Un1vers1ty

Qf Glasgow

Deodhar, Rajesh Pranay (1996) The Flux-MMF diagram technique and
its applications in analysis and comparative evaluation of electrical
machines.

PhD thesis

http://theses.gla.ac.uk/3241/

Copyright and moral rights for this thesis are retained by the author

A copy can be downloaded for personal non-commercial research or
study, without prior permission or charge

This thesis cannot be reproduced or quoted extensively from without first
obtaining permission in writing from the Author

The content must not be changed in any way or sold commercially in any
format or medium without the formal permission of the Author

When referring to this work, full bibliographic details including the
author, title, awarding institution and date of the thesis must be given

Glasgow Theses Service
http://theses.gla.ac.uk/
theses@gla.ac.uk



http://theses.gla.ac.uk/3241/

The Flux-MMF Diagram Technique and Its
Applications in Analysis and
Comparative Evaluation of Electrical
Machines

Rajesh Pranay Deodhar

A THESIS
SUBMITTED TO
THE DEPARTMENT OF ELECTRONICS AND ELECTRICAL ENGINEERING
OF
THE UNIVERSITY OF GLASGOW
FOR THE DEGREE OF
DOCTOR OF PHILOSOPHY

October 1996

© R. P. Deodhar, 1996



Abstract

The thesis describes a new technique, called the flux-MMF diagram technique, for
analysis and comparative evaluation of electrical machines. The technique has evolved
from the principle of virtual work, and the y: diagram, used commonly 1n designing
switched reluctance machines and relays. Several applications of this technique are
demonstrated in the thesis, supported by experimental validation. These are, the
prediction of electromagnetic and cogging torque ripple, modelling of the effect of
skew on torque and torque ripple, modelling of the variation of torque constant due

to saturation, and comparative evaluation of different types of electrical machines.

The thesis shows that the technique can be applied successfully in analysis of a
wide variety of electrical machines. These include conventional machines such as the
DC commutator, PM brushless AC, Interior PM, and the synchronous reluctance

machine; as well as non-conventional machines such as the switched reluctance, PM

brushless DC, and the doubly-salient PM machine.

The technique has been implemented in a finite-element software, with the help of
a link program which links the FE software with the dimensioning or sizing software,
such as PC-BDC, produced by the SPEED Laboratory. The link program serves as a
vital means of shortening the time it takes to analyse a new design in an FE software,

by several orders of magnitude.

The thesis also describes a new brushless doubly-salient permanent-magnet
machine, called the flux-reversal machine. The design and fabrication process, and the
experimental results are presented for a prototype single-phase, high-speed flux-
reversal generator. The performance analysis of the prototype based on the flux-MMF
diagram technique is included, and this validates its capability in analysing new and

non-conventional machines, which cannot be analysed using the classical means.
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1 Introduction

1.1 Background

“It is hbumbling to realise how much scope for innovation remains in the field of motors

and drives, even a century and a balf after Faraday.'”
—T. J. E. Miller

This expression really sums up the inspiration behind the piece of research
described in this thesis. Since Faraday discovered the principle of electromagnetic
induction in 1831 [1], the field of electrical machines and drives has indeed come a
long way. But even then, there remains immense scope in making fundamental
contributions to many aspects of engineering design and analysis of existing machines
and in inventing new types of machines. Especially in view of recent developments 1n
ever higher-speed computing, faster numerical techniques, better ferromagnetic,
insulation and permanent-magnet materials, and power-electronic components. The
flux-MMF diagram techniqgue (FMDT) and its utilisation in analysis of conventional
machines as well as the flux-reversal machine (FRM)—a new type of brushless doubly-

salient permanent-magnet machine—are a few such contributions to this end,

presented in this thesis.

While the original idea, which led to the development of the FMDT came from
Prof. Martyn Harris of the University of Southampton many years ago, the recent
invention of the FRM 1is credited to Prof. Ion Boldea of the Polytechnic Institute of

Timisoara, Romania. The developments on the FMDT have continued in the SPEED

'From the preface of the book titled ‘Brushless Permanent-Magnet and Reluctance Motor Drives,’
Oxford Science Publications, 1989.
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Laboratory since 1992, while work on the FRM has started recently and gained

momentum during Prof. Boldea’s visiting fellowship here in the Summer of 1995.

Dr. David Staton and Dr. Wen Soong, both formerly with the SPEED
Laboratory, developed the FMDT to some extent when they made an attempt, for the
first time, to compare the torque producing mechanism in switched and synchronous
reluctance machines using the Y~z diagram as a common basis of analysis [47]. It was
shown that while the y-i diagram for a switched reluctance machine is roughly
triangular in shape and restricted to the first quadrant; for a synchronous reluctance

machine, it is elliptical in shape and encompasses all four quadrants.

This was followed up by extending the technique to include different types of AC,
DC, PM and Reluctance machines [48]. The term ‘FMDT’ was introduced here for
the first time. The capabilities of this technique were further expanded by using it to
analyse vital performance aspects of an electrical machine such as the electromagnetic
and cogging torque ripple, the effect of saturation and armature reaction on torque

constant, and the effect of skew on torque ripple [49]-[52].

1.2 Why FMDT?

Electric machines are classified in many ways depending on various factors such as
nature of electric supply (AC or DC), mode of operation (synchronous or
asynchronous), geometry (internal or external rotor, slotted or slotless stator), nature
of rotation (smooth or stepped), nature of saliency (non-salient, singly-salient or
doubly-salient), mode of excitation (single or double excitation) etc. Different
machine types belong to different classes and there is a clear distinction between the

methods of design and analysis for each one of them.
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With the rapid advances of technology in the fields of power electronics,
microcontrollers and permanent-magnet materials, performance of the relatively new
machine types such as switched reluctance and brushless DC is improving
dramatically. At the same time, performance of the conventional machine types such
as induction and synchronous 1s constantly being enhanced. The attempts at
comparing different machine types typically involve systematically tabulating a wide

range of design and performance parameters and appraising each in turn as illustrated,

for example, in [4].

However, such attempts are only partially successful as they are limited to
considering only the output parameters and they do not take account of fundamental
differences which exist in operational characteristics of various machine types. Thus,
there is no single or unified method which can be applied to design, analysis and
comparative evaluation of different machine types. The so called ‘generalised theory
of electrical machines’, which has long been established, is based on the dg-axis
transformation; whereby a synchronous machine is ‘transformed’ into a DC machine

so that both machine types can be analysed using essentially the same kind of

treatment.

