + Ou+vo — (13)+u)4n/3] +

\
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sin[(upowrt) + 64—val] +

L] Fsinl(upore) + Bu—vo + (IX)—u)Zn/3] +

+sin[(upwrt) + Ou—vo + (ﬁ—u)4n/3]
=[1+ 2cos(§+u)2n/3]sin[(upm,:) + Butva - (§+u)2n/3]
+[1+ 200s(g—u)Zn/fi]sin[(up(Drt) + Ou—va + (ﬁ—u)Zn/Zo]

sin (X+u)m )
= sin[(uport + Ou+va) — (-+u)2n/3]
.,V )/
sm(1—7+u)n/3

.,V (8.47)
sin(——=u)mn .
+ sin[(upwrt + Oy—va)+ (—=u)2n/3]
.,V p
sin(——u)n/3
p
whilst
sin(Ytu)m 0 for ~+u#3c (8.48)
p _ p
sin(Y+u)n/3 3 for ~+u=3c
p p
c=0,11,%£2,...
therefore
2{} =3sin[(uport+ 0u t va) —{2}3¢c (27/3)]
=3sin(upwrt+6, tva) (8.49)
and L +u=3c
p
ie. v=p(3c—{i}u) (8.50a)

However, similar to the case of one-dimensional analytical model (see the note on page 20 in
[8.4]), a symmetrical 3-phase winding with equal phase-belts produces only harmonics of the

order:

v=p(6c—{t}u) (8.50b)
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Hence based on a two-dimensional analytical model the magnetic field is obtained by combining

equations (8.46) (8.49) and (8.50), ie.

3w

1
T s z Ly 2 _Ksodevab(v,r)

v

Bwinding (0, r, 1) =Ho

.sinfupwrt £ va + 64] (8.51)
where v is any integer larger than zero and is determined by the following equation:
v=p(6c—{t}u) and c=0,%1,£2,..

u = odd integer not equal to a multiple of three, ie., u=1,5,7, 11, 13, ...

and o = 0 corresponds to the axis of phase A winding, whose current is zero at the t = 0, ie.

igl,=o = 0, and which is commutated at t=0.

In a similar manner to the open-circuit calculation, when slotting was taken into account by its
permeance effect on the magnetic field produced by the magnet, an identical 2-dimensional
analytical relative permeance function, described in section 5.2.3, is introduced. The armature
reaction field, Barmature-reaction (¢, T, t ), is then calculated from the product of the magnetic field
produced by the stator windings, Bwinding(¢, 1, t ), with the effects of the slots neglected and the

relation permeance function, X ( «, r ), ie.
Barmature-reaction (0, 7, 1) = Byinding (0, r,t) X (0, 1) (8.52)

where the method of calculating the relative permeance function X (., r) has already been

described in section 5.4.2.

It is worth pointing out that although the above approach is applied specifically to brushless
permanent magnet DC motors, the technique is equally applicable to the analysis of the magnetic
field produced by the stator windings of any AC variable speed motor, such as a transistor

converter controlled induction motor or a brushless permanent magnet AC drive, simply by
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customising it to the particular case. For example, by letting the effective airgap & be the actual
physical airgap in an induction motor and Fp(v, r) = 1, the analysis can be applied to an inverter

controlled induction motor.

8.2.7 Comparison of Predictions with Finite Element Calculations

As was the case for a motor on open-circuit, slotting affects the armature reaction field in two
ways. Firstly the airgap flux density is reduced compared with the flux when unslotted, an effect
which can be accounted for in a similar way to that described in section 5.4.1. However in a
surface-mounted magnet brushless motor, this effect is relatively small. Secondly it affects the

armature reaction field distribution in both the airgap and the magnets.

In this section the results obtained from the proposed analytical technique and those from finite
element analysis are compared for the case when the effect of slotting is neglected, whilst a

comparison when the effect of slotting is included will be described in section 8.4.3.

Fig 8.6 shows the finite element mesh and flux distributions due to the winding excitation alone
at different instantaneous rotor positions for the prototype motor whose parameters are given in
Table 5.1, and whose instantaneous phase currents are obtained from the dynamic simulation of
section 8.2.5, as shown in Fig 8.5. The stator slotting has been neglected and the teeth modelled
by a natural Neuman boundary condition, whilst the winding currents are represented as a current
sheet distributed over the arc of the slot openings. It can be seen that over a large portion of the
airgap the flux paths deviate considerably from the radial direction due to the large effective
airgap, and emphasises the need for the two-dimensional analytical technique instead of the

simpler one-dimensional method.

Fig 8.7 compares instantaneous field distributions along arcs at different radii in the
airgap/magnet region. Since at any radius a contour intersects two layers of finite elements, the
results consist of two parts obtained from upper and lower layers of element, as illustrated earlier

in Fig 5.17. The analytical predictions are also calculated from two radial positions, whose radii
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are given in Table 5.4 for this internal rotor motor. The analytical predictions and the finite
element calculations show excellent agreement in both the waveforms and amplitudes, as shown

in Table 8.2 and Fig 8.8.

It is interesting to contrast these results with those calculated by the traditional 1-d analytical

method and shown in Fig 8.9. Its main features are:

i)  The flux density distribution around the circumference has a stepped rectangular waveform,

the increments in flux density due to the winding current in the slot being:

Ap = MoNsi (8.53)
B

for full pole-pitch windings

where Ns is the conductors in one slot, & is the effective airgap length, and i is the

instantaneous current value.

For example for this particular prototype motor, at time t=0, i =2.15 A, Ns=150,8=

5.45mm

AB = 0075T

iil) The flux density distribution is independant of the radius.
In contrast the 2-dimensional predictions show that:

a) the flux density distribution along the circumference is not a stepped waveform. Due to
the large effective airgap and hence the correspondingly large flux leakage, there is flux
focussing at the stator teeth at the sides of the winding current sheets, and flux
weakening on the rotor surface.

b) the amplitude of the flux density varies with the radius. On the one hand due to leakage it
tends to decrease, with an increase of distance from the current source, whilst on the other
hand due to the flux focussing effect it tends to increase as the radius is reduced. Asa

consequence, for an internal rotor motor in passing from the stator to the rotor hub the flux
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density near the current sheets decreases, whilst near the axis of coils it increases, ie. near
the current sheets the effect of flux leakage predominates, whilst near the axis of the coils
the effect of flux focussing is predominant. Clearly for an external rotor radial-field motor
topology the resultant flux density will decrease in moving from the stator to the rotor
hub.

due to the reasons mentioned above, the flux density distribution varies significantly with
the radius, ie. in passing from the stator iron to the rotor iron. As to the apparant oscillations
in the predictions, this is due to discretisation effects in the finite element analysis and to
the use of a finite number of terms in the Fourier series of the analytical calculation, similar

to that which was discussed in the open-circuit field calculation of section 5.5.1.

time = 1.6666
ms

time = o s

Fig 8.6 Finite element mesh and flux distribution due to the winding excitation alone
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Fig 8.7c Comparison of field distribution produced by the windings at different radii,time=3.33ms
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Table 8.2 Comparison of predicted aramature reaction field for a smooth airgap model

Radius Flux density (FEM) Flux dg::;{: t(ilella)tlyﬁcal
m T T
0.024685 0.084197 0.0830393
0.025078 0.080448 0.0817772
0.025862 0.080443 0.0793699
0.026254 0.076956 0.0782520
0.027038 0.076952 0.0759657
0.027430 0.073750 0.0750948 -
0.028214 0.073748 0.0730580
0.028606 0.070874 0.0718571
0.029082 0.070870 0.0706534
0.029167 0.070369 0.0701847
10.029334 0.070372 0.0696459
0.029417 0.069879 0.0693576
0.029585 0.069884 0.0691550
awo Ormature field vs radius
80 FE Prediction

:70‘)_

o Analytical

'5“00- Prediction

':,5@_

>

Lam

£

3

5

100 J
000

24502;00255026002550270027502&0025502&::29'50300

Fig 8.8 Variation of field under a stator tooth dué to winding excitation alone

rodius (m + 1073)
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8.3 Back-emf Induced in Windings of a Brushless DC Motor

The back-emf induced in the windings of a brushless permanent magnet DC motor can be
calculated from a knowledge of the open-circuit magnetic field distribution, and the winding

distribution.

For a slotless motor topology the open-circuit field is the magnetic field produced by the magnets

in a smooth airgap, ie.
Bopen—circuit (0,7) = Bmagnet (0,7r) = 2 Bpcosnp© (8.54)

When the motor is slotted an average value of the relative permeance can be used to account for

the reduction of the effective flux, ie.

Bopen—circuit (8,r) = Bmagnet (0, 1) Ko (8.55a)
where A, = 1 [1 -16 B%] (8.55)

t
which is identical to equation (5.124). Since it is the flux density distribution at the stator bore

that induces the back-emf in the windings,

Bopen—circuit (8) = Ao Bmagnet (0,1 ) r=R; (8.56)
where Ko, = 1 for slotless motors, and

0 =0 - Oma

where o and O are the angular position referred to the stator and the rotor respectively, and
Oung is their relative position which depends on the speed of the rotor, ie.

Oma = Wrt + B 8.57)
where 0o is an initial angle depending on the commutation angle.

Therefore

Bopen—circuit (0, ) = Ko Z Bn cosnp (0= 0ymg) (8.58)

n

Hence the flux linking a coil is calculated from



|2

Bopen—circuit (0., 1) Ri lef d

ng N

(8.59a)
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where ay is the winding pitch angle, R; is the radius of the stator bore, lef  is the effective axial

length of the stator coil.
Hence
&y
2

v =X z Bn Ri lef j cosnp(0—0mg) da
_%
2
L]
2
= Ao Z 2By Rilef J COSnpO.cosSnp Omg do
0

2Bn R;
= A, Z 2BnRilyf smnp%xcosnpocma

np
n
o 8.59
=% 2, n—anncosnpama (8.59b)
i D
where
(I)n = ZBan Iefxo (860)

and Kgn = sinnp 2‘2.‘2
Therefore the voltage induced in each turn of the coil is

e = —%‘Jt{ = Ao 2 2 Bn Rilef Or Kdn sin np Oma
n

= Z or Pn Kdnsinnp Gna (8.61)

n

Hence for a distributed multi-pole winding, the induced emf per phase is obtained as:
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e = z wr o, W denSin npQma = z En sinnp(xma (862&)
n n
where Ep = oy ®n W Kdpn (8.62b)

W is the series turns per phase;

and Kdpn =KdnKpn is the winding factor, Kpn being the winding distribution factor, and Kan
being the winding pitch factor, which are the same as for the calculation of the magnetic field

produced by the windings, ie. equations (8.20) and (8.45)

Kdn = Kalv=np (8.63a)
Kpn = valv:np (863b)

For a standard inverter fed brushless DC motor under normal commutation the commutation of
the current waveform in a particular phase is time-delayed by an angle 7/6 (elec Rad) from the

zero crossing of its back-emf waveform, as described in Chapter 7 and shown in Fig 8.10.

Therefore, if the phase current is given by

ia= Y, Iusinu(port + 0y) (8.64)

u
with igl,_o = 0 asindicated in Fig 8.10, then for a symmetrical back-emf waveform and

normal commutation, ie.

back—emf

phase current

S —| commutation logic
—7/6 0 2n/3 T—T/6 p(:rt

¢
t=0
Fig 8.10 Relative position between phase current and back-emf waveforms

under normal commutation.
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ea= Y, Ensinn(pwrt+%) (8.65a)
n

For advanced or retarded commutation, the back-emf waveform becomes

ea= Y Ensinn(pwrt—ac+%) (8.65b)

n

where o is the commutation angle in electrical radians, where for advanced commutation

oc >0, for retarded commutation o <0, whilst for normal commutation o = 0.
On comparing equations (8.56b) and (8.62), the following relationship holds:

— Oc T (8.66)
Omag = Ort D + 6p

Therefore 6o is determined from equations (8.66) and (8.57) as:

Olc Y4 (8.67)

Hence re-writing equation (8.62), the back-emf is obtained as

€qg = Z Ensinn(pcort—ac.g.%) (8.68)

n

where En = Qr (Dn Wden = r ( 2 Bn R; lef) Wden Ko (869)

8.4 Resultant Magnetic Field on Load

In previous sections solutions for the open-circuit and armature reaction field components have
been obtained for a surface-mounted radial-field motor, accounting for the effect of slotting. In
this section, these analyses are summarised and the relative positions of the component fields,
and the relative permeance, and the back-emf and current waveforms are established so that the
resultant instantaneous magnetic field for any load condition and any commutation strate gy can

be deduced and compared with predictions from finite-element calculations.
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8.4.1 Relative Positions of the Open-circuit and Armature Reaction Fields, and the
Permeance

In order to obtain a solution for the instantaneous magnetic field under any load condition and
commutation strategy it is critical to determine the relative positions of a variety of functions.

