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ABSTRACT

The desirability for new induction machines that possess the combined advantages of the
well-established wound-rotor and squirrel-cage induction machines have motivated
considerable research interests in the development of dual-stator induction machines.
Although extensive literature survey has revealed considerable advancements in the design
architecture of dual-stator winding induction machine, it is yet to attain maturity from the
standpoints of optimized active material utilization, efficiency and harmonic attenuation. In
pursuit of some of these critical issues, this research is primarily aimed at developing a
pragmatic approach of re-designing a standard three phase induction machine into an
improved dual-stator winding induction machine (DSWIM) and of its practical
implementation. More specifically, a methodology which encompasses realizing a dual
stator winding machine prototype based on hybrid analytical and genetic algorithm (GA)
optimization as well as establishing the machine performance characteristic indices, and its
experimental validations. A paramount consideration is the comprehensive characterization
of such improved dual-stator winding induction machine. The adoption of DSWIM housing
similar pole ratios, as opposed to dissimilar pole ratios widely studied in the literature, is to
permit full winding utilization and maximization of its output power capability. In this
dissertation detailed mathematical modelling, based on Park’s equations in d-g-0 arbitrary
reference frame, to underpin simulation of the dual stator winding in MATLAB environment
and application of finite element technique to stator field distribution mapping to enable
computation of machine inductances have been developed and successfully implemented.
All the leading DSWIM design parameters based on the classical design and GA
optimization technique are presented and comprehensively discussed. The proposed
theoretical computations of dual stator winding inductances are shown to be superior to the
existing technique based winding function approach. As a major goal accomplished, a
prototype implementation of the DSWIM equipped with 8/8 similar pole ratio has been
satisfactorily realized in the laboratory as a demonstration of the practicability of the
proposed design concept. This has enabled an elaborate experimental setup which facilitated
accurate measurements of fundamental parameters of the proposed dual stator winding
induction machine as well as in-depth operational performance evaluations comprising its
steady state and dynamic drive capabilities. Of noteworthy is the GA optimization with
respect to the similar pole ratio DSWIM stator winding re-design that revealed its optimum
efficiency and power factor (p.f) values respectively to be 93.43% compared with 87% and
88.02% compared with 80% for standard 3-¢ induction machine of the same rating. The
significance of the improvement in DSWIM efficiency and power factor achieved is central
to the actualization of the prime goal of this research work and capable of driving future
research directions. The DSWIM housing similar pole ratios has, to the best of our
knowledge, remained largely unexplored. The importanceof the proposed DSWIM design
consideration has also envisaged its potential application to exploiting maximum power
harvest from wind turbines operating in low wind regimes prevalent in the tropical region.
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CHAPTER ONE

INTRODUCTION
1.1 Background Information

As a critical operational requirement, all modern electric utilities that supply electrical
appliances, industrial equipment and drives must operate at constant frequency of choice; and
it is either 50 Hz or 60 Hz (chapman, 1998). It is also well known that for any electric utility,
different varieties of ac machines which are the workhorses of all motorized loads constitute
dominant entities within industrial, commercial and residential load compositions. From the
fundamental operating principles of an alternating current (ac) machine, its speed is
proportional to the frequency of input voltage and current. Consequently, all ac machines
have fixed speeds when supplied from power utilities. However their speeds can be made
variable to meet the needs of most industrial processes. For example, a number of modern
manufacturing processes, such as machine tools, require variable speed. The expanding
applications of variable speed ac motors have remained the driving force for wide range of
research activities aimed at improving their operational capabilities and efficiencies. A
comprehensive overview of ac machine family is illustrated in Figure 1.1.

As a matter of fact, the introduction of variable-speed drives has increased automation
and productivity and, in the process, efficiency. In developed countries typified by USA,
nearly 65 % of the total electric energy produced is consumed by electric motors (Krishan,
2001). Variable speed drives in the industry employ electric motors as their drive motors
mainly because they enjoy several specific advantages, such as overload capacity, smooth
speed control over a wide range, capability of operation in all the four quadrants of the
speed-torque plane, etc.