The generalised theory works on certain basic assumptions regarding the

geometry and the nature of excitation of an electric machine. For example, one of the
pre-conditions in applying it is that either the stator or the rotor surface must be
ideally smooth. While this condition is satisfied by some of the conventional machine

types, it clearly leaves out certain recently developed machine types such as steppers,

switched reluctance and brushless DC. Another restriction is that it can only be
applied to machines which have sinusoidally distributed windings, i.e. spatial MMF.
Again that leaves out many of the modern inverter-driven, non-sinusoidally excited
machines. In short, this theory does not and cannot deal with machines having double

saliency or machines having non-sinusoidally distributed windings.
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In these circumstances, clearly there is a need for a generalised method of design
and analysis of electrical machines which would encompass all machine types and
which would enable real performance comparisons to be made at the design stage
itself rather than at the output performance stage. The FMDT fulhils this need as it is
based on the principle of virtual work; which 1s universally applicable to all types of
electrical machines, and indeed, to all types of electromechanical energy conversion
devices. And when the FMDT is implemented using one of the modern numerical
techniques, such as finite-element analysis (FEA), it is not constrained by any

assumptions regarding linearity, geometry, saliency or mode of excitation.

1.3 Literature Review

To the best of author’s knowledge, the flux-MMF diagram technique in its present
form, its implementation using FE analysis, and its practical applications as
demonstrated in this thesis have not been treated in any previously published

literature. Nevertheless, in the past, there have been allusions of various kind to the

basic idea of the flux-MMF diagram itself.

Harris and Miller [4] have mentioned it in relation to comparing torque
producing mechanism in switched reluctance and induction motors. Jenkins et al. [5]
have proposed it in the context of torque calculations in the stepper motors. They
have shown that the so-called ‘coil flux/coil MMF diagram’ yields better results as
compared to the ‘tooth flux/tooth MMF diagram’ for a saturated machine. More
recently, the technique has gained prominence in the form of the yi diagram, used
commonly in calculating average and instantaneous torque in switched reluctance
motors [3], [57). Indeed, as explained later on in this chapter, the y:s diagram forms
the very basis of the flux-MMF diagram.
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As far as methods of analysing various performance aspects of an electrical
machine are concerned; extensive literature is available on such topics as prediction of

electromagnetic and cogging torque ripple, effect of skew on torque ripple and effect

of saturation on torque constant. The literature related to each one of these topics has

been reviewed individually in each chapter.

1.4 Thesis Overview

1.4.1 Original Contribution

The original contribution of this thesis can be summarised as follows.

e The concept of the flux-MMF diagram technique is introduced. Although essentially
an improved implementation of the principle of virtual work, it is shown that the

FMDT, coupled with the FE analysis, makes it much more powerful and

applicable to a wide range of problems.

* A link program, developed to interface the FE software with the SPEED software,
1s described. Such a link program between the dimensioning or sizing software
such as PC-BDC, and the specialist electromagnetic analysis software such as
OPERA-2d, is a vital means of shortening the time it takes to analyse a motor
design accurately. By making the link program efficient and robust, and by

incorporating in it the art of mesh-building, the time taken for the whole process

has been reduced from several weeks to a few hours.

e An original analysis of various performance aspects of electrical machines, based on
the FMDT, is presented. This forms the main body of the thesis. Experimental

validation, substantiating this analysis, is included where appropriate. The analysis
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is performed primarily on permanent-magnet machines covering the following

performance aspects.

1. Electromagnetic torque ripple.
2. Cogging torque ripple.
3. Effect of skew on torque ripple.

4. Effect of saturation and armature reaction on torque constant.

5. Comparative evaluation of different machine types.

These aspects are of paramount importance in designing an electrical machine for a
particular application. Although analytical means have been developed over the
years which are specific to a type of machine and to its particular aspect under
consideration; the FMDT, for the first time, provides a unified and comprehensive

means of analysis and comparative evaluation of electric machines.

A new type of brushless doubly-salient permanent-magnet machine—the flux-
reversal machine—is introduced. Its principle of operation is explained, and it is
compared with other machine types in its class. The suitability of the FMDT as an

analytical tool, applied to an unconventional machine such as the FRM, is

demonstrated.

The first prototype flux-reversal machine, developed as a single-phase high-speed

generator, is described. A detailed treatment on its design, performance analysis,

fabrication process, and test results is included.

Finally, some novel multi-phase configurations for the flux-reversal machine are

proposed, which can seriously contend with other high-performance brushless PM

machines in its class.
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1.4.2 Thesis Structure

Fig. 1.1 gives an outline of the thesis structure. The rest of this chapter is
concerned with presenting evolution of the flux-MMF diagram, details of its

construction and description of the link program between the finite-element and the

SPEED software.

The next five chapters, from Chapter 2 to Chapter 6, describe specific applications
of the FMDT, supported by experimental validation where appropriate. These
applications are; prediction of electromagnetic torque ripple, prediction of cogging
torque ripple, modelling of the effect of skew on torque ripple, modelling of the effect

of saturation on torque constant, and comparative evaluation of electrical machines.

Chapter 7 is concerned with the FRM. Its principle of operation, comparison with
other machine types in its class, the ‘proof-of-principle’ prototype design, analysis,

fabrication, and experimental results are presented in this chapter.

Finally, overall conclusions are drawn and some possibilities regarding future

work are discussed in Chapter 8.
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The flux-MMF Diagram Technique and Its Applications in
Analysis and Comparative Evaluation of Electrical Machines

Chapter 1.

Introduction to the Flux-
MMF Diagram Technique

Chapter 2. Chapter 3.

Electromagnetic Torque Ripple Cogging Torque Ripple

Experimental Validation

Experimental Validation

Chapter 4. Chapter 3. Chapter 6.

Effect of Skew Effect of Saturation Comparative

Evaluation of
Experimental Validation /\ Experimental Validation /\ Electric Machines

T———————————————

Chapter 7.
Flux-Reversal Machine

Experimental Results

Chapter 8.

Conclusions

Figure 1.1. Overview of the thesis structure.
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1.5 Flux-MMF Diagram Evolution

The flux-MMF diagram has its origin in the y-i diagram, used commonly in design
and analysis of switched reluctance machines and relays [57], which is in turn based

upon the principle of virtual work. The following account explores this chain of

evolution in detail.

1.5.1 Detining Terms

To begin with, certain terms, pertaining to the FMDT, are defined which are used

throughout this thesis.