For example:

1)  Reference direction of rotation of the rotor;

2) Reference polarity of current flowing in each phase winding;

3) Reference phase sequence in space;

4)  Reference position for the axis of phase A;

5) Reference position for the corresponding phase current;

6) Reference positions for the fields produced by the magnets and the windings, as well as
for the permeance function;

7) Relationship between time and angular position;

8) Relative position between the axis of phase A winding and the permeance function;

9) Relative position between the axis of phase A winding and the permanent magnet poles;

etc.

All the above items are summarised and discussed in the following:

1) Referen irection of rotation of the rotor

It is assumed that the direction of rotation of the rotor is anti-clockwise, as shown in Fig 8.11.

@ stator

Fig 8.11 Direction of rotation of the rotor.
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2) Referen larity of current flowing in h phase windin

The reference direction of the current flowing in phase A is shown in Fig 8.12.

A starting conductor

Fig 8.12 Directions of current flowing in phase A.

The direction of current flow is such that:

i)  Following the direction of rotation the rotor magnetic field cuts the start conductors A first,
and then the finish conductors A’ of phase A, as shown in Fig 8.12, and similarly for the
other two phases.

i1) The current flowing in the start conductors A is into the plane of the paper, whilst that in
the finish conductor A’ is out of the plane of the paper.

iii) The direction of the mmf produced by the winding is determined by the right-hand rule.

Referen h uence in

stator

Fig 8.13 Sequence of phases A, B, and C in space.
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The sequence is such that following the rotation of the rotor the emf induced in phases B and C
are respectively 120 elec retarded and 120 elec advanced in time with respect to the emf induced
in phase A. This definition will ensure that the time phase sequence is the same as the spatial

phase sequence.
4) Reference position for xis of phase A

The reference position for the axis of phase A is such that the initial spatial angle position, o=0

is defined at the axis of phase A.
Referen ition for the ph rren

The reference position for the phase current is related to the previous definitions. In particular,
the current waveform of A is such that at the initial time, t = 0 when the winding of phase A is

being commutated on the current flowing in the winding has a positive polarity, as shown in Fig

8.14.
ia
_’
t=0 t
Fig 8.14 Definition of initial time for current waveform
6) Referen itions for magnetic fields pr he magnets an windi n
permeance function

As already mentioned in Chapter 5, the solution for the magnetic field produced by the permanent
magnets has areference position, 8 = 0 at the centre of one pole whose direction of magnetisation

is coincident with the positive radial direction of the polar coordinate system, ie.
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Bmagnet (6,r) = Z Bp cosnp 9 (5.53)
n

The solution obtained in section 8.2 for the magnetic field produced by the windings is with

reference to a= 0 being at the axis of the phase A winding, ie.

Bywinding (Q, 1, 1) = z z Buy sin(uport — vupo + 6y) (8.51)

u v

whereas the reference position a =0 for the relative permeance function obtained in section 5.4

is at the centre of a slot opening, ie.

X(o,r)= Y, AucospQsa (5.123)
1!
Relationshi ween time and angul ition

The relationship between the time and the angular position can be determined from a dynamic
simulation, as described in Chapter 7. However for steady-state operation if the speed of the
rotor is assumed to be constant, a simple relationship can be obtained from the preceeding

definitions for the current waveform and the magnetic field produced by the windings.

2 .
since o = @t = gO"’ ¢ (mechanical rad.) (8.70)
71
or o =0t= 36600nr t=6nrt (mechanical degree) ®&.71)
hence t = . (8.72)
6 nr

where ny is the speed of the rotor (rpm).
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Relati ition between the axis of ph indin he permeance functi

The definition of the relative position between the permeance and the mmf produced by the
windings can be determined according to the particular winding topology of a motor. As defined
in 6) above, the reference for the permeance function is at the stator slot axis. However if the
angular position o=0is redefined to be at the axis of phase A stator winding, the physical origin
of the permeance function may no longer be at the stator slot axis. In general there are two cases

which will determine the physical origin of the permeance function, viz:

Case 1: The winding pitch is an odd integer of the slot pitch, as shown in Fig 8.15(a).

Case 2: The winding pitch is an even integer of the slot pitch, as shown in Fig 8.15(b).

axis of coils of phase A (group) axis of coils of phase A (group)
A t A A I A
& ﬂ [ o 1
Osa 0sa =0
> >
a=0 a a=0 a

(a) (b)

Fig 8.15 Relative positions between axes of phase windings and permeance.

It will be seen that in the case (1) the axis of the coils of phase A coincides with the centre of
a stator tooth, whilst in case (2) the axis of phase A coincides with the centre of a stator slot.

Therefore if the magnetic field produced by the windings is defined by

Bwinding(a,r,t) = Z z Buy sin(upa)rt - vupo + eu) (8‘51)

u v

with o =0 being at the axis of phase A windings

and ig = D, Iy sinu(part + 8y) (8.43)

u

then the relative permeance function is given by:
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X((l,f)= Z Kp,COSuQs(a'f'asa) (8.73)
M

where

half slot pitch = A for case 1 (8.74)
Osg = s
0 for case 2
Z (-1 Ky cospQs o for case 1 (8.75)
ie. X(a,r)=4 Y
Y, Ky cospQs a for case 2
n
Relativ ition between the axis of phase A winding and the permanent magn 1
In section 8.3 it was stated that
0 =0 - omg (8.76)
where o is the stator angular position with its reference o = 0 at the axis of phase A

winding, and

Oma is the relative position between the axes of the magnetic fields due to phase
A windings and the magnets.

8.66
Hence ama=0)rt—%+L (8.66)

6p
Therefore if the magnetic field produced by the windings is given by equation (8.51), the

magnetic field produced by the magnets is now given by:

Bmagnet (O, 1, 1) = Z Bp cosnp (O — Omg) (8.77)

n

8.4.2 Instantaneous Field Distributions

In summary the instantaneous field distribution under any specified load condition can be

calculated from



Bioad (@, r,t) = Bopen—circuit (O, 7, t) + Barmature-reaction (0,7, 1)
whilst Bopen—circuit ( o,r, I) = Bmagnet ( Qa,r, t) x ( a, )")
and  Barmature-reaction (®, r,t) = Byinding (0, 7, 1) X(a,r)
where
Bmagnet(a,r,t)= z Bncosnp(mrt—a—%+i)
_ p ©6p
n=13,5,...
Byinding (O, r, t) = z Z Buyysin[u(pwrt) + vu o + 0y]
¥=1,2,3,...¢=0,£1,%2,...
and
X(a,r) = Y, KucospQs(a + 0sa)
u=0,1,2,...
where vy= £ p(6¢c — {i}u)
T for winding pitch = odd integer of slot pitch
Osg = {0s
0 for winding pitch = even integer of slot pitch
and ig = Z Iy sinu(port + 04)
=123, ...
with igl¢=0

Oy is the phase angle of the current harmonics;
Oy is the angular speed of rotation of the rotor;
o is the angular position on the stator;

with al;=0 = 0 and o = O at the axis of phase A stator winding.

(8.78)
(8.79)
(8.80)

(8.81)

(8.82)

(8.83)

(8.84)
(8.85)

(8.86)
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Fig 8.16 shows instantancous field distributions from finite element analyses in which the

instantaneous current values are obtained from the dynamic simulation in Chapter 7 and shown

in Fig 8.5, whilst the relative position is determined by the technique described in the previous

section. Again the results relate to the prototype internal rotor radial-field motor whose

parameters are described in Table 5.1 and whose mesh discretisation is shown in Fig 5.20. Ata

rotor speed of 1500 rpm, from time t =0 to time t = 3.333 ms corresponds to 1/6 of a full cycle,
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whilst time t = 0's, 1.666 ms, and 3.333 ms correspond to the rotor positions 0°, 15°, and 30°
mech respectively. As can be seen, since under the assumed steady-state condition the rotor
rotates at a constant speed, the magnetic field produced by the magnets also rotates uniformly,
whilst the magnetic field produced by the windings rotates in incremental steps between the
commutation events. As a result, the magnetic field on load also rotates non-uniformly. To be
more specific, in the flux distributions in Fig 8.16, at time t = 0 s, only phases B and C are
conducting, since although phase A is just about to be commutated on, its current is still zero.
Attime t = 1.666 ms phases A and C are conducting, whilst phase B is blocked and the current
of phase B is zero. The axis of the magnetic field produced by the windings has rotated by an
incremental angle of 30° elec when the rotor has rotated by 15° mech. However, in the time
interval t = 3.333 ms, no further commutation event occurs, phases A and C continuing to
conduct and phase B still being blocked. When the rotor has rotated a further 15° mech, the
axis of the magnetic field produced by the windings at time t =3.333 ms effectively remains at
the same position as that at time t = 1.666 ms, only the magnitude of magnetic field has changed

due to the nature of the current waveform resulting from the effect of the winding inductances.

Therefore under a load condition the angle between the axes of the open-circuit field and the
armature reaction field effectively varies from 60° elec, at the beginning of a commutation period

to 120° elec at the end of the period.

The instantaneous field distribution derived from the analytical prediction is described in the

next section.

8.4.3 Comparison of Predictions with Finite Element Calculations

In this section predictions from finite element and analytical calculations are compared for the

open-circuit field, the armature reaction field, and the net magnetic field on load.

For the internal rotor motor whose parameters are given in Table 5.1, and whose discretisation

is shown in Fig 5.20, Figs 8.17, 8.19, 8.21, and Figs 8.18, 8.20, 8.22 compare analytical and
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finite element predictions in both circumferential and radial directions for the open-circuit field,
the armature reaction field, and the load magnetic field at different instances in time. For each
condition a comparison of the variation along a radius through the airgap/magnet region is given
in Tables 8.3 - 8.6. The comparisons show that the analytical predictions of the open-circuit,
armature reaction, and load field distributions are in excellent agreement with the results from
finite element analyses. It will be noted that earlier discussions regarding the effects of finite
element discretisation, flux focussing, leakage flux, and oscillations in the predicted field

distributions are still relevant.

For this particular prototype motor the magnetic circuit was not highly saturated, as was
mentioned earlier in Chapter 5. Hence the armature reaction field predicted from an idealised
model, Fig 8.23, in which the teeth have been modelled by a natural Neuman boundary condition
(ie. WFe = o), show excellent agreement with Fig 8.19. Indeed it is usually the case that the
airgap flux density due to the armature reaction field is normally less than 20% of that due to the

magnets, saturation being dominated by the field of the permanent magnets.

8.5 Calculation of self- and mutual-inductances

Itis a relatively simple matter to extend the technique for calculating the armature reaction field,
as described in section 8.2, to the calculation of the self- and mutual stator winding inductances
of the active length of a motor. In section 8.2.6 the magnetic field of a distributed winding has

been obtained as

2Wi 1 8.44
Bwinding (0L, 7,1) = Ho nﬁa Z —V-Ksodevab(v,r)cosva (8.44)

v

where v =pv’ , v = 1,2,3,... for phase A

letting Ba (., ) = Bwinding (@, 7,t)l r=R; = z Bgy cosva (8.87)
v

then, for each harmonic component, the flux per pole is
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2 8.88
(I)v = E Ief% Bav ( )

where 7 is the pole pitch and lef is the effective length of the windings.

The flux linkage between the winding and the harmonic field produced by itself or by another

phase winding is

‘Ilga = ¢v Wdev (8.89a)
2

a

or ‘Pgb = &y W Kgpy cos (8.89D)

N
w|

Hence the self- and mutual stator winding inductances of the active region of either an internal

rotor or an external rotor motor are obtained as:

3

Lg = ia
Y (8.90)
4 Tl W K dpy
"2 p 8 2 ( . Fp (v, r)lr=pR;
y
and
5, v
Mg = "
la
2 (8.91)
= iz e/ be Z [MJ Fo(v,r)lr=p; coslz—"‘

where v = p,2p, 3p, ...