From historical perspectives until the advent of thyristors and power converters, dc motor

varieties had been very popular in the area of adjustable speed drives, even though it suffered



from the disadvantages imposed by the presence of a mechanical commutator. Power
converters capable of providing variable voltage, variable frequency supplies have now made
ac motors increasingly popular. Among the ac motors used in the industry, induction motor is
the most dominant because of its ruggedness as well as much cheaper maintenance and
control requirements. Squirrel cage and wound rotor induction motors are most common
induction motors found in small to large industrial complexes. The literature is therefore
replete with design concepts on the induction machines of different configurations and the
emerging design concepts on, and operational characterization of, multi-phase induction
machines. The magnetic design, practical realization and characterization of multi-phase
induction machine, in which the stator is equipped with two sets of windings of identical
number of poles and standard squirrel cage rotor, constitute the core research areas addressed
herein. Of prime research interest is the optimum reductions in DSWIM losses so as to

maximize efficiency and also improve p.f.
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1.2 Research Justification
The conventional three phase induction motors have dominated the industrial undertaking as
the workhorses of mechanized/automated processes and will continue to remain so into the
foreseeable future. However with the demand for high power electric drive systems
characterized by ruggedness, high energy-efficiency and reliability gave impetus to multi-
phase induction machine development. Specialized applications, such as electric/hybrid
vehicles, marine propulsion, aerospace applications, etc. that demand high reliability, are
majorly responsible for the aforementioned demand for multi-phase induction motors.
Within the last two decades therefore, multi-phase induction machines (machines equipped
with phases higher than three) have been investigated by many researchers due to the
following operational advantages (Alfredo and Lipo, 1998 ; Djafar et’al, 2004; Apsley and
Steve 2006):

Q) Increased power ratings due to two winding design option;

(i) Reduction in current per inverter leg ;

(iii)  Increased reliability especially its fault tolerance capabilities;

(iv)  Reduction in harmonic contents; and

(v) Wider scope of flexibility in the choice of control scheme.
The research effort on a multi-phase induction machine, having generalized representation of
n-windings and phase configuration depicted in Figure 1.2 has not attained maturity. Yet
some extremely important findings have been reported in literature indicating general
feasibility of multi-phase induction machine of profound potentials. As a corollary, the
prime focus of this research work is aimed at investigating design philosophy to secure
improved multi-phase induction machine. The underlying design architecture and practical

realization of the improved multi-phase induction machine as well as mathematical modeling



and experimental verification of its performance constitute the research thrusts embarked

upon in this dissertation.
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a) Schematic Representation of N-winding Induction Machine b) N-winding Phase Arrangement

Figure 1.2: Generalized Representation of Multi-Phase Induction Machine and Phase
Arrangement

1.3 Problem Definition

In recent years, multi-phase induction machines have attracted more focused attention from
researchers. To date, various researchers have studied the operation of these machines as
generators as well as motors with a view to analysing their performance characteristics as
compared to standard three phase machines of similar ratings.

However, a comprehensive review of relevant literature: Ojo and Davidson (2000); Alfredo
(1998); Munoz and Lipo (2000)) revealed that the machines either suffer from overheating
due to excessive copper losses in the windings or incomplete utilization of the machine.
Furthermore, the machine core performance indices such as starting torque and magnetizing
current are a function of its inductances. There is therefore the need for an accurate method
of determining these inductances. The conventional analytical method of determining these
parameters (inductances) is anchored on the winding function approach. It assumes

sinusoidal distribution of the winding but in the actual machine, the windings are not



sinusoidally distributed. This assumption therefore introduces error into the values of the
inductances obtained. Consequently, performance prediction of the machine using the values
of the inductances calculated by winding function method would attract appreciable
modelling error,

In summary, the major unresolved research problems that have been identified with respect
to dual winding induction machine to date are as follows:

» excessive copper loss in the windings by optimizing the machine’s efficiency;

> partial utilization of the machine stator dual windings during running mode; and

» Inaccurate method of calculating the machine’s inductances.

Against the backdrop of the foregoing, the concomitant research questions of prime interest
are as follows:

e s it possible to evolve dual stator machine re-design approach to minimize excessive
copper losses in the windings?

e s full utilization of machine stator dual winding realizable and how does it impact its
architectural construction?

e Can a pragmatic analytical framework be developed to facilitate calculations of
machine’s inductances as superior alternative to winding function approach from the
standpoint of computation accuracy?