Magnetisation Curve: The variation of total flux-linkage (including self and mutual
components) of a coil, winding or a phase with respect to the current flowing through
it, for a particular position of the movable part in an electromechanical system. Note

that this is a universal definition applicable to all types of electromechanical devices

such as relays, solenoids, actuators and motors.

y-i (Flux-MMF) Trajectory: The dynamic locus of change in total flux-linkage (flux)—
including self and mutual components—of a coil, winding or a phase with respect to

change in position of the movable part in an electromechanical system, for a given

current (MMF) excitation.?

Y-t (Flux-MMF) Diagram: A combined graphical representation of the magnetisation

curves and the yi (flux-MMF) trajectories for a coil, winding or a phase in an

electromechanical device.

* The equivalence between the pairs of terms ‘flux-linkage and current’ and ‘flux and MMF’ is explained
in Section 1.5.4.
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Electromagnetic torque ripple: The variation of instantaneous electromagnetic torque

with rotor position for a particular value of load current in an electrical machine. It

includes both the DC (average) and the AC (ripple) torque components.

Cogging torque ripple: The variation of instantaneous no-load or open-circuit torque

with rotor position in an electrical machine. It includes only the AC (ripple) torque

component, as the average component is always zero.

Total torque ripple: The variation of instantaneous total torque (including the

electromagnetic and the cogging torque) with rotor position for a particular value of
load current in an electrical machine. It includes both the DC (average) and the AC

(ripple) components.

1.5.2 Principle of Virtual Work

Since the principle of virtual work forms the very basis of the electromechanical
energy conversion process, it has been treated in almost every text-book on electrical
machines. Some of the most notable and comprehensive treatments can be found in
[55], [59] and [60]. Fig. 1.2(a) shows the magnetisation curve for any device capable of

storing magnetic energy such as an inductor, an electromagnet, a transformer coil or a

motor winding.

If the device has no moving parts, such as an inductor or a transformer coil, and if
the effect of hysterisis i1s neglected; there can only be a single magnetisation curve,
where flux-linkage is expressed solely as a function of current. On the other hand, if
the device has a moving part, such as a relay, solenoid, actuator or an electric motor;
then 1t 1s capable of electromechanical energy conversion and there can be a number

of magnetisation curves corresponding to a range of displacement values for the

moving part (see Fig. 1.2(b)). In this case, flux-linkage is expressed as a function of

both current and displacement.
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i t ; Current
o (b)

Figure 1.2. Illustration of the principle of virtual work.

Consider an electric motor, in which the magnetisation curve for any one phase,
at a particular rotor position, 6, can be represented by Fig. 1.2(a). By definition, the

area enclosed between the magnetisation curve and the yraxis represents magnetic

energy given by,

W = i(4,0)dA (1.1)

Alternately, the area enclosed between the magnetisation curve and the i-axis is

defined as magnetic coenergy given by,
w'=| AG,0)di (1.2)

Unlike energy which is a physical quantity, coenergy is a mathematical abstraction. But
it is a useful quantity as it simplifies the mathematics involved in calculating

electromagnetic forces and torques.

Now, consider an infinitesimally small rotor displacement, 86, such that the rotor
is at a different position, 68+ 066, from the one earlier at 8. The magnetisation curve

corresponding to the new position is shown in Fig. 1.2(b). The torque acting on the
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rotor can be expressed in terms of either the rate of change of energy or coenergy

with respect to displacement [60].

_w(%,0)

I=- 90 |A=const. (1.3)
-~ W' (s,0

I=+ 3(9 )i=const (1.4)

This method of determining forces or torques acting on any movable part of an
electromechanical system, by means of evaluating the change in energy balance due to
an infinitesimally small imaginary or virtual displacement, is known as the principle of
virtual work. When applying this principle, three important factors need to be

considered.

¢ The condition of holding either i or A constant, shown in (1.3) and (1.4)
respectively, is a purely mathematical constraint imposed by the selection of
independent co-ordinates and has nothing to do with actual electrical terminal
constraints [60]. In other words, the equations are valid regardless of whether: or A

are held constant or not during the motor operation.

e In (1.3), W indicates the change in energy due to a displacement of 96 at constant
flux-linkage, which is area oado in Fig. 1.2(b). While in (1.4), oW’ indicates the
change in coenergy due to a displacement of 90 at constant current, which is area
oaeo in Fig. 1.2(b). However, in the limiting case of an infinitesimally small rotor
displacement, both areas oado and oaeo approach the same value, since area ade
which is the difference between areas oado and oaeo, represents a second-order
effect and becomes negligible in the limit as d6—50. Thus, for a small enough

displacement, either (1.3) or (1.4) can be applied for any two arbitrary operating

points  and b in Fig. 1.2(b).
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o Although the torque itself is independent of the path taken between points 2 and &
for a differential displacement of 96, the mechanical work done does depend upon

the flux-linkage vs. current locus between points 2 and 5 [60].

The procedure of applying the principle of virtual work to a switched reluctance

machine to generate a Y7 diagram, and calculating the instantaneous as well as average

torque from it, is explained next.

1.5.3 i Diagram for a Switched Reluctance Machine

A typical y-i diagram for a switched reluctance machine is shown in Fig. 1.3. It
shows how flux-linkage for a particular phase varies with current flowing in that
phase for different rotor positions between the unaligned and the aligned positions
[57]. Fig. 1.3 is nothing but an extension of Fig 1.2(b) and hence the instantaneous

torque at a particular rotor position can be calculated using (1.4). Since the torque

developed in a switched reluctance machine is independent of the direction of current
flow in any particular phase, the y:i trajectories are restricted to the first quadrant. W’
in Fig. 1.3 represents the net change in coenergy over one stroke, where one stroke is
defined as the displacement between the aligned and the unaligned position. Then, the

average torque developed over one revolution is given by,

mN W'
T, =" (1.5)

Where,

Tew 1s the average electromagnetic torque.
m  1s the number of phases.
N. is the number of rotor poles.

W is the change in coenergy over one stroke.
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Figure 1.3. A typical y-i diagram for a switched reluctance machine.

The procedure of translating a y-i diagram into a flux-MMF diagram, in order to

make it applicable to a wide variety of machine types, is explained next.

1.5.4 Flux-MMF Diagram : A Generalised yi Diagram

If the flux-linkage and current values are respectively divided and multiplied by
Ny, the series number of turns per phase, the yraxis becomes the effective phase flux-
axis and the i-axis becomes the phase MMF-axis. These are similar to per-unit
quantities. The quantity y/N,, is not the actual flux in the machine but the effective
flux which links the winding and thus produces torque. Thus, rigorously speaking,
effective phase flux is really the flux-linkage per unit turn. But for the sake of
compactness, hereafter, it is referred to as the effective phase flux or simply the phase

flux and the diagram is then called the flux-MMF diagram.
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The y-: diagram of Fig. 1.3, can also be constructed for a synchronous reluctance,
PM brushless AC, PM brushless DC or any other type of machine. It turns out that
the y~i trajectory is a closed loop with the shape of an ellipse for a sinewave excited
machine and a parallelogram for a squarewave excited machine. The equivalence
between the y:i and the flux-MMF diagram is illustrated in Fig. 1.4 for a sinewave
excited machine. The figure shows that the net change in coenergy over the entire

flux-MMF trajectory can either be calculated from the flux-MMF locus or the y-:

locus, since both enclose the same area.