Comparing the above 2-dimensional analysis for calculating the self- and mutual stator winding
inductances with the 1-dimensional model as applied to conventional machine formats, such as
induction motors [8.4], it will be found that the main difference lies in the term Fp (v, ). Indeed,
as has been discussed in section 8.2.3, the function Fp (v, r) accounts for the effect of the airgap

in the 2-dimensional analysis.
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8.6 Conclusions

In this chapter a comprehensive analytical technique has been presented for predicting the airgap
field distribution in radial-field brushless DC motors under any specified load condition,
accounting implicitly for the stator winding current waveform and the effects of stator slot
openings. It is based on a 2-dimensional analysis, in polar coordinates, of the airgap/permanent
magnet region, and combines an analytical calculation of the armature reaction field from an
analytical prediction of the current waveforms, with the open-circuit field produced by the
magnets to enable the instantaneous field distribution to be predicted under any load condition
and specified commutation strategy. The predicted open-circuit, armature reaction, and load

field distributions all show excellent agreement with results from finite element analyses.

Fundamental to the calculation is a knowledge of the relative position of factors such as the
open-circuit and armature reaction field components, the permeance function, the back-emf and
current waveforms etc. This has been analysed and accounted for in the calculation of the

instantaneous field distributions.

In addition 2-dimensional analytical methods for calculating the back-emf and the self- and

mutual-winding inductances has been developed.

The techniques are suitable for either internal or external rotor surface-mounted permanent
magnet brushless dc motor topologies, and should be applicable to the analysis of corresponding

topologies of brushless permanent magnet AC motor.



308

Z {i’lv.’z
it

Wl

g
.\. _
SN

Open-circuit field Open-circuit field Open-circuit field
time = o s, 0° mech. time = 1.6666 ms, 15% mech. time = 3.333 ms, 30° mech.

Armature reaction field Armature reaction field Armature reaction field
time = o s, 0° mech. time = 1.666 ms, 15° mech. time = 3.333 ms, 30° mech.

Load field, 1500 rpm Load field, 1500 rpm Load field, 1500 rpm
time = os, 0° mech. time = 1.666 ms, 15° mech. time = 3.333 ms, 30° mech.

Fig 8.16 Instantaneous field distributions
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Table 8.3 Variation of open-circuit field along a pole axis
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Radius Flux density (FEM) Flux d;;‘:(ih‘.it(iz‘r‘:)‘lyﬁcal
m T T
0.024685 0.35724 0.353855
0.025078 0.34154 0.348326
0.025862 0.34152 0.337777
0.026254 0.32729 0.332722
0.027038 0.32728 0.323307
0.027430 0.31413 0.319261
0.028214 0.31412 0.310705
0.028606 0.30218 0.305493
0.029081 0.30217 0.299224
0.029164 0.29975 . 0.298811
0.029331 0.29975 0.296829
0.029414 0.29746 0.295997
0.029580 0.29746 0.295004
0.029662 0.29475 0.295116
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] Analytical
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FFig 8.18 Variation of open-circuit field along a pole axis
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Table 8.4 Variation of armature reaction field under a stator tooth
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Radius Flux density (FEM) Flux d;f:;zézﬁ;‘ly tical
m T T
0.024685 0.080823 0.0798130
0.025078 0.077467 0.0787963
0.025862 0.077470 0.0770409
0.026254 0.074791 0.0762781
0.027038 0.074800 0.0749410
0.027430 0.072494 0.0746756
0.028214 0.072502 0.0735097
0.028606 0.070233 0.0728534
0.029081 0.070234 0.0718931
0.029331 0.070019 0.0709628
70.029662 0.069298 0.0695147
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Fig 8.20 Variation of armature reaction field under a stator tooth
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Fig 8.21b Comparison of load field distribution at different radii, time=1.66ms
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Table 8.5 Variation of load field under a stator tooth at 0° mech.
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Radius Flux density (FEM) Flux d;::;z t(i?::)ﬂ.yﬁcal
m T T
0.024685 0.35602 0.351317
0.025078 0.34080 0.345705
0.025862 0.34076 0.336062
0.026254 0.32711 0.330988
0.027038 0.32707 0.320939
0.027430 0.31447 0.316222
0.028214 0.31444 0.308877
0.028606 0.30252 0.302611
0.029081 0.30252 0.300554
0.029164 0.30010 0.299221
0.029330 0.30011 0.297439
0.029413 0.29777 0.296726
0.029580 0.29778 0.295501
0.029662 0.29576 0.293660

ao load field vs radius (O degree)

0% -

FE Prediction

- \
025 Analytical
-~ ] Prediction
s
002
oI5 |
2

Q10 |

aos 4

000

245025m55026m255027m275028m2é5025;m29'3)£1m
rodius (0 degree) (m + 1073)

Fig 8.22a Variation of .load field under a stator tooth at 0° mech.



Table 8.6 Variation of load field under a stator tooth at 30° mech.
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. . Flux density (analytical
Radius Flux density (FEM) prediction)
m T T
0.024685 0.27314 0.277470
0.025078 0.26098 0.272968
0.025862 0.26098 0.263970
0.026254 0.24938 0.259682
0.027038 0.24936 0.250880
0.027430 0.23884 0.247395
0.028214 0.23883 0.239365
0.028606 0.22931 0.235810
0.029081 0.22929 0.230962
0.029164 0.22751 0.228647
£ 0.029331 0.22751 0.227153
0.029414 0.22542 0.226262
0.029580 0.22542 0.225220
0.029662 0.22373 0.224183
o Jood field vs radius (30 degree)
Analytical
025 | ~~ Prediction
~% FE Prediction
-
< Qis
:
o010
om -
om T
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Fig 8.22b Variation of load field under a stator tooth at 30° mech.
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CHAPTER 9

ESTIMATION AND ANALYSIS OF ELECTROMAGNETIC
FORCE, VIBRATION, AND ACOUSTIC POWER OF
BRUSHLESS DC MOTORS

9.1 Introduction

One consequence of the adoption of electronically controlled drive systems is that the phase
current waveforms are no longer purely sinusoidal but contain significant harmonics [9.1] which
greatly increase the possibility of resonances between the exciting forces and the stator structure,
as well as the total level of emitted acoustic noise. Therefore, the study of the emitted acoustic
noise cannot be restricted to the motor itself but must consider the complete drive system,
including the supply inverter. Although this aspect has been the subject of recent research, much
remains to be studied since to date only normal component identification on the noise spectrum
from AC adjustable speed drives has been investigated [9.2][9.3]1[9.4][9.5]. Further, little
research has been reported on the prediction of acoustic power radiated from such drives, whilst
significant assumptions are usually employed, eg. the current waveform is assumed to contain a

fundamental component only [9.6].

Many applications for brushless permanent magnet DC motor drive systems are noise sensitive.
However the analysis of noise from brushless DC motors is somewhat different to that for
adjustable speed AC drives which are based on induction motors and transistor/thyristor
inverters. The vast majority of brushless DC motors have surface-mounted permanent magnet
rotors, which leads to a large effective airgap, whilst the armature reaction field results from
phase current waveforms which necessarily depart from the ideal rectangular waveform and
rotates in incremental steps between commutation events, as described in Chapter 8. Therefore
relative to its brushed counterpart, whilst the removal of the commutator can lead to a significant

reduction in the mechanical noise, the non-ideal phase current waveforms tend to increase the



325

electromagnetically generated noise, despite the fact that in surface-mounted topologies the slot
harmonic fields are alleviated because of the large effective airgap. Furthermore significant
torque ripple can arise due to commutation events as well as cogging, both of which will induce
tangential vibrations. However to date no investigations have been reported on the noise emitted

from brushless permanent magnet DC motors.

Although the techniques for calculating the airgap field, radial force, vibration, and hence
acoustic noise have been applied primarily to induction motors [9.7][9.8][9.9]1[9.10], the models
for predicting the vibration and noise are equally applicable to permanent magnet excited
machine formats. However, even for induction motors, existing analytical methods are feasible
only for particular forms of stator construction [9.7][9.11], whilst numerical methods are usually
difficult to apply because of the movement of the rotor on the one hand [9.12][9.13] and the

non-sinusoidal current waveforms on the other.

In Chapters 5, 7, and 8 a comprehensive analytical technique was presented for predicting the
airgap field distribution in radial field brushless motors under any load conditions, accounting
implicitly for the corresponding stator winding current waveforms, the large effective airgap,
and the effects of the stator slot openings. The predicted open-circuit, armature reaction, and
load magnetic field distributions have all shown excellent agreement with corresponding results

from finite element analyses.

In this chapter an analytical technique for predicting the acoustic power level of a brushless DC
motor is developed and compared with the measurements on a prototype radial field internal
rotor encased-type motor. The technique calculates the load field distribution analytically,
according to the method described in Chapters 5, 7, and 8, whilst the resulting radial force density
waves acting on the stator are evaluated by the Maxwell stress, and then used as the input to
vibrational response and acoustic radiation models. The acoustic radiation model is based on
the cylindrical model of finite length developed in Chapter 3, whilst the vibrational response

model accounts for the effects of both the iron core and the frame, as well as damping effects.



326

The vibrational response model is developed further from the initial lumped parameter model
established by the author [9.11][9.9] with due account of the stiffening effect of the frame, whilst
according to the results reported in Chapter 2, the modifying effects of the end-shields on the

stiffness of the stator is established by experiment.

9.2 Spatial and Time-Dependent Radial Force Calculation

9.2.1 Radial Force Density Wave

The vibrational force waves acting on the stator bore can be calculated by Maxwell stress,

neglecting the tangential component of the flux density

Bz(a,t)} N 9.1)

o,t) =
p(o,t) 21

The general form of the vibrational force waves, in which a large amplitude and low mode number

are important from the viewpoint of noise and vibration, is given by:

p(OL,t)= z PmCOS((Dmt‘i'ma"'amo) (92)
where m is the mode number and m is the angular frequency of the force wave. Both are
computed from the orders and angular frequencies of the flux density harmonic components.
As summarised in section 8.4.2, the instantaneous field distribution under any load condition

can be calculated from:

Bioad (., r,t) = Bopen—circuit (., 1, t) + Barmature—reaction (04, 7, 1) 9.3)
whilst Bopen—circuit (O, 1, t) = Bmagnet (., 1, 1) A(o,r) 9.4)

and  Barmature-reaction (Q, 1, 1) = Bwinding (0, r,t)R (i, 7) 9.5)
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Therefore the spatial and time dependent harmonics of the flux density for the prediction of noise
and vibration from an internal rotor motor is obtained by setting r = R;, ie., evaluating the flux

density at the stator bore.

Since B(a,t) = Bipad (0, r,t) ] r=R; (9.6a)
Therefore B (a,t) = [Bmagnet (0,¢) + Bwinding (@, £)]% (a0) (9.6b)
where Bmagnet (0, t) = Bmagnet (O, 1, 1) | r=R; (9.6¢)

Byinding (@, t) = Bwinding (O, 1, t) | r=R; (9.6d)
and X(a)=X(o,r)lr=g (9.6¢)

Since the evaluation of equations (9.1) and (9.2) involves considerable computation, a CAD

program, whose flow-chart is shown in Fig 1.3, has been developed to evaluate:

a) relative permeance waves;

b) magnetic field distribution produced by the magnets (slot openings neglected);
¢) open-circuit magnetic field distribution (accounting for slot openings);

d) cogging torque waveforms;

e) steady-state dynamic phase current waveforms;

f) tangential torque waveforms;

g) magnetic field distributions produced by the windings (slot openings neglected);
h)  armature reaction field distributions (accounting for slot openings);

i)  load magnetic field distributions;

j)  radial force waves.

The above calculations involve three basic operations with the spatial and time-dependent Fourier
series terms, viz:
If A=) Arcos(A2r+A30+As) (9.72)

B = ZB1cos(th+B3a+B4) (9.70)

and C = 2 Cicos (C2t+C3a+Cs) 9.7¢)
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i) C=AB

c=yY A1231 cos[(A21B2)t+ (A3t B3) o+ (As+Bs)] 9.8)
i) C = A2

c=Y3 AIZA’I cos[(A21A2) t+(A31A3)a+ (A4t A’s)] 9.9
iii) C=A+B

If A =B and A3 = B3 then

C1 = V(A1 cos Ag + B cos B4 )2 + (A1 sin A4 + By sin B4 ) (9.10a)
_ A1 cos A4+ B1 cos B4 (9.10b)
C4 = arctan{ A1 sin A4 + Bj sin 34}

- However for the prediction of the noise on open-circuit, it is possible to employ a much simpler

approach which is described in [9.14].

The frequencies of the vibration and noise under any load condition are proportional to the pole

number, 2p, and the rotor speed nr, ie.