These research questions are addressed frontally in this dissertation via specific problem
definition. It seeks, in the main, to optimally redesign dual stator windings (a-b-c and x-y-z)
spatially displaced by fixed angle (o degrees) and of similar number of poles to replace
existing windings of standard three-phase induction machine without altering the original
architecture of the squirrel cage rotor. Embedded in the problem definition are the

indispensible requirements to improve efficiency and p.f. of DSWIM design, accurately



determine DSWIM parameters for its steady/dynamic state simulation studies leading finally

to construction of DSWIM prototype to enable extensive experimental validations.

1.4

Aim and Objectives

The aim of this research is to design, construct and carry out performance analysis of an

improved dual three-phase stator winding electric machines. (using an integrated analytical,

meta-heuristic, simulation and experimental framework). Towards the realization of this

aim, the following objectives are pursued:

Mathematical formulation of the DSWIM design based on analytical approach and
GA optimization to facilitate computations of stator winding leading parameters and
application of GA to specifically search for optimum DSWIM efficiency and pf.
Development of a hybrid analytical and meta-heuristic framework for the optimal
design of an improved dual three-phase stator winding to achieve the following:
e Minimization of excessive copper loss; and
e Enforcement of full utilization of stator windings during running mode via
appropriate choice of n/n stator winding pole ratios.
Derivation of necessary equations to enable accurate computations of the dual stator
winding inductances and resistances that rely on the physical configurations of the
stator windings and stator slot geometries, stator bore instead of the widely used
winding functions in the existing relevant literature. In addition the following
derivations are essential to the overall DSWIM modelling
e Fundamental derivations of the voltage equations in generalized time
dependent variables and subsequent transformation into time invariant
variables;
e Computations of winding mutual, self and leakage inductances with special

attention given to their accurate derivations ;



e Derivation of the equivalent circuit of the dual stator winding induction
machine in d-g-0 reference frame; and

e Development of software programs for the simulation of DSWIM in
MATLAB environment.

e Development of finite element method (FEM) modelling of DSWIM to
determine its leading inductances.

iv.  Development of stator winding diagram leading to construction of a prototype 3-
phase dual stator winding induction machine;

v.  Setting up an experimental configured test bed rig dedicated specifically for the
prototype 3-phase DWSIM to determine its wide range operational characteristics that
include efficiency, torque, etc.

1.5  Overview of the Research Methodology

The research methodology roadmap is summarized in the functional flowchart of Fig.
1.3. The methodology roadmap must of necessity conform to the aim and objectives of this
dissertation. For the sake of clarity, some critical research issues to be addressed are further
re-iterated as follows:

1. Establishment of the current research status and milestone achievements with respect
to multi-phase induction machine and therefrom identify the critical research areas
deserving priority attention.

2. Derivations of generalized mathematical model and computation of necessary
equivalent circuit inductances to underpin performance analyses of dual stator
winding induction machine and to serve as benchmark test-bed model.

3. Development and implementation of the proposed induction machine redesign
philosophy to facilitate conversion of conventional induction machine into dual stator

winding induction machine of identical or dissimilar pole ratio.



4. Standard experimental test rigs configured around the redesigned dual stator winding
induction machine as well as conventional three phase induction machine of the same
rating for comparative evaluations of key performance indices.

5. Investigation of redesigned dual stator winding induction machine model via
simulations in MATLAB Simulink as conceptualized in Fig. 1.4 and benchmarking
such simulation results against equivalent experimental results for accuracy
verifications.

6. Finite Element Modelling of DSWIM according to the generalized framework of Fig.
1.5 to enable determination of stator inductances and flux patterns in the machine air
gap and compared with the analytical approach for inductance computations.

7. Comparative evaluations of the dual stator winding induction machine based on
simulation results and experimental results.

The overall research goal is to achieve improved dual stator winding induction machine
performance from standpoints of energy loss minimisation via optimum participation of the

dual stator windings at different levels of mechanical loadings.
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Figure 1.5: Basic Block Diagram of the Finite Element Method.

1.6  Significance of the Research

The research was concerned with design philosophy targeted at achieving improved dual
stator winding induction machine in order to attract superior operational performance not
attainable by existing design concepts. This is primarily driven by the global trend towards

efficient energy utilisation which, in turn, called for the need to look into new design
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techniques/architectures and implementation of induction machines being dominant players
in industrial drive systems. For this purpose attention was herein focused more on the new
class of induction machines due to some advantages they possess over other machines.
Flexibility, ease of control, ruggedness and the possibility of generating voltage at any speed
beyond synchronous are but a few of the inherent qualities of the induction machines.
Because of the rapidly growing demand for high power drive system and more flexible
operation, multiphase machines are attracting serious attention from researchers. Preliminary
review of current literature has established that multi-phase induction motor design trend is
yet to attain maturity. This research work is therefore an attempt to deepen maturity of multi-

phase induction machine via new design concept and improved modelling strategy.