A
¥ (Vs) Co-energy (W)
[Flux (Wo)]|

e

i (Amp)
[ MMF (A-)]

Flux =% /Nph
MMF = i x Nph
Nph = Turns/phase

Figure 1.4. The equivalence between the y-i and the flux-MMF diagram.

The principal reason for translating a yi diagram into a flux-MMF diagram is that
it eliminates the arbitrariness of the number of turns used in a particular design. For
example, two machines of comparable size and output power can have completely
different numbers of turns depending upon factors such as required speed, working
air-gap flux level and applied voltage. In such cases, regardless of the number of turns
used in a particular design, the flux-MMF diagram facilitates direct comparison
between two different designs of same machine type or even different machine types.

Clearly, this is not possible with the y-i diagram. Chapter 6 illustrates this point
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further as it deals with the comparative evaluation of a wide variety of machine types.
This elimination of the number of turns, as a parameter that is not fundamental to the

operation of the machine, was first pointed out by Harris et al. [6]. The flux-MMF

diagrams illustrated throughout this thesis are based upon ideal sinewave or
squarewave current excitation. However, it should be possible to construct the flux-
MMEF diagram for any given non-ideal current excitation. It must zlso be mentioned
that because of the relatively large magnitude of MMF excitation encountered under
normal operating conditions, the hysteresis effect has been safely neglected in

obtaining the magnetisation curves.

1.6 Flux-MMF Diagram Construction

In this section, first, the constructional features of a typical flux-MMF diagram are
illustrated. Then, an overview of the method of finite-element analysis is presented,
with a detailed description of each of the three stages involved. Finally the process of
constructing the fluxx-MMF diagram is explained using an example of a PM brushless
AC motor. Fig. 1.5 shows the constructional details of a typical flux-MMF diagram

for any one phase of a multi-phase PM brushless AC machine, followed by a list of its

salient features.

.
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rotor positions
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(Amp -~ turns)

Flux—MMF Lrajectory
over one electricol
cycle

Y

Figure 1.5. Flux-MMF diagram construction.
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e The shape of a flux-MMF trajectory indicates the nature of excitation. The ideal
shape for a sinewave machine is elliptical, while for a squarewave machine, it is

rectangular.

e The average torque can be calculated from the area enclosed by a flux-MMF
trajectory, while the instantaneous torque and torque ripple can be calculated from
the incremental areas enclosed by the magnetisation curves at successive rotor

positions.

e The extent of deviation of a flux-MMF trajectory from its ideal shape, and the
extent of uneven spacing of the magnetisation curves, indicate the amount of

torque ripple.

o The orientation of the major axis of a flux-MMF trajectory with respect to the
MMF-axis indicates the kVA utilisation in squarewave excited machines and the

power factor in sinewave excited machines.

® The electric and magnetic loadings and the resultant utilisation of copper and iron,

in an electrical machine, are indicated graphically.

Each one of these features is further illustrated in the following chapters with the help

of specific examples.

The current state-of-the-art of constructing a flux-MMF diagram involves carrying out
a series of steps, each with the help of either a numerical based or a mathematical data
processing software package. Fig. 1.6 gives an overview of different software packages
utilised in the process. As is evident from this figure, each software performs a
specialised function and the so-called ‘link-program’, which is an interface between
the two software programs, is instrumental in making efficient utilisation of
individual capabilities of each software. This is further illustrated in the subsequent

discussion, where such a link program is described in detail.
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Figure 1.6. Overview of the software packages used in constructing a flux-MMF diagram.

1.6.1 Finite-Element Analysis : An Overview

In recent years, finite-element analysis has established itself as one of the leading

numerical techniques for analysing electromagnetic and electromechanical energy

conversion devices, because of its accuracy, rigour, robustness and powerful graphical
user interface that usually comes along with it. A detailed treatment on modalities and
inner workings of a typical finite-element software is considered beyond the scope
here. Indeed, the idea is to merely use FE analysis as a tool and exploit many of its

features in effectively implementing the flux-MMF diagram technique.
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A wide variety of literature 1s available on the topic of FE analysis and one of the
prominent ones is by Lowther and Silvester [66]. For the purpose of understanding, it
is sufficient to say that the FE analysis, as applied to the analysis of electrical
machines, can be performed in either 2-Dimensional or 3-Dimensional geometries;

and 1in either case, it involves three main stages which are briefly explained as follows.

Pre-processing: This involves building the machine geometry made up of different
material regions such as steel, conductors, airgap and magnets; through a user-friendly
graphical interface. The appropriate non-linear B-H characteristics are then assigned
to different material regions, current densities are assigned to conductor regions,
where necessary, and magnetisation directions are assigned to magnet regions. Suitable
boundary conditions are specified at the cross-section (or volume, in the case of 3-D
analysis) boundaries such that minimal fraction of a machine need be modelled (for
example, in many 2-D analyses, a fraction of the cross-section over a pole or a pole-
patr is sufficient rather than the full-machine cross-section). The motor cross-section
(volume) is then discretised into many smaller areas (volumes), called finite-elements of

a particular shape; triangular (brick) being the most popular.

Field Solution: The spatial variation of magnetic (vector or scalar) potential
throughout the motor cross-section (volume) is described by a non-linear partial
differential equation derived from Maxwell’s equations. Through the descretisation
performed in preprocessing, this equation is transformed into a large number of
simultaneous non-linear algebraic equations containing unknown node (a node is a

vertex of a single finite-element) potentials. These equations are then solved using an

iterative numerical procedure to obtain the node potentials.

Post-processing: Here, many useful output quantities such as flux, flux-density,
inductance, torque, stored energy, and their spatial and temporal variation; are
calculated from the magnetic node potentials. Again, this is done through a graphical

interface, usually in common with the one used for pre-processing.
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1.6.2 Pre-Processing : The Link Program

This is the first stage in the FE analysis. OPERA-2d—one of the many
commercially available finite-element software packages developed by Vector Fields
Ltd. [67]—has been used throughout this thesis to perform the required FE analysis. It
has its own high-level programming language which can be used for both pre- and
post-processing. The so called /ink program, which links the SPEED software with the
pre-processing module of the FE software, is written in this language. The programs
are stored in comi-files and the program listings are given in Appendix B. A few other

links have also been developed subsequently in the SPEED Laboratory along similar
lines. Some notable examples are the PC-SRD-MagNet link [68] and the PC-SRD-

PC-OPERA link [69].