= pnr - 9.11)
f=2k 60 k=1,2,3....
which is the same as for the open-circuit condition [9.14]. However as the load is applied it
will cause the amplitude of the noise spectrum to vary, whilst the frequency will also change
with the rotor speed. Clearly the noise spectrum for a brushless DC motor will differ from that

for induction motors, synchronous motors, and DC commutator motors etc, as described in

section 1.2.

The calculation of the relative permeance and the field produced by the magnets and the

windings, ie., X (o), Bmagnet (., t ) and Byinding (@, t) are summarised in sections (9.2.2),

(9.2.3), and (9.24).



9.2.2 Relative Permeance

The relative permeance is expressed in the form of a Fourier series, viz:

oo (9.12a)
K(owr)y= 3, RKucospuQs(a + o)
p=0,1,2,...
K3 . o . . (9.12b)
where 05z = {0 for winding pitch = odd integer of slot pitch
0 for winding pitch = even integer of slot pitch
therefore
Z (—1)H Aucos w Qs o for winding pitch = odd integer of slot pitch
X(o,r)=4 & ,
Z Ay cospQs a for winding pitch = even integer of slot pitch
n
where (9.12¢)
_ 1 bo (9.13a)
. —
b (9.13b)
Ap=-B Gy (r—f}

bo |2 (9.13¢)

and Gu|— L1 0.5+ — sin 1.61tu22
) BT 0.78125—2(u@j2 “
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where K¢ is the Carter coefficient, which accounts for the increase of the effective airgap, and

bo and 7 are the slot opening and the tooth-pitch respectively, Qs is the number of stator slots,

whilst [ depends on the radial position along the axis of a slot and is determined bythe

conformal transformation. However, at the stator bore surface B is given by:

B=%[l'\/ bolz 2] (9.14)
l+[??J (14+v°) ‘

where v is determined from:
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g’l l Va2+v2+v 2g arctanzg’ v
bo 2! NYZ 2 -y bo bo g2+ 2 (9.15)

where ¢’ = g + ﬁ—'; is the effective airgap; a° = 1+(£8—J2

9.2.3 Magnetic field produced by magnets

For an internal rotor topology the magnetic field produced by the magnets is given by equations

(5.62), (5.57), and (8.81), ie.

oo

o
Bmagnet (0,1, 1) = By (r,0) = Y, Bupcosnp(@rt — o — — + Xy
n=1,3,5,... P 6p

where (9.16a)

for np =1 and (9.16b)

My mp
o=
MR (np)? -

Tur+1 1 - R_m 2np _ HR—1 RO 2np Rm 2np
HR Ri HR Ri Ro
np—-1 RO np+ 1 RO np+1 (9.16¢)
Rl R; r

fornp # 1
p .1
Sinn 1t2a (9.17)
whilst Mp = 2BRr op
nxop
2
Ro=Ri—g and Rm=Ri—g—hm (9.18)

Therefore at the stator bore, ie., r = R; , the flux density distribution is obtained as:
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when np=1
Rol2 _(Rm)2 , (Rm)2, [Ro)2
B (a, 1) =M1 (Ri] (Ri] +(Ri] ln(Rm]
HR i HR Ri Ro
9.19
cos(cort—-a—%c—+%) (9.19)
and when np # 1
Mn np Ro\np+1
B atr)= Y 2— —|"P
magnet ( ) Z UR (np)2 _ 1[Ri)
(np—1) +2(R—'" mprl_ (np+l)[R—m] np
Ro Ro
Ter+1 T (Rm\onp|_ BR=1[ (Rolonp _ (Rm)omp
HR Ri MR Ri Ro
Ol L (9.19b)

pa— _——+_
cosnp(wrt — o » 6p

9.2.4 Magnetic Field Produced by Windings

The magnetic field produced by the windings is given by equations (8.51) and (8.82), ie. by

letting r =Rj, ie.

(=] (-]

3w 1
Byinding (0, t) = —" Z Iy z —KsovKdpv Fp (v, r )l r=R;
o v
u=12,3,... ¢=0,£1,%2,...
sinfu(pwrt) + vy o + 6] (9.20a)
Rm (9.20b)
1+ R:
where F1,(v,r)|r=1i’,~=8l :
Ri R 2
R
d=g+hn=¢ (9.20¢c)
vu= £ p(6c - {x}u) (9.20d)

oo (9.20e)
and ia= Y, Lisinu(port+0y) (ige=0)
u=12,3,...
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whilst Kdpv is the winding factor determined by equations (8.23a) and (8.45); Ksov is the slot

opening factor given by equation (8.34).

9.3 Analytical Model for Vibrational Response Estimation

9.3.1 Vibrational Response of the Stator

As was mentioned earlier, due to the complexity of the stator structure existing analytical
calculations of the dynamic mechanical response of a machine to the electromagnetically induced
exciting forces is usually restricted to a single ring model of the stator core. Hence it cannot
account for the effect of the frame etc. In this section an analytical model for calculating the
vibrational response of the stator is also presented. It employs an equivalent lumped force [9.9],
and utilises the measured damping ratio which was obtained independently by Yang and Hubner
[9.7], the method for estimating the natural frequencies of a single ring type core developed by
Jordan, Frohne, and Uner and summarised by Yang [9.7] is extended to calculate the vibrational
response of the encased type stator by introducing the lumped stiffness and mass [9.9], whilst
an approximation to the effect of the frame is obtained by modifying the radial thickness of the
core yoke. Further, the increase in the stiffness of the stator due to the restricting effect of the
end-shields, which was studied in Chapter 2, is studied further and accounted for by

experimental modal analysis.

For an encased stator type motor, and assuming the radial vibration of the core and the frame to

be identical, the radial vibrational displacement can be calculated from:

P'm 1 (9.21)

e

where P’ is the equivalent lumped force [9.9], given by

Pm= 2TCR1 l(;Pm (922)
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where Rj is the inner radius of the stator bore, I¢ is the axial length of the core, Pm and f are the
amplitude and frequency of the excitation radial force density wave, from equation (9.2), fm is

the m'™ order natural frequency of the stator, which can be determined from:

_ 1 \En (9.23)
fm - 2T Mm

Km and Mn, are the lumped stiffness and mass of the stator.

€ is the damping ratio of the stator, which can be determined experimentally. For a stator with
windings the measured results obtained by Yang and Hubner [9.7] for small and medium sized
machines are almost identical, and therefore can be utilised in the calculation. It is modelled

~ approximately as:

218 = 2761077 f + 0.062 (9.24)

9.3.2 Effect of the Frame

Most small motors normally have an encased type stator, the core of which is simply pressed
into a frame. As a consequence the frame has a significant effect on the vibrational response of
the stator. Further, as mentioned in Chapter 2, the end-shields significantly increase the stiffness

of the stator. Hence their modifying effect must also be considered.

For a mode order m =0 or 1 the stiffness of a single thin ring is directly proportional to its radial
thickness, h, axial length, 1, and modulus of elasticity, E, and inversely proportional to its mean

radius, R, ie:

K proportional to % (9.25)

Since the frame may have a different axial length and material from rest of the core, as an

approximation it is reasonable to simply let
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Efhely _ Ech'flc (9.26)
Rcf Rcf
hence h’f = ——gf ;f hf ©.27)
C iC

where Ref is the modified mean radius of the stator and hf is the equivalent radial thickness of

the frame when the frame is converted to the same material and axial length as the core yoke.

Similarly form = 2 since

3 (9.28)
K proportional to E:3l
then letting
Efilf  Ech}l (9.29)
Ref Ref '
% (9.30)
gives h'’y = (EEL?J hf
c

Therefore the radial thickness, the mean radius, and the weight of the core yoke are modified

according to:

hef = he + ¥ (9.31a)
Ref = Rc + V2 ks (9.31b)
Gcf = G¢ + Gf (9.31¢)

With this simple approach if the material and axial length of the frame are identical to those of

the core, ie:

Ef = E¢, Ir=1 (9.32a)
Thenform=0,1,and m = 2

K¢ = hf (9.32b)
and

hef = he + hf (9.32¢)
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Ref = Re + Vaky (9.324d)
Gef = Ge + Gf (9.32¢)
which are physically correct since the frame effectively acts as a portion of the core.

9.3.3 Lumped Stiffness and Mass of the Stator

The lumped stiffness and mass of the stator can then be calculated by the method given in [9.9].

When the vibrational mode order m = 0, ie. for the pulsating vibration mode

27 Ec hcf l(; (9.33a)
A
Rcf
M, = C:;cf A (9.33b)

whilst for m=1

Ki = 2nEchetle (9.34a)
R(;f

M= G A (9.34b)
¢ Ft

when the vibration of mode orderm = 2

2mE] 9.35a
Km=%(m2—1)2 Fgm ( )
Rgf
Gf A m® + 1 (9.35b)
Mmn= =% — —
4 Fm m

where Fem is the ratio of the natural frequencies of the complete assembled motor to those of the
stator alone, and is introduced to account for the increase of the stator stiffness due to the
restriction effect of the end-shields, and can be determined experimentally or by finite element

analysis; F1 and Fm are determined from [9.7]:
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5 1 (9.362)
F1 = A
1 + izfm
Y 9.36b
Z(m? = 1)[m*(4+Am/A) + 3] (9.36b)
Fnm =11+ T
m +
where i= 7—12 %’i 9.37)
C,
- Kl (9.38)
L= e

I¢ is the moment of inertia of the cross-section, whilst A and Am are the mass addition factors

for displacement and rotation respectively, and are defined as:

Ay Gt Gwit G (9.39)
Gcf
_ Qs 6; Ovr Ovr (9.40)
Am =14 Ry T 2nlRy
2 (9.41)
_ 3 11 hef hef
where evr = Svr hvr |:3 + (2 her + (2 hvr
and
2 (9.42)
o3| L (k) (P
0r = S; Ay {3 +[2htj+ [th
N Gt + Gwi (9.43)
St = S———

Gy

where S¢ and Svr are the mean sectional area of a tooth and a ventilating rib, respectively; Gc,
Gf, Gt, Gwi, and Gyr are the weight of the core yoke, frame, teeth, winding including the
insulation, and the ventilating ribs respectively; Gecf, hef, Ref are the modified weight, radial
thickness, and mean radius of the core yoke, with due account for the effect of the frame by
equations (9.27)(9.30)(9.31); R, hc are the mean radius and radial thickness of the yoke, and
ht, hyr are the radial height of a tooth and a ventilating rib; Qs, Qvr are the number of teeth and

ventilating ribs; Ec is the modulus of elasticity of the core material; g=9.8 m/s.
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9.4 Analytical Model for Acoustic Power Level Prediction

In the cylindrical model of finite length, the ends of the machine are replaced by infinitely long
cylindrical stiffening baffles, such that the vibration of the stator is not transmitted into the
extensions. The relative sound intensity I has already been obtained in Chapter 3 and is given

by equation (3.13), ie.

) 1 (9.44)
o 2kab ¥ 2 -2) sinbx)2
2, I 2(aVE-R )Y 2(aVP-2) | bx

where b=1f/2; K=o /c, w=2xf, c is the speed of sound; and a is the outer radius of the

frame. J'n and Y’n are the differentials of Bessel functions of the 1st and 2nd kind.

Knowing the relative sound intensity and the vibration the acoustic power radiated by an electrical

machine is calculated from:

W = %pc(mArd)2.41tab.11 =2pcn’flAm?. dnab. I 9-45)
where pc=415kg/m and pc is the sound resistance in air.

Hence the acoustic power level is obtained from:

Ly = 101ogio W (9.46)

W,
where Wo =10"12 (W),

9.5 Validations

In this section the predicted acoustic power spectrum of a brushless DC motor is compared with
the measured acoustic power spectrum obtained from the measurement of the sound pressure
spectra around the motor when it is placed in an anechoic chamber, whilst the analytical model

for predicting the vibrational response of the stator is partially validated by comparing its
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predicted natural frequencies with those derived from finite element analysis and measurements.
Further confirmation of the conclusions cited in Chapter 2 regarding the effect of the end-shields
on the natural frequencies of a small motor is obtained. In addition the calibration of a noise

measurement system is proposed and described.