1.7  Dissertation Organization

This dissertation is divided into six chapters and supported by four appendices. Chapter
one is a general introduction. In this chapter, the aim and objectives have been articulated in
line with the core research problem addressed. An overview of the methodology adopted to
meet the research goals is also presented in the chapter.

Chapter two has two main components: detailed review of fundamental concepts and in-
depth literature review of similar works. The detailed review of fundamental concepts
provide basic theoretical framework for induction machines and derivations of salient
equations of relevance to dual stator winding machine design and analytical treatment. The
literature review of similar works entail publications supportive of this dissertation to embark
on the research direction identified.

Chapter three is dedicated to fairly extensive mathematical modelling of the dual stator

winding induction machine using Park’s transformation applied to its derived differential
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equations in phase variables. Here, the equivalent circuits of the machine are developed and
most importantly the torque equation established.

Chapter four is concerned with the design aspect of the machine based on traditional
analytical approach and application of GA to optimize DSWIM efficiency. In addition,
magnetic field distribution pattern via finite element analysis is set forth to determine
DSWIM leading simulation parameters. A generalized winding architecture was also
documented in this chapter.

Chapter five includes simulation results carried out in MATLAB/Simulink environment,
results of finite element analysis applied to DSWIM, winding diagrams developed for
DSWIM and its prototype realization as well as far reaching results of the experimental work
done. Furthermore, comprehensive discussions of all the results obtained are contained in this
chapter.

Chapter six focuses on general conclusions, and recommendations. All references duly
consulted during this research work and four appendices to reinforce critical technical
materials of Chapters two to four as well as two computer program listings developed are

provided at the end of the dissertation.
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CHAPTER TWO

THEORETICAL BACKGROUND AND LITERATURE REVIEW
2.1 Introduction
This chapter is broadly divided into two parts. The first part is concerned with the review of
the fundamental background concepts on induction machine family and specific derivations
of equations in respect of dual stator winding induction machines which are critical in their
design philosophy. The second part presents summary of literature review of publications
found relevant to the research work embarked upon in this dissertation. Of central
importance is the need to reiterate the research gaps tackled in this dissertation that emanated
from the current knowledge base in the literature.
2.2  Review of Fundamental Concepts
In Chapter One, a fairly comprehensive overview of ac machines was presented that focused
specifically on the conventional ac machines and the emerging dual stator wound induction
machines. The basic theory of all rotating machines is founded on Faraday’s law (E = BVL)
and Lorentz equation (F = BIL). Consequently the analysis of conventional three-phase
machines is equally fundamentally valid for analyzing multi-phase induction machines of
interest. More specifically, the established theoretical concept will be applied to explain
braking, motoring and generating modes of induction machines. In the subsequent
subsections, an attempt will be made to set forth the basic theory in respect of the identified
operating modes of induction machines and proceed therefrom to derive necessary equations

pertinent to DSWIM design concept.
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2.2.1 Characterizations of physical features and operating modes of induction
machine

The fundamental function of an electric motor is to develop an electromagnetic torque part of
which is used in driving any mechanism (load) connected to its shaft. In the case of induction
motor, this is achieved when alternating currents are supplied directly to its stator windings
and by transformer (induction) action to the rotor. The rotor of an induction motor is of two
types; the wound rotor and squirrel cage rotor. A brief synopsis of induction machine
physical structure, typical loss profile and steady state equivalent circuit is depicted in
composite Figure 2.1. Table 2.1 summarizes various power flows, segregated losses in multi-
phase induction machines and their respective definitions as found in contemporary
literature.

The wound rotor has distributed windings in the rotor slots and they are employed with
terminals connected to insulated slip rings mounted on the rotor shaft. While the squirrel
cage rotor has conducting bars embedded in the rotor slots and short-circuited at each end by
conducting end rings. The rotor terminals are thus inaccessible in a squirrel cage
construction, whereas they are made available through carbon brushes resting on the slip
rings for the wound rotor construction.