Fig. 1.7 is a flow-chart which elucidates the algorithm used in any generic link
program. It typically receives input data from a SPEED software, such as PC-BDC or
PC-SRD. This data consists of motor geometry details, material B-H characteristics,
winding configuration, and current distribution. This data is then used in the pre-
processing stage of the FE analysis, to build the required fraction of the motor cross-
section. This is achieved by first creating the building blocks for the stator and the
rotor. For the stator it is the cross-section over half a slot pitch, and for the rotor it is
the cross-section over half a pole pitch. These building blocks are then simply
mirrored and copied a number of times to create complete stator and rotor regions.
The appropriate current densities are assigned in the conductor regions and the
appropriate directions of magnetisation are assigned in the rotor magnet regions. The
airgap regions are then created and the required boundary conditions are assigned,
usually on the outer periphery of the entire cross-section modelled. Finally, the mesh
is generated and stored, and the whole process is repeated as many times as necessary

~ to create meshes at multiple rotor positions.
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Figure 1.7.  Pre-processing link program flow-chart.
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The importance of getting the right kind of mesh density and distribution

throughout the modelled motor cross-section cannot be overstated and there are two

important considerations to it.

e The time taken to solve a particular finite-element problem is proportional to the

square of the number of elements.

o The global accuracy is dependent upon the number of elements. Although /ocal

accuracies may vary depending upon a few other factors.

As far as the total number of finite-elements are concerned, a fine mesh (with a
large number of elements) can generate accurate results but with excessively long
solution times; whereas a coarse mesh (with a small number of elements) will have
short solution times but may not give the required accuracy. Apart from the number

of finite-elements, the distribution of these elements throughout the modelled motor
cross-seciion is equally important. In general, the mesh needs to be dense in places
where the flux-density gradient is high, for example near tooth tips and slot edges; and

it needs to be sparse in places where the flux-density gradient is not so high, for

example in stator and rotor yoke, and shaft.

An optimised mesh is a best compromise between the solution time and accuracy.
It is here that the 47t of mesh-building, itself a combination of skill and experience,
plays an important role. One of the significant contribution of the link program is the
automatic incorporation of this expertise into the software such that it is almost
transparent to the user. For example, the assignment of number of subdivisions along
every region boundary (called a face in 2-D FE parlance), which essentially decides the
resultant mesh density and distribution, is built-in within the program. This is an
important feature, as it obviates the need for the user to spend a lot of time and learn

all the necessary skills involved in building an optimised mesh.
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1.6.3 Sliding Mesh Generation and Solution

This is the second stage in the FE analysis. In order to obtain variation of flux-
linkage with current and rotor position, the exercise of building motor geometry and
generating mesh is repeated for a series of incremental rotor positions. This is the last
step in the flow-chart shown in Fig. 1.6. Once the meshes for all the required rotor
positions are generated and stored, the next step is to create solutions for all the

meshes at different current values (scale factors in FEA parlance).

Important parameters such as the maximum number of iterations to be
performed, the extent of accuracy desired, and the scale factors at which the solutions
need to be created, are specified in the form of a batch file. The solutions are finally
created and stored by running this batch file under the given operating system. Of all
the three stages involved in FE analysis, the solution stage needs maximum amount of

computing resources in terms of solving time, memory usage and storage space.

The computing time and the storage space required for a particular solution
directly depend upon the number of elements in an FE formulation. For example,
Figs. 1.8 and 1.9, show the meshes generated at two different rotor positions for the
motor of Fig. 1.11, over quarter of a cross-section. In terms of the number of elements
and the number of nodes, the two meshes are identical, as they both have 3548

elements and 1826 nodes.

It 1s important to realise that the mesh itself does not alter in any way from one
rotor position to the next. This is achieved through a process called the sliding mesh
generation. As the term suggests, in this kind of problem formulation, the mesh
literally slides along the face in the middle of the four airgap regions, shown in Fig.
1.10, as the rotor moves from one rotor position to the next. This means that the two

atrgap layers adjacent to the rotor surface move along with the rotor; while the two

atrgap layers adjacent to the stator surface remain stationary.
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Figure 1.8.  Finite-element mesh at 0° rotor position for a brushless PM machine.
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Figure 1.9. Finite-element mesh at 20° rotor position for the same brushless PM machine.
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Figure 1.10. A magnified view of the finite-element mesh showing a four-layered airgap region.

In order that the mesh is stitched properly at all rotor positions, and that the nodes
at the sliding interface are equally spaced, it is required that the minimum increment
in rotor position is the same as the unit sub-division along the sliding face, For
example, if a quarter of a motor cross-section (i.e. over 90°) is modelled, and if the
number of sub-divisions along the sliding face is 90, then the minimum possible
increment in rotor position is 1°. While this imposes a restriction on the resolution

that can be achieved in rotor movement, it has two main advantages.

o The mesh generation times are reduced substantially.

o The global as well as local errors, to whatever extent they may be throughout the

motor cross-section, are maintained constant at all rotor positions.
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The second advantage is especially important as it helps in implementing the principle

of virtual work with good amount of accuracy and confidence. This has also been

pointed out in [66]. Briefly, it can be explained as follows.

Equation (1.6) gives the principle of virtual work, (1.4), in the form of numerical
differentiation. This form has been used throughout the thesis for calculating torque

in an electrical machine.
T,=—t—1 (1.6)

Where,

T. is the instantaneous electromagnetic torque
W is the coenergy at position 1.
W2 is the coenergy at position 2.

62 is the amount of displacement between positions 1 and 2.

Typically, the change in coenergy over a small displacement is only a very small
fraction of the total coenergy at any one rotor position. This means that the difference
in coenergy, the numerator of (1.6), turns out to be a very small number calculated
from subtracting two almost equal and large numbers corresponding to coenergies at
two rotor positions. Now, if the error inherent in calculating W1 is say, e1 and

similarly for W2 it is ez, then the numerator of (1.6) 1s given by,
(W' +e,) — (W' +e))=(W',-W' )+ (e, —¢,) (1.7)

This shows that, whatever may be the errors in estimating coenergies at different
rotor positions (&1 and e2), as long as they are of almost the same value and sign, the
difference in coenergy is bound to be accurate. Thus, as mentioned earlier, the sliding
mesh generation ensures that the errors involved in calculating coenergies at different
rotor positions are maintained constant. It also reduces the solution times and helps in

making efficient utilisation of computing resources. Both these advantages would be
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lost if the meshes were to be different and generated individually for every rotor

position.