9.5.1 Description of Experiments
i) Experimental machine

The experimental machine is the 4-pole, 12-slot, 3-phase, overlapping winding, surface-mounted
magnet, radial-field brushless DC motor, the electromagnetic parameters of which are listed in
Table 5.1. The open-circuit, armature reaction, and load field distributions, as well as the
dynamic performance have already been studied in Chapters 5, 7, and 8. The dimensions

required for the calculation of the vibrational behaviour and acoustic power are as follows:

Weight of frame 0.322Kg
Weight of core 0.341Kg
Weight of teeth 0.121 Kg
Weight of winding, including insulation 0.92Kg
Total stator weight 1.72Kg
Outside diameter of frame 0.11m

Inside diameter of frame (ie. outside diameter of core) 0.101 m

Equivalent height of core yoke

(circular slot bottom equivalent to rectangular bottom) 0.008 m

Height of teeth 0.01325m
Width of teeth 0.00486 m
Axial length of frame 0.08 m
Axial length of core 0.02m

ii) Experimental apparatus

The main component of the measurement system is a dynamic signal analyser, HP 35660A. For

the noise measurement a precision integrating sound level meter, B & K 2221, is used, whose
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AC output is input to the HP 35660A for spectral analysis of the sound pressure level, as shown
in Fig 9.1. Both the B & K 2221 and the HP 35660A are calibrated by the sound level calibrator
B & K 4230. A modally tuned impact hammer which incorporates a force transducer, PCB
086B03, an accelerometer, PCB 303A03, and two battery power units, PCB 480B02, is used in
the measurement of the natural frequencies of the stator as shown in Fig 9.2. For both the noise
and natural frequency measurements, the motor is placed on sponge, as shown in Figs 9.1 and

9.2.

iii) Anechoic chamber

An anechoic chamber, Fig 9.3, which was originally designed for microwave measurements
was utilised for the noise measurement of the test motor. Although the anechoic chamber, whose
height, length, and width are 2.5 m, 3.5 m, and 2.0 m respectively, was smaller than the standard
for machinery noise measurement, it was found to be suitable due to the small dimensions (0.11m

x 0.08m - diameter x axial length) of the test motor.

In order to simulate a semi-free acoustic field the acoustic absorbing material on the floor was
removed and replaced by polystyrene, whose thickness was around 5 mm, so that sound waves

could be fully reflected from this surface.

Meanwhile in order to minimise background noise, which may be introduced by fans etc, the
dynamic signal analyser and the DC power supply were both placed in an adjacent room, as

shown in Fig 9.4.

iv) Background noise

In order to demonstrate the acoustic characteristic of the anechoic chamber the background noise

was measured and analysed.

Fig 9.5 shows the background noise spectrum measured inside the anechoic chamber, as well as

the comparison of the noise spectrum when the test motor ( with ball-bearings) is running on
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Fig 9.1 Noise measurement system

DN

Fig 9.2 Vibrational behaviour measurement system
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Fig 9.3 Noise measurement in an anechoic chamber
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Fig 9.4 Schematic of noise measurement

no-load and at stand-still ( the measurement point being located at a central radial position, 0.4m
from the centre of the motor ). It shows that whilst the background noise is very low at higher
frequency, the anechoic chamber is subjected to a large background noise at low frequencies,
below 242 Hz. As aconsequence, when the motor is running on no-load in the frequency range
10 - 242Hz  the noise spectrum is dominated by the background noise. However at other
discrete frequencies the components of the no-load motor noise are normally higher than the
background noise by 20 - 40 dB, which is considered to be good enough for the motor noise

measurement.

In order to analyse the low frequency background noise the sound level meter was moved to the

adjacentroom and placed near the analyser and power supply, as shown in Fig 9.6, and the sound
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pressure spectrum measured. Fig9.7 shows the resulting spectrum, together with the background
noise spectrum measured inside the anechoic chamber. It can be seen that the 242Hz noise
component, which is produced by the cooling fan inside the analyser, is significant on both
spectra, and that below this frequency almost every frequency component on the measured
noise spectrum corresponding to one on the background noise spectrum. Since at low frequency
the sound waves can easily penetrate through the wall, due to their long wavelength and low
absorbing coefficient of the wall to low frequency sound waves, it is clear that although located
in an adjacent room, the analyser and the power supply are the main cause of the low frequency
background noise inside the anechoic chamber. Fortunately, however, most of the noise
components produced by the test motor have a higher frequency and the measurements of most
interest are the higher frequency components due to the low-frequency attenuation of A-weighted

sound level in the standard of noise measurement.

9.5.2 Comparison of Natural Frequencies of Stators

In this section the predicted natural frequencies of the stators, from the analytical model
developed for predicting its vibrational response, are compared with those from finite element
analysis and measurements. Also, the increase of the natural frequencies of the stator due to the

restricting effect of the stator end-shields is observed in the measurements.

i) Annular ring

This simple model is a solid ring of mild steel [9.15], the inside and outside diameters of which
are 0.386m and 0.4762m respectively. Table 9.1 compares the measured natural frequencies
obtained by Girgis and Verma [9.15], as well as by the author [9.16], and predictions from a
finite element analysis [9.16] and from the analytical model described in section 9.3. As expected
for this simple annular ring, the analytically predicted results are in good agreement with both

the measured and the finite element results.
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Fig 9.6 Measurement of fan’s noise of the analyser
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Table 9.1 Comparison of natural frequencies of an annular ring

Mode order 0 2 3 4 5
Girgis & Verma’s
measured results, 599 1652 3067 4687
Hz,[9.15]
Author’s measured
results, Hz,[9.16] 593 1593 3025
Author’s finite element
results, Hz,[9.16] 3806 602 1641 3007 4664
Analytical prediction, Hz 3793 600 1628 2961 4507

ii) Core without winding

The core has 36 slots [9.17], and its inside and outside radii are 0.0625m ans 0.1025m
respectively, whilst the radius at the bottom of the slots is 0.0875m. The weights of the yoke and
the teeth are 7.7Kg and 4.65Kg respectively. Table 9.2 compares the measured natural
frequencies obtained by Verma and Girgis [9.17], and the analytically predicted results, as well

as finite element predictions [9.18].

Table 9.2 Comparison of natural frequencies of the core without winding

Mode order 0 2 3 4 5 6
Verma& Girgis’s
measured results, 6620 770 2025 3550 4880 5630
Hz,[9.17]
Author’s finite
element results, 6680 776 2048 3577 5017 5948
Hz,[9.18]
error (%) 0.91 0.78 1.14 0.75 4.52 5.64
Analytical prediction, 6630 780 2080 3640 5070 6070
Hz, error (%) 0.15 1.9 2.7 25 5.6 7.8

Again, the analytically predicted results are of high accuracy. It will be noted that Frohne’s
analytical formula [9.7] for calculating the natural frequencies of the stator with teeth and
winding is a particular case for the developed analytical model for predicting the vibrational

response of the stator. Further validations of Frohne’s formula, which can be foundin [9.17],
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can be used to validate the analytical model of this chapter only when the core itself is

modelled.

iii) Stator with winding and frame

This is the test motor refered to in section 9.5.1 which has a cast aluminium frame with a different
axial length from the core. The effect of the frame on the natural frequencies, as well as the
vibrational response of the stator, has been accounted for according to the method described in

section 9.3,

Table 9.3 compares measured and predicted natural frequencies, whilst its excitation impulse
force applied by the hammer and the corresponding frequency response (transfer function) are

shown in Fig 9.8.

As a comparison the analytically predicted natural frequencies of the core with the winding only,
ie., the stator frame being neglected, are also listed in Table 9.3. Clearly for this particular motor
the effect of the frame is very significant, as is likely to be the case in general [9.7]. Therefore
a large error will be introduced if its effect is neglected, as it is normally assumed in the analytical
prediction [9.7]. The good agreement between the analytically predicted and measured results
indicates that the method proposed in section 9.3 can be used to account for the effect of the

frame.

Table 9.3 Comparison of natural frequencies of the stator with winding and frame

Mode order 0 1 2 3 4 5
Measured results, Hz 10040 1920 4608 7488
Analytical prediction, | 10425 14386 1891 4681 7767 10913
Hz, error (%) 3.8 / -1.5 1.6 3.7 /
Analytical
prediction,neglecting | 8970 12427 1125 2878 4915 7059
the frame, Hz
error (%) -10.7 / -41.4 -39.5 -34.4 /
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iv) Effect of end-shields

As mentioned in Chapter 2, because of their stiffening effect, the end-shields significantly
increase the values of the natural frequencies of the stator. Therefore the change of the natural
frequencies before and after the end-shields were bolted to the stator has been measured and a
similar conslusion to that given in Chapter 2 was obtained. Fig 9.9 shows the excitation impulse
force signal and the measured frequency response (transfer function) of the assembled motor,
whilst the effect of the end-shields on the natural frequencies and modes are shown in Table 9.4

and Fig 9.10.

From the measured results, the modifying coefficients of the end-shields on the natural

frequencies of the stator are obtained as:

Fom = fm ( assembled motor) (9.47)
fm (stator only)
hence Fe2 = % = 1.82
Fe3 = jé—gg = 1.33
Fe4 = %g = 1.32

Table 9.4 Effect of end-shields on the natural frequencies of a brushless DC motor

Mode order 2 3 4
Stator only, Hz 1920 4608 7488
Whole motor assembling, Hz 3500 6130 9920
Ratio of increasement, Fem 1.82 1.33 1.32

9.5.3 Calibration for Noise Measurement

In this section the calibration procedure for the noise measurement system is proposed and

described.
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mm=4 7488 Hz m=4 $920 Hz

(o) Stator only (b) Whole motor assembling

Fig 9.10 Natural frequencies and modes of a motor stator with/without end-shields & rotor

(Note: measurements are carried out in a quadrant region and results are presented according to the
symmetry of the modes)
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i) Calibration of sound level meter

The calibration of the sound level meter, B&K 2221, was undertaken strictly according to the
instruction mannual [9.19] by using the sound level calibrator, B&K 4230, which generates a

pure sinusoidal 1KHz, 94dB sound wave.

ii) Calibration of noise measurement system

As mentioned earlier in section 9.5.1, the noise measurement system consists of the sound level
meter, B&K 2221, and the dynamic signal analyser, HP35660A. However, since the dB value
on the dynamic analyser is the dBVrms, which is the dB value of the input voltage signal, it must
be calibrated and converted into the dB value of the sound pressure. Therefore the following

calibrations have been adopted in the sound pressure level spectrum analysis:

a) connect the AC output of the sound level meter, B&K 2221, to the channel one input of the
analyser, HP 356604, as shown in Fig 9.11.

b) setthecontrol on the sound level meter to Functions: *Peak’; Range: ’45-105°, Mode: 'Run’,
and Power: "On’.

c) fit the sound level calibrator, B&K 4230, over the microphone, as shown in Fig 9.11.

d) start the sound level calibrator and press 'Reset’ on the sound level meter.

e) set the analyser to Function: *’Channel one spectrum’; Average: ’On’, and Number: *10’;
Window: "Hanning’; Frequency range: *800-1200Hz’; Scale: ’Auto’.

f)  start the real-time average on the signal analyser so that its frequency spectrum is measured,
as shown in Fig 9.12.

g) values of 488.31 mVrms and - 6.226 dBVrms are measured from the spectra, which
correspond to the sound pressure level 94dB (1KHz) when the sound level meter is set to

the measurement range 45-105.
From the calibrated results the following calibration constants are calculated:

a) The reference voltage value in the analyser, HP 35660A

Since  L'p = 20 logi0y- (9.48)
o
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where L’p is the dB value of the voltage on the analyser, HP35660A, corresponding to its

absolute value V.

Since V =0.48831 Vrms, L’p =- 6.226 dBrms
therefore Vo=1 Vrms
b) The relationship between dB values of voltage and sound pressure is

LP=L’p—ALpa+C

where Lp is the dB value of the sound pressure level; C is the calibration constant; ALpa is the
dB attenuation of the sound level meter, B&K 2221. If AlLpa is chosen as zero for its range

’25-105’, it can be obtained from other ranges, as given in Table 9.5.

Table 9.5 Relative attenuation of the sound level meter

Range, dB Vpa (times of Vrms) ALpa (dBVrms)
25-85 1 0
45 - 105 1/10 -20
65 - 125 1/100 -40
85 - 145 1/100 - 60

Since according to the above calibration when the measurement range of the sound level meter

is set to *45-105’, and the sound level calibrator generates 94 dB sound pressure level, ie.