The stator of an induction motor carries more than one winding and they are displayed in
space at certain electrical degrees. The application of an alternating voltage to the stator
winding results in the appearance of a rotating magnetic field within the air gap of the motor.
The rotating field cuts the rotor bars and induces EMF (current) in them. The current in the
bars interact with the field to produce an electromagnetic torque that rotates the rotor in the
direction of the rotating field. When an induction machine operates as a motor, the rotor
rotates with a speed lower than that of the rotating field. The relative speed between the rotor

and the rotating field is termed slip, s. The most important performance characteristic index
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of induction motors concerns the variation in the rotor speed (slip) with torque that
constitutes the so called torque-speed characteristics (Chapman, 1998). The steady state
generalized representation of multi-phase induction machine is offered in Figure 2.2. Figure
2.3 depicts typical torque-speed characteristics identifying the three operating modes of

multi-phase induction machine based on slip variation.
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Figure 2.1: Synopsis of Conventional Induction Machine Salient Features and Basic
Analysis
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Table 2.1: Definitions of Real Power transfers and losses in Induction Machine

Variables Definitions Calculations Remarks
Pconv Convertor loss Peonv = Pin-Pstator Essentially transistor switching + on-state
losses. Typically less than 1% of the total
drive system losses.

Pgcy, Stator copper loss P = E R I2 R,.: is stator dc resistance measured any

SCL ™ 5 el two phases; I;: fundamental line current;
R, is temperature dependent.

PrcL Rotor copper loss Prer = ProtorS Note Proror = Pairgap and s is slip. Slip
test or locked rotor test can be used to
determine rotor copper loss.

Pron Iron loss (Stator+ Piron = Protor — Pmecn | Piron and Py, can be determined from IM

Rotor) no-load test and apply loss segregation
: = — — method to determine Py,. Piron=F, —

Py, WlndagelchSFrlctlonal Py = Ppech — Pout P, — 3 R,I2/2: where I,& P, are no
load current and input power.

Pstray Stray loss Pstray=Pstator Stray loss is the unaccounted loss betwe_en
— Ppech — Piron — Pscy, | the input power and the output. Require
— Prcu — P accurate measurement of independent

variables.

Py, Harmonic loss P, = Py — Py Pin(1y is the power input at fundamental
frequency.

P;, Total Power Input P, = V3V, I,cos(8)/2 | Measured with wattmeter setup for 3-¢
real power measurement at converter
input.

Potator Power Input to Stator Psrator Measured with wattmeter setup for 3-¢
=3V}l cos(8")/2 real power measurement at DSWIM input.

Protor Power Input to Rotor Protor = Pairgap The air-gap power can also be measured
via the air torque measurement fairly
accurately.

Ppoch Gross Mechanical Ppcch = Protor(1 —s) | The gross mechanical power is calculated

Power given Pgirgqp and slip, s.
Pous Shaft Power Py = Tousxw The product of measured torque, T, and
angular speed, w of the DSWIM
S slip . (ng — nr)/ n is rotor synchronous speed and n, is
Ns rotor operating speed in
revolutions/minute
w Angular speed w = 21n/60 Measured firltl;r/g curatelv via diaital
Cd | Motoring mode

STEADY STATE REPRESENTATION OF MULTI-PHASE
INDUCTION MACHINE USING FLUX LINKAGES IN D-Q
AXIS OR PHASE VARIABLES

Positive Torque, Ty
(slip between 0 & 1)

Motoring

Braking ; Braking mode
A= F(/l, P, Y, U, t)|t—>oo Where: Negative Torque, Ty,

A, P,Y U &t are flux linkage, parameter, output, (slip greater than 1)

Generating input and time variables, respectively Generating mode
Power Output (Pg)
(slip less than 0)
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Figure 2.2: Functional Diagram of Poly-phase Induction Machine for Three Operating Modes
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Figure 2.3: Complete Torque-Speed Characteristics of Multi-phase Induction Machine

2.2.2 Development of induction machine speed-torque characteristics

Starting from single-phase equivalent circuit of induction motor shown in Figure 2.1(e), the
well-known equation for the torque developed, T4, by an induction machine is given by
(Chapman, 1998):

Ty, = Fag 2.1)

Wg

Expressed in terms of the rotor quantities in which the, equation (2.1) becomes:

Ry
— Ir
SXwWg SXWg

T, = —ReL — |2 2.2)

Where the variables used in equations (2.1) and (2.2) are previously defined in Figure 2.1(d)
and Table 2.1 and P is the number of poles of the induction machine.