1.6.4 Post-Processing

This 1s the third and the final stage of the FE analysis. Although many different
quantities, as mentioned earlier, could be obtained through post-processing, with
regard to the FMDT, the only quantity of interest is the variation of flux-linkage with
current and rotor position. This is obtained by executing programs written in the

same high-level programming language as used in pre-processing. The programs are

stored in comi-files and the program listings are given in Appendix B.

Once the information on variation of flux-linkage with current and rotor position
is obtained in the form of a matrix, it is processed using MATLAB [70], which is one
of the many commercially available software packages for mathematical data
processing. The programs are written in MATLAB’s own programming language and
stored in m-files. They are used to construct the flux-MMF diagram, calculate torque,
and obtain other information such as the effect of skew and saturation on torque. The

MATLAB program listings are given in Appendix C.

1.6.5 Using Symmetry

In an ideally symmetrical multi-phase electrical machine, the current waveforms

and the winding configuration are identical for all the phases except that they are
phase shifted in time and space respectively. This symmetry can be exploited in
constructing flux-MMF diagram for any one phase, in such a way as to make an
efficient utilisation of the finite-element method and minimise the computing

resources needed. This is best explained with the help of an example.
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Fig. 1.11 1s the cross-section of a 3-phase, 4-pole, PM brushless AC machine. The
details of its design are explained in Chapter 6, where it has been used for the
comparative evaluation of several different types of electrical machines. Fig. 1.13
shows the flux-MMF diagram for any one phase of this machine, which has been
constructed by executing the series of steps outlined in the foregoing discussion,

including the FE analysis. Fig. 1.12 shows a typical flux-plot at no-load obtained from

the FE analysis.

The flux-MMF diagram consists of six flux-MMF trajectories for six phase current
values ranging from 0 to 20 A RMS. Each one of these flux-MMF trajectories
represents the variation of phase flux with position plotted against the variation of
phase MMF with position for a given phase current. Figs. 1.14 and 1.15 show these
variations of the flux and MMF respectively. Roughly speaking, sine variation of
MMF leads to a cosine variation of flux, and this 1s the reason why the flux-MMF

trajectories are elliptical when the flux is plotted against the MMF.

Drau Zoom

ESC/Quit/Save

Figure 1.11. Cross-section of the 3-phase, 4-pole PM brushless AC motor.
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Figure 1.13. Flux-MMF diagram for any one phase of the PM brushless AC motor.
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Figure 1.14. Variation of phase flux with position at increasing RMS phase currents.
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Figure 1.15. Variation of phase MMF with position at increasing RMS phase currents.

Fig. 1.13 also has magnetisation curves corresponding to 120 rotor positions over

one electrical cycle (360° elec.). This gives an incremental spacing of 3° elec. (1.5°
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mech.). Thus there are 6x120=720 data points in total, in the flux-MMF plane; and
these points completely define the flux-MMF diagram. In the absence of any
symmetry, the FE analysis would need 120 meshes at 120 rotor positions over one
electrical cycle. These meshes would then need to be solved for 6 scale factors
corresponding to six current values, needing 720 solutions in total, to construct the
flux-MMF diagram of Fig. 1.13. However, by exploiting the symmetry which exists in
a 3-phase sinewave current waveforms, the same diagram can be constructed using just
20 meshes and 6x20=120 solutions. This can be realised from Fig. 1.16 which shows

the 3-phase current waveforms used in FE analysis.

P.U. CURRENT
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Figure 1.16. 3-phase current waveforms used in FE analysis. The top half shows waveforms over one
electrical cycle while the bottom half shows the same over 1/6™ of an electrical cycle.

The top half shows waveforms over one electrical cycle while the bottom half
shows the same over 1/6™ of a cycle. It can be seen from this figure, that the current
waveform for any one particular phase over one electrical cycle can be reconstructed

from the components of the 3-phase waveforms over 1/6™ of a cycle. These
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components are displayed in the bottom half of Fig. 1.16, which is a magnified view
of the top half. The actual rotor positions, for which FE analysis is performed, are
also shown 1n Fig. 1.16. These are 21 rotor positions over a total displacement of 60°
elec. with an increment of 3° elec. Thus, by extracting the information, such as flux-
linkage variation, over 1/6" of an electrical cycle for all the three phases, the flux-

linkage variation for any one particular phase over one cycle can be reconstructed.

Fig. 1.17 displays the constituent portions of the flux-MMF diagram of Fig. 1.13.
These are constructed using the flux-linkage variation data for each of the three phases
calculated over 1/6" of an electrical cycle. The data points on the left, indicated by
solid lines, are calculated from FE analysis; while those on the right, indicated by

dotted lines, are simply derived from those on the left by using mirror symmetry.
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Figure 1.17. Constituent portions of the flux-MMF diagram of Fig, 1.13.
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1.7 Chapter Summary

Chapter 1 has introduced the concept of the flux-MMF diagram. It has shown
how the flux-MMF diagram has evolved from its more established and familiar

forerunners such as the y~i diagram and the principle of virtual work. It elaborates on

the process of constructing a flux-MMF diagram using the finite-element analysis, and
brings out its salient features. It gives a brief overview of the steps involved in
carrying out the FE analysis and includes the algorithm developed for the PC-BDC-
OPERA FE link program. It shows how to use the symmetry that exists in a normal
multi-phase machine, to minimise the computing resources needed for carrying out

the FE analysis. The chapter also summarises the original contribution of the thesis

and gives an outline of its structure.
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Electromagnetic Torque Ripple

2.1 Introduction

Prediction of electromagnetic torque ripple is the most significant application of
the flux-MMF diagram technique. While Chapter 1 has focused on the evolutionary
and constructional aspects of the flux-MMF diagram, this chapter concentrates on
applying the flux-MMF diagram to predict variation of instantaneous electromagnetic
torque with rotor position and load current. The exact definitions for the terms

electromagnetic torque ripple and cogging torque ripple are given in Chapter 1 and there

is a clear distinction between the two.

While the term electromagnetic torque itself refers to the main torque generated in
an electrical machine due to the interacticn between magnetic field and electric
current, the term cogging torque refers to the auxiliary or parasitic torque generated
due to the interaction between magnetic field and a slotted armature, and it exists
even when there is no electric current. Chapter 3 deals exclusively with cogging

torque and its prediction using the flux-MMF diagram technique and in this chapter,

attention is focused on electromagnetic torque.