Lp = 94dB, L’p =-6.226 dBVrms, ALpa =-20dBVmms

ie. 94 =-6.226 + 20 + C

therefore C=280.226 dB

Hence Lp=L’p-ALpa + 80.226 (dB)

In the later measurement of noise from the brushless DC motor, the range of the sound level

meter is always set to *25-85” due to the low noise level being measured, therefore, ALpa = 0 dB

Lp=L"p - ALpa + 80.226

9.50)

9.51)
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9.5.4 Sound Pressure Level Spectrum Measurement
i) Distribution of measurement points

In order to effectively estimate the acoustic poweremitted from the test motor, eight measurement
positions, at which the sound pressure spectra are to be analysed, are chosen to lie on a
hemispherical array. The schematic rangement and coordinates of the microphone positions are
shown in Fig 9.13 and Table 9.6. The microphone is at a height of z=0.6r, whilst the radius of

the hemispherical array was chosen as r=0.4m so that the area of the hemispherical surface is

unity (s = 21 =1 m ). Hence the measured average sound pressure level over eight

measurement points will be simply the same as the numerical acoustic power level.

Table 9.6 Coordinates of microphone positions (m)

Measurement
position number X y z
1 0.32 0 0.24
2 0 0.32 0.24
3 -0.32 0 0.24
4 0 -0.32 0.24
5 0.226 0.226 0.24
6 -0.226 0.226 0.24
7 - 0.226 -0.226 0.24
8 0.226 -0.226 0.24

ii) Measured sound pressure spectra

The brushless DC motor was run under a no-load condition and placed on sponge in the anechoic
chamber, as shown in Fig 9.3, the sound pressure spectra being measured over the eight
measurement points, as shown in Fig 9.14, and summarised in Table 9.7. The results were
obtained with the range of the sound level meter set to *25-85°, and a ’Hanning’ window was
employed to reduce the numerical bias and leakage errors of the finite sample. In Table 9.7 the
average sound pressure level for each significant frequency component is calculated and

calibrated according to equation (9.50).
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Table 9.7 Measured and calibrated sound pressure level of a brushless DC motor

. Calibrated results of
Frequency Average value;1 :Z Sii-rp;?;r;tn iound pressure average sound
pressure level

Hz Vrms dBVrms dB (Linear)
302 1.20 -584 21.8
342 1.15 -58.8 21.5
382 1.23 -582 22.0
422 1.61 -55.9 24.3
458 2.17 -533 27.0
498 1.82 -54.8 254
534 1.54 -56.2 24.0
574 0.78 -62.1 18.1
614 0.52 -65.7 14.6
650 0.29 -70.7 9.5
682 0.36 - 68.9 11.4
726 1.226 -58.2 220
766 1.04 - 59.6 20.6
802 0.485 - 66.3 14.0
842 0.25 -72.0 8.2

878 0.256 -71.9 8.4
918 0.576 -64.8 15.4
958 0.494 - 66.1 14.1
994 0.127 -779 23
1034 0.399 - 68.0 12.2
1070 0.259 -71.7 8.5
1110 0.26 -71.7 8.5
1146 0.255 -719 8.3
1186 0.198 -74.1 6.2
1226 0.268 -714 8.8
1262 0.41 -67.8 12.4
1302 0.64 -63.9 16.4
1338 0.85 -614 18.8
1378 0.496 - 66.1 14.1
1414 0.348 -69.2 11.1
1454 0.342 -69.3 11.0
1494 0.283 -71.0 9.2

Note: error in frequency readings on the analyser = 4 Hz.
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It was observed from the sound pressure measurements that for most of the frequency
components the measured levels at the radial positions (points 2 & 4) were larger than those at
the axial positions (positions 1 & 3), except for the 726Hz, 1302Hz, and 1338Hz components,
which, according to the direction of noise radiation and by the method of noise identification
from the measurement position [9.9], indicates that the noise spectrum of the motor is dominated
by the radial vibration of the stator, whilst the 726Hz, 1302, and 1338Hz components are due to
the axial vibration of the end-shields. Indeed, the test motor has negligible aerodynamic noise,
whilst the bearing noise was also negligible since a pair of oiled bush bearings were used.
Therefore the discretised frequency components on the noise spectrum are all generated by

electromagnetically induced vibration.

9.5.5 Analysis of Acoustic Power Radiated by the Test Motor

Table 9.8 compares the predicted and measured acoustic power level for the dominant frequency
components, ie., 458 Hz, 918 Hz, and 1378 Hz, for the test motor. It is discussed further in the

following sections:

Table 9.8 Comparison of predicted and measured acoustic power level

Acoustic power level from
Frequency 8-point sound pressure Predicted acoustic power level
measurement
Hz dB dB
458 27.0 11.9
918 15.4 17.5
1378 14.1 17.7

i) Acoustic power measurement

As mentioned in Chapter 4, although near-field noise measurement techniques, such as the sound
intensity method, have been extensively studied over the last few years, existing standards, either
national or international, e.g., ISO/DIS 1680, ISO 3740-3748, for acoustic power measurement
are all based on the sound pressure measurement over an array of points around the machine,

but neglecting the phase angle difference between the sound pressure and the particle velocity.
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Since the phase angle difference reduces with the distance between the measurement point and
the motor, the measurement becomes more accurate when the measurement distance increases.
However according to the standard for noise measurement a measurement distance of 0.4m (or
0.5m) is normally suggested for small motors, and 1m for large motors. Due to the dimensional
restrictions imposed by the anechoic chamber which was available for the measurements, as well
as the low noise level from the test motor, a distance of 0.4m was chosen for the measurement.
At a radial position of r=0.4m (z=0m) at the mid-plane of the motor the phase angle difference
between the sound pressure and the particle velocity for the 458Hz component was found to be
Opv=98.37° by applying the cylindrical acoustic model of Chapter 3. This indicates that if the

phase angle difference is constant on the spherical surface at radius r=0.4m, it will introduce an

1
error around 10 logio (cos O

) = 8.4 dB. In fact, the phase angle difference varies from point

to point and there is no general, easy, or accurate method of estimating the error which may be
introduced in the measurement. As a result, the measured results for acoustic noise are only of
reference value. However the prediction has accounted for the phase angle difference. Hence it
is worth noting the limitation of the current method for measuring acoustic power. At the same
time developements are occurring with regard to the sound intensity measurement technique,
especially concerning the feasibility for its application to the acoustic power measurement from
electrical machines since only such kinds of experimental investigation will make it possible to
account for the phase angle difference between the sound pressure and the particle velocity

[9.20].

ii) Noise spectrum of brushless DC motors

From section 9.1 it can be seen that the radial electromagnetic force in a brushless DC motor can

be subdivided into three components, ie.,

a) Forces produced by the open-circuit magnetic field

ie. ﬁBmagm (o, )X (a, t)]z ©.52)

b) Forces produced by the armature reaction field
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ﬁ[Bwinding (1)K ()] ©-33)

¢) Forces produced by the interaction between the open-circuit magnetic field and the

armature reaction field

ie.

2_2—[BWinding ( o, ) Bmagnet ( o, t) X 2 ( o, t ):l (954)
Ho

which are the same as the expressions for a conventional machine. However a brushless DC

motor has the following features:

1)

2)

3)

4)

As givenineqn (9.11), the noise frequency is proportional to the pole number and the rotor
speed. Hence the spectrum depends on the load condition, since this may alter both the
amptitudes and frequencies.

There are a lot of components of mode order zero which dominate the noise spectrum, whilst
in induction and synchronous motors, it is the components of mode two or three which are
dominant.

Since the full-load armature reaction field in a brushless DC motor is normally less than
about 20% of the open-circuit magnetic field, and under a no-load condition it is very much
smaller, the effect of components (b) and (c) on the no-load noise is minimal, ie., the
harmonics in the open-circuit magnetic field have a very important role in the
electromagnetically generated noise;

Due to 3) those features which affect the field harmonics on open-circuit are also important
in noise generation. These include the magnetisation and magnet arrangement, the static

and dynamic rotor eccentricity etc.

ii) Asymmetry in brushless DC motors

The following sources of asymmetry, which will commonly exist in a brushless DC motor, may

affect the acoustic characteristic:
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a) MMF source

1)  Unsymmetrical magnetisation (or partial demagnetisation) which may introduce even order
harmonics in the open circuit magnetic field,;

2) Unsymmetrical phase winding current waveform, due to unsymmetrical back-emf
waveform because of (1) and non-uniformly distributed Hall sensor positions or
unsymmetrically disposed 3-phase windings. The unsymmetrical phase winding current
waveform may contain harmonics other than 1, 5, 7, 11, 13, ...

b) Permeance source

1)  Static rotor eccentricity;

2) Dynamic rotor eccentricity;

3) Saturation in the magnetic circuit.

As mentioned in ii) under a no-load condition the effect of asymmetry in the winding current

waveform is insignificant.

iv) Methods of accounting for asymmetry

Sources of asymmetry in the MMF can be accounted for simply by introducing the relevant
harmonics of magnetisation in the open-circuit magnetic field calculation and the simulated
current waveform in the armature reaction field prediction. Additional harmonics due to
asymmetry in the permeance sources are considered in the calculation of the permeance function,

which is given by:

K(a,t) = Ksymmemry () + Rad (0., 1) (9.55)
where  Xsymmetry is given by equation (9.12).

Rad (0, 1) = Recscos o + Recdcos (Wect — o) + Ksacosp (wrt—o) (9.56)

and mec = r is the angular rotor speed.

1 -1 < g (9.57)

esd ‘/1 - e?,d

Kecs,d =2
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decs,d (9.58)

esd = ——t
S4= ¥ hm/ IR

decs, decd are the static and dynamic rotor eccentricities respectively, g + hm/UR  being the

effective airgap.

In equation (9.56) the first and second terms are the fundamental components accounting for the
rotor static and dynamic eccentricities, whilst the third term accounts for magnetic saturation
which must be estimated by amore complicated method, such as finite element analysis. However

for the test motor saturation was negligible, as was discussed earlier in Chapters 5 and 8.

v) Identification of origins on noise spectrum

As has been observed in Fig 9.14 and Table 9.7, in addition to the most dominant predicted
noise components, ie., 458Hz, 918Hz, and 1378Hz which are generated by the radial vibration
of the stator, a number of other substantial components have been measured. According to the
above analysis, they can be identified by ’isolating’ the different possible causes and executing
the developed software, as summarised by the results given in Table 9.9. It is important to note
that the analysis predicts 458Hz, 918Hz, and 1378Hz as being the most dominant components
in the relevant frequency bands, and 682Hz and 1146Hz, as well as 650Hz, 1110Hz, and 1186Hz
as being the most insignificant, and this is confirmed by the measurements, as shown in Table
9.7. This is due to the fact that the components are of higher mode order, 5, and the 682Hz and
1146Hz components are produced purely by the interaction between the harmonics due to
asymmetry in the MMF and the permeance, ie., due to rotor eccentricity, as well as due to the
partial demagnetisation which is observed in the test motor - as evidenced by the measured
back-emf waveform of Fig 7.8. Other components on the other hand are generated by the
harmonics produced by the modulation between the main harmonics ( asymmetry being
neglected ) and the harmonics due to asymmetry, with the exception of the 726Hz, 1302Hz, and

1338Hz components, as explained earlier.
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Table 9.9 Identification of components on noise spectrum, at rotor speed = 2293 rpm

Frequency symrp;m’cal rotor ef:centricity asymn}etry All
condition(a) | (1st-order in permeance) |open-circuit| (a)+(b)+ Note

Hz static (b) |dynamic (c)| field (d) (c)+(ad)
302 *(4) * (3,4,5) * (4) * (34,5
342 *(3) *(3)
382 *(2) *(1,2,3)
422 * (1) *(1) resonance
458 *0) *(-1,0,1) * (0) * (-1,0,1) | (1)of whole
498 *(-1) *(-1) motor
534 * (-2) *(-3,-2,-1)
574 *(-3) *(-3)
614 *(-4) | *(-5-43) *(a) * (-5,-4,-3)
650 *(-5) * (-5) small dB
682 * (-5,5) small dB
726 *(5) *(5) due to 1 end shield
766 *(4) *(34,5) * (4) *(34,5)
802 *(3) *(3)
842 *2 *(1,2,3)
878 * (1) * (1)
918 *(0) *(-1,0,1) *(0) *(-1,0,1)
958 * (-1) *(-1)
994 *(-2) *(-3,-2,-1)
1034 *(-3) *(-3)
1070 *(-4) * (-5,-4,-3) *(-4) * (-5,-4,-3)
1110 * (-5) * (-5) small dB
1146 * (-5,5) small dB
1186 *(5) *(5) small dB
1226 *(4) *(3,4,5) * (4) *(3,4,5)
1262 *(3) *(3)
1302 *(2) *(1,2,3) | dueto2
1338 * (1) * (1) end shields
1378 *(0) *(-1,0,1) * (0) * (-1,0,1),
1414 *(-1) *(-1)
1454 *(-2) *(-3,-2,-1)
1494 *(-3) *(-3)

Note: Signs £ of mode order given in ( ) indicate the force waves rotate in the opposite direction.
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9.6 Conclusions

An analytical technique for predicting the acoustic noise and vibration of brushless permanent
magnet DC motors has been presented and compared with measurements. The technique utilises
all the information generated from previous chapters to calculate the instantaneous field
distribution on load, and hence the spatial and time dependent radial force waves by applying
the Maxwell stress formula. The developed vibrational response model is based on the lumped
parameter model and has accounted for the modifying effect of the frame, and the damping
effects, as well as the effect of the end-shields, whilst the developed acoustic radiation model
can account for the effect of the ratio of diameter to axial length since it is based on a cylindrical
model of finite length developed in Chapter 3 when the effect of end-shield vibration has been
neglected. The spectrum of the noise has been analysed and it has been shown that unlike more
conventional motors, such as induction and synchronous machines, and brushed DC machines,
the frequencies of the emitted noise are proportional to pole number and the rotational speed of

the rotor, and that in general the most important mode order is zero.
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CHAPTER 10
GENERAL CONCLUSIONS

10.1 Introduction

The prominance of permanent magnet motor drives for motion control systems in all market
sectors reflects not only the improvements in material properties which has occurred in recent
years, with the tantalising design possibilities which this offers, but also a developing capability
in both power and integrated electronics, which is being utilised to control drives for applications
varying in sophistication from machine tools to video cassette players, many of which are noise
sensitive. Arguably the most significant emerging category of motor is the brushless dc type,
the vast majority of which have surface-mounted magnet rotors, which in turn leads to a large
effective airgap as far as armature reaction effects are concerned. Further, unlike more traditional
machine formats, such as the induction motor, the armature reaction field results from phase
current waveforms which contain significant harmonics as a consequence of commutation

events, between which the rotor rotates in incremental steps.