Equation (2.2) conveys that the developed torque is a function of two variables: rotor current
I.and slip s. In order to simplify analysis the torque is expressed as a function of only one

variable. To achieve it, the rotor current is substituted by the expression:
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g - (2.3)

Where:

E X .
Ep, 2 TR & X, 2 T” ; Ero & X, : are rotor induced voltage and rotor leakage reactance,

respectively at standstill whilst E; & X,; are slip dependent variables in the rotor circuit.
The intent is to transform the rotor variable speed effects into variable impedance connected
across constant voltage source. This will then yield expression of the developed torque as a

function of the slip as given in equation (2.4).

=L Ero(Y)

ws * ((%)2+sz0)

By referring the rotor circuits into the stator circuit supported by the practical assumption that

(N-m) (2.4)

I, < I', (referred to rotor current) and applying basic circuit analysis will yield the equation
for the developed torque in terms of stator voltage and slip as follows:

, 2
T, = =& s (N-m) (2.5)

)\ 2
$Ws <(Rs+%) +(XS+X;)2)

Where:

R;,x, : are rotor quantities referred to the stator which are measurable from locked rotor
tests. Although the foregoing equations are derived using single phase equivalent circuit,
multiplying the right side by factor 3 convert them to values for three phase induction
.machines in their respective units. An approach to evolving more accurate torque equation is
to develop Thevenin equivalent circuit for the stator side represented by V;y and Z;y with
the referred side of the rotor acting as load. It is then easily shown that (Chapman, 1998):

R; VZ
T, =—"1x T 2.6
¢ sos ((RTH+%)2+(XTH+X1’")2) 29

2.2.3 Motoring and braking operating regimes
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The motoring mode of induction machine operation is the most common for all mechanical

drive objectives. In this region, both torque and motion are in the same direction. A plot of
T4 using typical parameters of an induction motor, popularly referred to as torque —
speed characteristics, is shown in Figure 2.4 at constant frequency and input voltage. The
circle diagram of Figure 2.5 is essentially a locus plot of rotor current phasor, I, =
s(j)ERo/(Rr +js(j)Xm) :j=1,2..5 as slip changes for motoring mode operation. Note
that at s.j) —» o I, = Er,/jX,,With its magnitude being the diameter of the semi-circle. The

steady state operating domain of is the induction motor is typically when the slip is in the
neighbourhood of 5 percent. In this steady state analysis, space harmonics have not been

considered

TORQUE T4

TORQUE

Tilrated

11 L] L] st L] STmnyl O
SLIP

Figure 2.4: Speed versus torque characteristics for Induction Machine Motoring
Mode(Chapman, 1998)
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IcosB,

Ero
XTO

Figure 2.5: Circle Diagram of an Induction Machine in Motoring Mode (Chapman,

1998)

If the rotor is at rest, mechanical inertia prevents rotation at the instant voltage is applied to
the stator; in effect, the motor behaves as though the rotor is locked. The torque developed at
the locked-rotor stage is the turning moment produced by the interaction of the rotor current
and the stator flux when the shaft is at rest and a voltage applied to the stator winding. This
torque is called a locked-rotor or standstill torque T, . It occurs at a slip (s = 1.0) and
substituting this value into equation 2.4
yields Ty, = ((R,./w,)xE3,)/(R? + X2,) where w, = 2wg/p.

If the load torque on the shaft is equal to or exceeds the locked-rotor torque, the motor will
not start. Should this occur, and protective devices fail to isolate the machine from the line, it
could lead to motor stator winding failure. Locked-rotor condition is indicated by point 1 in
Figure 2.4. Assuming the load torque on the shaft is less than the locked-rotor torque, the
rotor will accelerate. As the machine accelerates from its standstill position, the slip
decreases causing the magnitude and phase angle of rotor current to decrease. This is shown

in Figure 2.5, where the active component of rotor current, I,.cos@, increases from its low
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value at blocked rotor to some maximum value, called the breakdown value, and then
decreases again with further acceleration. Note the correlation between developed torque
(T,) and I,. cos 6, in Figure 2.5.