The next section presents a literature review of the established techniques used for
predicting torques and forces in any electromechanical device 1n general. Section 2.3

illustrates the procedure of predicting electromagnetic torque ripple with examples of

PM brushless AC and DC motors. Section 2.4 describes an alternate method of doing

the same using static torque characteristics. Experimental validation is presented

where appropriate.

65
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2.2 Literature Review

The topic of finite-element based force and torque calculations in electrical

machines has been treated extensively in the published literature [8}-[20]. Three

prominent methods are described.

2.2.1 Lorentz Force Method

The most general expression for the force acting on an electrically charged moving

particle in the presence of an electric and a magnetic field is given by [7],

F=QE +Q(v xB) (2.1)

where,
F  1s the Lorentz force vector.

is the electric charge on the moving particle.

Q

E  is the electric field vector.

v 1s the velocity vector for the moving particle.
B

is the magnetic field vector.

This is known as the Lorentz force expression, so named after H. A. Lorentz. In an
electrical machine, only the second term on the right hand side of (2.1) is considered;

in which case, the expression reduces to a more simpler and familiar form given by,
F = Bil sin 6 (2.2)

where, F is the force on a linear current-carrying conductor of length /, carrying
current #, placed in a uniform magnetic field B. Equation (2.2) is a scalar equation and
relates only the magnitude of the quantities involved. However, the force vector F is

perpendicular to both I and B, and 6 in this case is the angle between I and B.
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The Lorentz force method is often considered to be the most direct and reliable
method for calculating force on a current-carrying conductor since it is based on
experimental evidence [17]. It is most commonly applied in analytical formulations of
electrical machines (rather than finite-element formulations) where a slotless armature
is assumed with conductors uniformly distributed in the airgap. Physically, however,
this is not the case for the great majority of machines. Also, this method is incapable

of predicting such effects as cogging torque which are present even in the absence of

any current [20].

2.2.2 Maxwell Stress Method

James Clerk Maxwell, in his Treatise on Electricity and Magnetism [2], proposed a
system of stresses, expressed in terms of field quantities such that, by integrating the

stresses along a closed path, C, surrounding a moving component, the total force on

the component could be computed. The expressions for stresses are given as follows

[11], [17].

f, ='2‘;170(B: _ B (2.3)
1
[ = "‘u—B,.B, (2.4)

where fis the force per unit area and B is the flux-density. The subscripts » and ¢

denote the components normal and tangential to the contour C respectively.

The Maxwell stress method is valid for computing force on non-linear as well as
linear materials and for current-carrying as well as current-free regions. However, the
use of (2.3) and (2.4) requires that the contour C be closed and situated entirely in
linear material. This is by far the most popular method of force and torque

calculation in finite-element formulations. Many of the recent studies on Maxwell
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stress have either tried to extend and generalise this method [8]-{10], or reported the
sources of possible errors in calculations and ways of improving accuracy by proper

choice of the contour for integration [11]-{12], [17].

Carpenter [8] has given the first comprehensive account of the Maxwell stress
method in recent years. Penman and Grieve [9] have proposed an extension of this
method by applying it in conjunction with the dual-energy or complementary-energy
approach. Chang et al. [10] have presented a modified form of this method by means

of an area integration over the airgap region rather than the usual contour integration

to improve accuracy and robustness of the method.

Tarnhuvud and Reichert [11], McFee and Lowther [12], and DeBortoli and Salon
[17] have all discussed the accuracy problems and the sources of errors encountered in
applying the Maxwell stress method. In some cases, they have also suggested possible

means of alleviating such difficulties. The overall conclusions of these studies are:
1. The optimal path for integration can be constructed in one the following ways.

e A path joining the centroids of neighbouring elements
o A path crossing elements by joining the midpoints of two of their sides

e A path crossing perpendicular to each element boundary

2. Since only a small fraction of total number of finite-elements, those which are 1n
the path of integration, are used in obtaining force; this tends to magnify the effect
of local field errors. To address this problem, an average value of forces obtained
from several paths can be taken, thereby increasing the number of elements

contributing to the force computation.

2.2.3 Virtual Work Method

The principle of virtual work has been described in detail in Chapter 1, however, as

far as implementation of this method using finite-element analysis is concerned, many
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variations are possible [13]-[16], [86]. Indeed, as mentioned earlier, the flux-MMF
diagram technique is just one such variation. Briefly, in this method, a numerical
differentiation of coenergy with respect to position is performed at constant current
to compute the resultant force. As against the Maxwell stress method where only one

field solution is needed, this method requires at least two field solutions to compute

the force and thus becomes computationally expensive.

To circumvent this difficulty, Coulomb and Meunier [13}-{14] have proposed a
single-solution implementation of the virtual work method. In this approach, the
movable portion is not displaced physically; instead, the so-called virtual displacement
factors, v, are assigned to each and every node of the mesh, indicating their relative
virtual displacement. All nodes within the movable portion have v=1 and all nodes
within the fixed portion have v=0. Nodes within the space which is enclosed by the
movable and the fixed portions (the airgap) are assigned values of v such that 0<v<1,
with higher values assigned to nodes nearer the movable portion. In this way, the
computation of force is spread over the entire region modelled, lessening effects of
local field inaccuracies. Freeman and Ashen [15], and Aronson and Brauer [16] have

also proposed one-solution schemes for employing virtual work method, and these

are essentially variations of the original scheme described above.

With regard to the two-solution implementation of the virtual work method,
there are different ways of estimating system coenergy. The most commonly
employed approach is to calculate coenergy associated with the entire system. Some
others, for example De La Ree and Boules [86], have considered only the energy or
coenergy associated with the airgap region arguing that the energy stored in the iron

portions can be assumed to be negligible. This assumption, though simplifying the

method, is also its limitation.
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2.2.4 Comparative Evaluation

Many comparative studies of the three methods mentioned above have been

performed [17]-[19]. The overall conclusions from these studies could be summarised

as follows.

o In finite-element analysis in general, field estimation is more accurate than the

force estimation obtained from it.

o Different methods of force and torque estimation do not always yield the same

result and even if they do, there is no guarantee that the result obtained is the

correct one.

e None of the three methods distinguishes itself as the most accurate, consistent, or

reliable. All methods should be used with due consideration for the problem at

hand, the amount of computational expense that can be afforded, and the possible

sources of error.

It is worth mentioning at this point that the flux-MMF diagram technique can be

distinguished from the other virtual work based methods, described above, in many

different ways. Table 2.1 summarises these distinguishing characteristics.