A comprehensive investigation, accounting for the features cited above, has been undertaken,
and methods for analysing various aspects of the electromagnetic performance of a brushless
permanent magnet DC motor have been developed, with particular reference to the acoustic noise
and vibration. These are summarised in Figs 1.2 - 1.4. Original contributions reported in the
thesis embrace the calculation of the open-circuit, armature reaction, and load magnetic fields,
the prediction of force and torque, the dynamic simulation of drives, the analysis of mechanical
vibrations and acoustic radiation, and the calculation of the slot permeance, winding inductances,
and back-emf waveform of brushless permanent magnet DC motors. Most of the techniques
developed in the thesis are based on 2-dimensional analyses. Throughout the predictions of
magnetic field and torque, the dynamic performance, and the acoustic behaviour have been
compared with measurements and/or finite element analyses, and all have shown good

agreement.
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Table 10.1 Application scope of developed techniques

Methods chapter| Main features Applications
Surface-mounted radial-field PM
1 Open-circuit 5 2-d, DC/AC motors, including
magnetic field analytical brushed/brushless & internal/external
rotor topologies
Armature 2.4, . All 1:ad1a1—ﬁcld motor topologies,
2 reaction field 8 analvtical including asynchronous/synchronous,
y brushless DC/AC, internal/external rotors
. Surface-mounted brushless,
3 Mai?lelt:) (;gleld 8 anzfl-(:ical internal/external rotor, radial-field PM
y DC/AC motors
All radial-field motor topologies,
4 Permeance 5 "2-d", including conventional DC/AC machines
analytical & brushed/brushless PM motors, as well
as stepping motors etc.
5 Dynamic 7 analytical & Brushless, internal/external rotor,
simulation numerical radial/axial-field PM DC/AC motors
2-d .
. . Brushed/brushless, internal/external
6 Cogging torque 6 analynqal & rotor, radial-field PM DC/AC motors
numerical
2-d All radial-field motors, particularly
7 Inductances 8 anal tic al useful for brushless internal/external
y rotor, radial-field PM DC/AC motors
2-d, Brushless, internal/external rotor,
8 Back-emf 8 analytical radial-field PM DC/AC motors
Harmonic analysis of waveforms, e.g.,
Spectrum . cogging torque, back-emf, phase
9 analysis 8 analytical winding current, field distribution, &
torque ripple etc.
Vibrational 3._ d’, All small internal rotor, radial-field
10 . 2 experimental
behaviour . motors
modal analysis
. "3-d" . .
Acoustic . All internal rotor, radial-field motors
1 behaviour 3&4 anallgréllc\:dal & having a cylindrical external surface
Vibrational
12 response & 9 analytical All internal rotor, radial-field, encased
noise level type stator motors
estimation

Although the techniques have been applied to radial-field topologies of motor, many would be

equally applicable to other topologies and machine formats, as indicated in Table 10.1.
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10.2 Magnetic Fields in Brushless DC Motors

10.2.1 Effect of Stator Slotting

It has been shown that slotting affects the magnetic fields in a brushless permanent magnet DC

motor in the following ways:

i)

iii)

The effect of slotting in reducing the airgap flux can be accounted for by the use of a Carter
coefficient, ie. by modifying the effective airgap length. However in the calculation of the
open-circuit, armature reaction, and load magnetic fields the effect of slotting in machines
equipped with surface-mounted permanent magnet rotors is much smaller than in other
types of machine due to the larger effective airgap, except in the case when a very large
slot opening is employed, in an attempt to reduce the cogging torque for example.

Slotting affects the magnetic field distribution in both the airgap and the magnets. Hence

2-dimensional techniques, based on the conformal transformation and a 2-dimensional

relative permeance function, have been used in the calculation of the field distributions. It
has been shown that:

a) The conventional 1-dimensional method used in the analysis of induction motors
is no longer suitable for permanent magnet motors due to their large effective
airgap;

b) Whilst the effect of slotting on the field distribution at the stator iron surface is
significant it has little effect on the distribution at the rotor iron surface;

c) The 2-dimensional relative permeance model which has been developed can
account for the variation of the flux density with radius. As a consequence when
itis coupled with the analytical models for calculating the magnetic field produced
by the magnets and windings, the resulting analytical predictions all show
excellent agreement with finite element calculations.

Slotting requires that the stator winding current distribution in the 2-dimensional analytical

models be represented as current sheets distributed over the slot openings. This eliminates

problems of numerical divergence in 2-dimensional analyses based on models having
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discrete conductors on the surface of the stator, and again shows good agreement with finite

element calculations.

10.2.2 Open-circuit Magnetic Field

A general analytical method has been established to calculate the open-circuit magnetic field
distribution of permanent magnet motors. It can cater for slotless and slotted, and internal and
external rotor, radial-field motors modelled in either polar or rectangular coordinate systems.
The technique is based on a 2-dimensional analytical model to calculate the magnetic field
produced by the magnets in the airgap/magnet regions, and utilises the concepts of mmf and
permeance, ie. the field produced by the magnets and a relative permeance function. It involves
the solution of the governing Laplacian/Poissonian field equation in the airgap/magnet regions
without the assumption of unity relative recoil permeability of the magnet, but with due account
for stator slot openings by the application of the conformal transformation method and the

introduction of a "two-dimensional" relative permeance function.

Therefore it permits the analytical calculation of the open-circuit magnetic field distribution in
all topologies of radial-field surface-mounted permanent magnet motor. Predicted results have
been compared with predictions from finite element calculations for both an internal rotor motor
and an external rotor motor, and excellent agreement has been achieved. Based on the developed

technique the effects of slot-openings and flux focussing have been investigated.

10.2.3 Armature Reaction Field

A systematic analysis of the armature reaction field in a brushless permanent magnet DC motor

has been presented. It has the following features:

i) It originates from the 2-dimensional analysis, in polar coordinates, of the magnetic field
produced by a single conductor or coil, and can account for the effect of the large effective
airgap in brushless permanent magnet DC motors.

ii) Itaccounts for the harmonics in the phase current waveforms deduced from the simulation

described in Chapter 7 by the application of an analytical spectrum analysis.
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iii) Itis based on the 2-dimensional analysis of an analytical model in which the stator winding
current is represented by current sheets distributed over the slot-openings, and for which a
slot-opening coefficient has been introduced to overcome the problem of numerical
divergence which is experienced in the solution of a concentrated conductor model.

iv) Theeffectof slotting is accounted for by using a 2-dimensional relative permeance function,
which is identical to that used in the analysis of the open-circuit magnetic field.

v)  The technique is based on an entirely general analysis of the winding mmf, and hence is
suitable for any winding topology.

vi) Itis applicable to both external and internal rotor motors.

10.2.4 Instantaneous Magnetic Field on Load

A comprehensive analytical technique for predicting the airgap field distribution in radial-field,
internal/external rotor, brushless DC motors under any load condition, accounting implicitly for
the corresponding stator windiing current waveforms and the effect of stator slot-openings has
been developed. It is based on a 2-dimensional analysis, in polar coordinates, of the
airgap/magnet regions, and combines the analytical calculation of the armature reaction field in
Chapter 8, with the analytical prediction of the current waveforms from Chapter 7 and the
open-circuit magnetic field produced by the magnets from Chapter 5, to permit the instantaneous
field distribution, and hence the radial force distribution, to be predicted under any load condition

and specified commutation strategy.

The relationship between the various quantities involved, such as the open-circuit and the
armature reaction component fields, the permeance, the back-emf and current waveforms
etc, has been determined analytically. Instead of having a constant 90 degrees elec between the
axes of the open-circuit field and the armature reaction field, as normally assumed in a finite
element calculation of the magnetic field distribution on load, the load angle varies from 60
degrees elec at the beginning of a commutation period to 120 degrees elec at the end, whilst the
exact instantaneous angle can be determined precisely according to the analytical method

proposed.
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10.2.5 Back-emf and Winding Inductances

Based on the developed 2-dimensional analytical technique for calculating the open-circuit
magnetic field distribution, a 2-dimensional analytical method for calculating the back-emf

waveforms in the windings of a brushless permanent DC motor has been developed.

Since the existing analytical calculation of the winding inductances is essentially based on a 1-d
technique, which is appropriate for induction motors, it cannot account for the large effective
airgap in a brushless permanent magnet DC motor. In the thesis, therefore, the 2-dimensional
analytical technique for predicting the armature reaction field is also applied to the calculation

of the self- and mutual-winding inductances.

The developed techniques are suitable for both internal and external rotor surface-mounted
permanent magnet brushless DC motors, and as well as for any winding distribution. In addition

they are equally applicable to the analysis of brushless AC motors.

10.3 Cogging Torque and the Dynamic Performance of Brushless DC Motors

10.3.1 Cogging Torque

The accuracy of the torque predicted from a finite element calculation is determined largely by
the level of discretisation employed, as well as the evaluation method. In general, a high accuracy
requires a very fine discretisation. On the other hand analytical methods for predicting the
cogging torque, such as those based on calculation of energy, are successful only in certain

circumstances, and are likely to fail in others.

An analytical method for predicting the cogging torque, based on the calculation of the field
distribution and the net lateral forces which act on the stator teeth, has been developed and

partially validated.



370

The technique is capable of predicting the cogging torque in internal and external rotor motors
modelled in either a rectangular or a polar coordinate system. Also it is able to deal with motor
topologies in which the magnets are shifted, have an uneven slot distribution etc, design features
which are sometimes employed in an attempt to reduce the cogging torque. It offers acceptable
accuracy when predicting the peak value of the cogging torque and its variation with the motor
design parameters. It remains valid even when the pole-arc to pole-pitch ratio is unity, which is

not the case for existing analytical methods based on the calculation of energy.

A comprehensive list of possible methods for reducing the cogging torque is given in the thesis,
and a detailed finite element analysis of cogging torque prediction by the energy method and
Maxwell stress integration, based on different mesh discretisations, has been described. The
investigation utilises the relationship between the total stored energy and the mesh density, to
provide a useful means of gauging the adequacy of the meshing density in a finite element model
of a permanent magnet excited motor. It shows that the results obtained from both the energy
method and Maxwell stress integration converge as the mesh is refined, and that the total energy
eventually converges to a constant value. However with the same accuracy requirement for
torque prediction, a coarser discretisation can be used in the energy method rather than for
Maxwell stress integration, for which it is always better to integrate through a central layer of

airgap elements.

10.3.2 Dynamic Simulation

An analytical model for predicting the steady-state dynamic performance of a 3-phase brushless
DC drive has been developed and validated. In the model, which assumes a constant speed, the
initial conditions which yield the steady-state solution are generated directly by exploiting the
periodicity in the stator winding voltage and current waveforms and hence it provides a rapid
means of assessing the important features of the motor and drive performance during the early

stages of design.