Table 2.1.
Coenergy Calculation

What coenergy?

How 1is it calculated?

What about the accuracy of
coenergy calculations at a
particular position?

What about the accuracy of
‘change in coenergy with
position’ calculations?

Other virtual work based
methods

Either associated with the entire
system or the airgap region

Directly, from the FEA

Affected by the local field

inaccuracies encountered in the
atrgap regions

Affected by the accuracy of
coenergy estimation, if the mesh
is different at every position

Distinction between the FMDT and the other virtual work based methods.

Flux-MMF diagram technique

Either associated with the coil,
phase or the permanent-magnet

Indirectly, from the flux-linkage
variation with position and
current

Does not involve airgap regions,
hence not affected by those
inaccuracies

Unaffected by the accuracy of
coenergy estimation, since the
mesh 1s same at every position
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2.3 Prediction of Electromagnetic Torque Ripple

Chapter 1 has dealt with the method of constructing the flux-MMF diagram for
any one phase of an electrical machine. Having constructed such a diagram, this

section deals with the method of predicting electromagnetic torque ripple from tt.

2.3.1 PM Brushless AC Motor

Fig. 1.13 from Chapter 1, which shows the flux-MMF diagram for any one phase
of a 3-phase PM brushless AC motor is repeated here in Fig. 2.1, with some additional
legend for the purpose of explanation. By applying the principle of virtual work 1n
the form of (1.6), as described in Chapter 1, it is possible to obtain instantaneous
variation of phase torque with position at six phase current values between 0 and 20
A, as shown in Fig. 2.2. The variation shown is for one electrical cycle, since one
traverse round the flux-MMF trajectory represents one electrical cycle. Each point on
a phase torque ripple curve, at a particular value of phase current, is obtained by first
calculating the area enclosed between magnetisation curves at two adjacent rotor
positions. This area represents the change in coenergy. It is then simply divided by

the amount of displacement between two adjacent rotor positions to give

instantaneous torque.
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Figure 2.1.

Figure 2.2.

The Flux-MMF Diagram Technique
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instant for the three phases at 20 A.
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0, 4, 8, 12, 16 and 20 A RMS phase currents.
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Having obtained the electromagnetic torque ripple curve for any one phase, the
total torque ripple for the entire machine is obtained by simply adding torque
contributions from every individual phase. Depending upon the number of phases,
these contributions are phase shifted by an appropriate number of electrical degrees.
This is shown in Fig. 2.3 where three identical phase torque ripple curves are phase
shifted by 120° elec. (since it is a 3-phase machine) and added to obtain the total

torque ripple at 20 A RMS phase current.

Note that for any one phase of an ideal 3-phase AC machine, when the generated
EMF is in phase with the current, the phase torque curve will have the shape of the
function f{@)=sin’@; since it is a product of two perfectly sinusoidal variations of
generated EMF and current. When three such phase torque curves are phase shifted
by 120° elec. and added, it can be shown mathematically that the result is a perfectly
smooth total torque curve with no ‘AC’ component of torque ripple. This is shown
in Fig. 2.4, which is same as Fig. 2.3, except that an ideal 3-phase machine is assumed.
In a non-ideal 3-phase AC machine, however, the presence of stator slotting and
imperfectly sinusoidal winding distribution, gives rise to the ‘AC’ component of
torque ripple. Thus, in a sense, the magnitude of the ‘AC’ component of torque ripple
is an indication of the extent of deviation from an ideal 3-phase machine. For example,
both Figs. 2.3 and 2.4 show an average total torque of 91.07 Nm but Fig. 2.3, which is
for a non-ideal machine, shows a peak-to-peak ripple of 8.31%. Whereas Fig. 2.4,

which is for an ideal machine, shows no ripple.

The ‘X’ marks in Fig. 2.1 indicate the operating point at a particular instant for
each phase on the outermost flux-MMF trajectory of 20 A, and the ‘X’ marks in Fig.
2.3 indicate the corresponding calculated torque values at that instant, for each phase
and for the entire machine. Finally, Fig. 2.5 shows the total electromagnetic torque

ripple curves calculated in this manner at six phase current values between 0 and 20 A

RMS.
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Figure 2.3. Total electromagnetic torque ripple for the non-ideal machine at 20 A RMS phase current.
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Figure 2.5. Total electromagnetic torque ripple for the non-ideal machine at 0, 4, 8, 12, 16 and 20 A
RMS phase currents.

In general, the method described above holds good for machines which are
symmetrical; where winding distribution, and current excitation for each phase are
identical with a phase shift in space and time respectively. The method can also be
used for a purpose-built non-symmetrical machine, where the flux-MMF diagram

needs to be constructed and torque ripple calculated for each phase separately.

It is important to note that the calculation of total torque ripple using FMDT 1s a
two step process. In the first step, the phase shifted individual phase torque
contributions are added up to calculate the total electromagnetic torque ripple. This
assumption of superposition is valid even when the machine is saturated; as long as the
phase torque ripple is calculated using the phase flux-MMF diagram. In general, the
condition of linearity is implied in applying superposition. However, in this case, the
phase flux-linkage values used in constructing a flux-MMF diagram, include both the
self and the mutual components. Thus, the effect of saturation, due to self as well as

mutual coupling for any one phase, is already taken into account. This leads to a
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phase torque ripple calculation which includes the effect of saturation and any non-
linearities arising out of it. In the second step, the cogging torque ripple, if it 1s present
in the machine, 1s calculated using the FMDT as explained in Chapter 3, and added up
to the electromagnetic torque ripple to obtain the total torque ripple. However,
unlike the first step, where mutual and saturation effects are always taken into

account, the influence of load current is not taken into account in calculating cogging

torque ripple. Thus, the assumption of superposition of electromagnetic and cogging

torque ripple, although reasonably good, may only be valid as long as the machine is

not severely overloaded or heavily saturated.

2.3.2 PM Brushless DC Motor

Fig. 2.6 shows the cross-section of a 3-phase ferrite-magnet brushless DC motor,
FBL550A-A, manufactured by Oriental Motor Co. Its major design specifications are

given in table 2.2.

Eaprm_ 0.127
Slot 248.370

Orau Zoom
ESC/QuitsSave

Figure 2.6. FBL550A-A PM brushless DC motor cross-section.
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Table 2.2.  Major design specifications for the FBL550A-A motor.

Number of phases 3
Number of rotor poles 4
Number of stator slots 6

Stator outer diameter 83.09 mm
Magnet type FB3X, Ferrite
Remanent flux density 0385 T
Winding Configuration =~ Wye connection
Turns per phase 400
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