The model includes the following features:
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(1) It can account for any induced back-emf waveform.

(ii) The switching devices and freewheel diodes in the inverter drive circuit are represented as
an appropriate constant voltage drop behind a series resistance.

(iii) It can cater for normal, advanced, or retarded commutation.

(iv) Itcanimpose a pre-specified current limit.

A numerical model was developed further by coupling in the equation of motion of the rotor so
as to enable the transient and steady-state dynamic performance of brushless DC drives to be
predicted. The drive circuit is idealised into two states, which depend on whether the freewheel
diode is conducting or not, and are always described by two fixed groups of state equations. The
dynamic performance is obtained by introducing a relationship between the state variable and

the stator winding currents.

The analyses have been validated against measurements on an axial-field, and two radial-field

permanent magnet brushless DC motors.

Both the analytical and numerical models can be linked to other aspects of the design process,
for example to finite element analyses for predicting the back-emf waveforms and winding
inductances, and can be used as functional blocks in a more sophisticated system simulation
package. Further, although the analyses have been restricted to motors having three-phase,
star-connected windings, the techniques are applicable equally to delta-connected windings as

well as to any number of phases.

10.3.3 Dynamic Performance

The developed simulation models have been used to examine the effects of commutation and
temperature (winding resistance) on the dynamic performance, ie. current and torque waveforms

and their frequency spectra, torque-speed characteristics etc.

It has been shown that:
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i)  The commutation strategy can have a significant effect on the dynamic performance,
particularly on the current and torque waveforms.

ii) The load condition does not significantly alter the shape of current and torque waveforms.

iii) The winding inductances (or the ratio of winding inductance to resistance) are the main
cause of the departure of the torque-speed characteristic from the ideal linear relationship.
However the variation in winding resistance due to temperature changes may also cause a
significant variation in the slope of the torque-speed characteristic.

iv) Since the back-emf waveform has a significant effect on the harmonics in the current and
torque waveforms, it should be possible to minimise the torque ripple and current harmonics
by careful design of the winding arrangement and the magnetic circuit, as well as the

magnetisation of the magnets.

10.4 Vibrational and Acoustic Behaviour

10.4.1 Modal Analysis of Vibrational Behaviour

In small motors, the length-to-diameter ratio of the stator is usually not very large. As a
consequence their end-shields, which are bolted to the stator frame, have a relatively large
stiffness. The rotor, which is supported by the end-shields and the bearings, will also restrict
and affect the vibrational behaviour of the stator. However previous investigations on the
vibrational behaviour concern only the stator itself, neither the end-shields nor the rotor and the
running conditions being taken into account, which is the case even for experimental

investigations and three-dimensional analysis.

The effect of end-shields, the rotor, and the running conditions on the natural frequencies and
modes of the stator have been investigated, for the first time, by the modern modal analysis

technique. It has been shown that:
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i)  Because of their restricting effects, the end-shields significantly increase the values of the
natural frequencies of the stator.

ii)  Although in comparison the effect of the rotor is much smaller, it does cause important new
natural frequencies to be introduced, in particular the first-order mode.

iii) The modifying effects of load are small, even up to rated load.

The study has provided data which should assist future investigations, particularly in regard to
the effects of mounting feet on the natural frequencies and modes of stators, in developing

vibrational models based on finite elements, as well as acoustic models.

10.4.2 Analytical Acoustic Model

A knowledge of the relationship between the vibration and acoustic noise of an electrical machine
is critical to the calculation of its acoustic power and to the analysis and control of noise from
electrical machines. Hence the acoustic radiation efficiency (relative sound intensity coefficient)

is studied in the thesis, both analytically and numerically.

In the cylindrical model of finite length which has been employed the main dimensional
characteristics have been included as far as electromagnetic noise is concerned. In addition the
effect of the axial length-to-diameter ratio has been considered, the solutions being obtained
analytically. Consequently the analytical prediction of acoustic power has extended the earlier

research carried out by Erdelyi, Alger, Ellison and Yang.

An improved technique for calculating the acoustic power radiated by an electrical machine has
been presented. Itis based on the sound pressure and the stator vibration velocity at the vibrating
surface, and results in a much simpler formula for calculating the relative sound intensity, and
eliminates the need for calculating the sound pressure and the particle velocity distributions
around a machine. Hence the computing time is greatly reduced. Also it has the advantage of a
much simpler form, making it easier to use for routine design. Subsequently the sound pressure

distribution is investigated, and its variation in three-dimensions is calculated and measured.
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10.4.3 Finite Element Analysis of Acoustic Behaviour

Existing analytical models for acoustic radiation assume that the stator has either a unity aspect
ratio or infinite axial length and infinite stiffening baffles. Hence they cannot accout for the
effects of the end-shields. In the thesis, the finite element method is used to study the radiated
acoustic power with particular emphasis on machines having an axisymmetric construction. It
is combined with a Fourier series analysis, the Fourier series being used to represent the
circumferential variation of the sound pressure, whilst finite elements are used to interpolate and
discretise the variation in the radial-axial plane. The combination of both methods allows the
acoustic radiation of electrical machines to be predicted with due account of the effect of
end-shields, which is not possible with existing analytical methods. Calculation methods for the
acoustic power using finite elements in various acoustic fields, from two-dimensional and
axisymmetric to three-dimensional, are described, and corresponding formulae deduced. Based
on this approach a suite of planar, axisymmetric, and harmonic axisymmetric finite element
programs have been developed and the effects of the far-field boundary condition on the
calculation studied. It has been shown that in the calculation of emitted acoustic power it is
proper to use the local spherical wave boundary condition and to place the far-field boundary at
0.75 times the outside radius of the machine. Predictions of the acoustic power from the harmonic
axisymmetric finite element method are validated against measurements on a three-phase

induction motor.

The technique has been applied to Jordan’s spherical model of acoustic radiation. It has been
shown that when Jordan’s method is used to calculate the radiated acoustic power, it is necessary
to express the vibrations of the machine in the form of a Legendre series, otherwise large errors
are introduced. The relative sound intensity coefficients of the spherical model, in which the
vibration of the machine is expressed in the form of a Fourier series, have been obtained by finite
element analysis which makes it possible to use Fourier series analysis throughout. However, it
has also been shown that predictions from the spherical acoustic model are very close to those

from the analytical cylindrical acoustic model of finite length when its ratio of length-to-diameter
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is unity. Hence instead of using a spherical acoustic model it is preferable to employ a cylindrical

acoustic model of finite length since the latter can account for the length-to-diameter ratio.

10.5 Acoustic Noise of Brushless DC Motors

10.5.1 Vibrational Response Model

An analytical model for calculating the vibrational response of small motors having an encased
type stator has been proposed. It differs from conventional ones in that it can account not only
for the iron core but also the frame, as well as the damping effects, for which the damping ratios
are obtained from measurements. Based on a lumped parameter model of the stator vibration,
the effects of the frame, as well as the teeth and windings, have been accounted for analytically.
With due account of the modifying effect of the frame, the analytically calculated natural
frequencies of the stators have been shown to be in good agreement with both the measured and
finite element predicted results. However, at present the modifying effects of the end-shields on
the stiffness of the stator are deduced by experiment. In the future, these may be obtained from

three-dimensional finite element calculations.

10.5.2 Acoustic Noise of Brushless DC Motors

Based on the developed analytical techniques for predicting the instantaneous open-circuit,
armature reaction, and load field distributions, as well as the analytical simulation of the dynamic
performance of a radial-field brushless DC motor, the vibrational radial force and tangential
torque waves can be calculated, whilst the resulting vibration and acoustic power are also
estimated analytically. Hence not only can the acoustic noise be predicted under any load
condition and any commutation strategy, using analytical techniques throughout, but possible
causes of the noise spectrum, such as rotor eccentricity, partial demagnetisation of the magnets,
or asymmetry of the field distribution, as well as harmonics in the current waveform can be
investigated. It has been shown, by both the analysis and measurements, that unlike the more

conventional machine formats, such as induction motors, synchronous machines, and
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direct-current machines, the noise spectrum of a brushless DC motor is directly proportional to pole
number and the rotational speed of the rotor. In addition, the vibrational mode of zero-order
plays an important role, at least as significant as modes of two- or three-order. Due to the large
effective airgap and the fact that the full-load armature reaction field in a brushless DC motor is
normally only 10% - 20% of the open-circuit magnetic field, it is the open-circuit magnetic field
distribution which dominates the noise spectrum. However, if there is no speed control loop in
the drive system, the rotational speed of the rotor decreases with an increase of load, which
results in a reduction in the frequencies of the radial force waves. Therefore, the noise spectrum

and emitted acoustic power will also change with the load.

10.6 Possible Future Work

Although the electromagnetic performance of brushless permanent magnet DC motors, with
particular reference to their noise and vibration, has been studied comprehensively, due to the
time restriction and the need to fulfill other commitments under the BRITE research project it
was not possible to take all the aspects to their logical conclusion. Therefore the following topics

are suggested as being worthy of future research:

i)  Three-dimensional finite element analysis of the vibrational behaviour of electrical
machines in general;

iil) A more thorough comparison of analytical predictions of the winding inductances and
back-emf waveforms with finite element calculations and measurements (currently being
carried out);

iii) A more detailed investigation into the effects of design parameters on the cogging torque,
and the establishment of general design rules for minimising the cogging torque;

iv) The integration of the analytical magnetic field calculation, analytical dynamic simulation,
and analytical prediction of winding inductances and back-emf waveform etc developed in

the thesis, into a comprehensive CAD package having an appropriate architecture to permit
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ease of data transfer and various routes to evolving an optimum design (currently being
carried out by the author and colleagues);

v) A study of the effects of the magnetisation, the commutation strategy, and the current
waveform on the acoustic noise emitted from brushless DC motors;

vi) The application and extension of the achievements reported in the thesis to other machine

formats.
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Appendix 2.1

CAD OF ELECTRICAL MACHINES -- A STUDY
OF ELECTROMAGNETIC, VIBRATIONAL, AND
ACOUSTIC BEHAVIOUR

by ZhuZ.Q. June 1989
ABSTRACT

The electromagnetic, vibrational, and acoustic behaviour of electrical machines has
been studied in this thesis. It embraces 1) vibrational behaviour of stators; 2) acoustic
behaviour of stators; 3) analysis and control of tangential vibration and noise of
single-phase induction machines; 4) design synthesis of low noise three-phase induction
motors.

The concept of a generalised tooth / slot is introduced to study the vibrational
behaviour of stators. According to this concept the principles for selecting the
exciting/picking-up points are established and validated both theoretically and
experimentally. A finite element package, in which the high-order curved isoparametric
elements and the lumped mass matrix are adopted, and the reduced order integration
technique is used, has been developed to investigate the natural frequencies and modes of
various types of stators, taking into account the effects of winding and frame. Good
agreement between calculated and measured results has been achieved. The effects of the
end-shields, rotor and running conditions on the natural frequencies and modes of the stator
have, for the first time, been investigated by the modern modal analysis technique.

New formulae for the calculation of the acoustic power radiated by a cylindrical stator
of finite length, using an analytical method, are presented. A technique which combines
the finite element method and Fourier series analysis to account for the effects of
end-shields on the acoustic radiation has been developed. Based on the developed
technique a suite of planar, axisymmetric and harmonic axisymmetric finite element
programs, which are capable of calculating the radiated acoustic field and power in a
3-dimensional field, have been developed and validated on a test motor. Furthermore the
spherical model of the acoustic radiation of motors has been improved by the application
of finite elements. In addition the techniques developed are applied to the analysis of
acoustic modes and natural frequencies by introducing the lumped acoustic mass matrix
into the acoustic finite element.

The tangential vibration and noise produced by single-phase induction machines are
analysed. General formulae for asynchronous torques, synchronous torques, and
vibrational torques are developed by the compound current method. These allow analysis
of tangential vibrations at any frequency without the limitation of twice-line frequency as
commonly reported in the literature. The frequencies of the tangential vibration are verified
by measurement and analysis of the noise spectra of electric fans. Using the developed
method the fan motors have been re-designed to reduce the tangential vibration and noise
without changing the electromagnetic or aerodynamic performances.

A systematic approach to the design synthesis of low noise three-phase induction
machines is presented.The model established can estimate the noise level of encased type
motors. It differs from conventional methods in that the model can consider not only the
iron core but also the frame, as well as their damping effects. Based on the developed design
synthesis, a range of three-phase induction motors, rated from 180W-550W, have been
designed successfully to alow noise specification, and have been put into mass production.
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