The breakdown torque is defined as the maximum torque that a motor can developed while
being loaded (at rated voltage and rated frequency) without suffering an abrupt drop in speed.
An expression for the maximum torque corresponding to point 3 indicated in Figure 2.3 can
derived from equation 2.26 by applying maximum power transfer principle to the induction

machine Thevenin equivalent circuit earlier discussed. It can then be shown that T,,,, =

(V%H/Zws)/(RTH +VRE, + (Xpy + X;)Z)) and its correponding  slip value given

by sr. = R./\J(R2,; + (X7y + X1)?). It can be seen from this derivation that slip ST ax 1S
directly proportional to the R;.and on the other hand T,,,, is independent of R,. It is
therefore possible to control the speed at which maximum torque occurs by inserting resistor
in the rotor circuit without affecting its magnitude for wound rotors only or use double
squirrel cage rotor.

Within the normal operating regime of an induction motor, its rotor revolves in the same
direction of rotation of the magnetic field set up by the stator currents. However in order to
transfer an induction motor into the region where the slip is greater than one i.e. (s >1) will
require sudden reversal of the magnetic field direction of rotation. This can be achieved
practically by interchanging any two phases supplying a multi-phase induction. The practical
application of this operating regime is to create an electromechanical torque Tp, that can
bring a running induction motor to a quick stop. This, frequently referred to as braking mode

of operation of an induction motor, is widely used in hoisting drives such as cranes and lifts.
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2.2.4 Generating mode of operation of induction motor

When an induction machine is driven at a speed greater than the synchronous speed (negative
slip) by means of an external prime mover such as wind turbine, mini-hydro turbine etc., the
direction of induced torque is reversed and theoretically it starts to operate as an induction
generator. To build up and maintain voltage across the generator terminals constant,
excitation must be provided by some means. Broadly speaking, the induction generator can
work in two modes (i.e. grid connected and isolated mode). For grid-connected mode, the
induction generator can draw reactive power from the grid for its voltage support
requirements. In the case of an isolated mode, there is need for a suitable capacitor bank
connected across the generator terminals. This phenomenon is known as capacitor self-
excitation and the induction generator is called a self-excited induction Generator (SEIG) as

schematically illustrated in Figure 2.6.

T Ny > N; &s< 0

»

Generator.
Region

ELECTRICAL
/_,,c LOADS
Q |a |Q
T T T __BANK OF
— = CAPACITORS

TTT

Figure 2.6: Schematic Diagram of Self Excited Induction Generator (SEIG)

EXTERIEIAL PRIME
MOVER

When an induction generator first starts to run, the residual magnetism in the rotor circuit
produces a small voltage. This produces a capacitive current flow, which increases the
voltage and so forth until the voltage is fully built up. The no-load terminal voltage of the
induction generator is the intersection of the generators magnetization curve with capacitor

load line. The magnetization curve of the induction generator can be obtained by running the
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machine as a motor at no load and measuring the armature current as a function of terminal

voltage.

2.2.5 Dual stator winding induction machine theoretical concept

The operating concept of dual stator winding induction machine is basically similar to
conventional induction machines dealt with in the preceding subsections. It is therefore
theoretically feasible to convert any existing conventional 3-phase induction machine into n-
phase machine having the same rating provided that the number of stator slots is a multiple of
n as conceptualized in the generalized bock diagram and phase configuration depicted in
Figure 1.2 of the preceding chapter. There are a number of ways in which multiphase
machine windings can be produced. One way is to convert a single winding into a winding
capable of producing two simultaneously rotating flux as proposed by (Lipo et. al, 1998).
However, to date only 6-phase (Dual-Stator Winding) machine (where n=2) has received
intense research investigation as illustrated schematically in Figure 2.7 for DSWIM with
dissimilar pole ratio (Alfredo and Lipo 2000). Consequently, a great deal of attention was
devoted to the elaborate literature survey on the historical evolution of dual stator winding
induction machine (DSWIM). It has been established, to the best of our knowledge, that for
research purpose the design and construction of DSWIM almost always start from its
conventional 3-phase induction machine family to actualize the desired dual winding
architecture for specific operational features and capabilities.

As stated in Chapter One, and reiterated here again, the demand for high power electric drive
systems characterized by ruggedness, high energy-efficiency and reliability propelled
research activities in the development of multi-phase induction machine. Specialized
applications, such as electric/hybrid vehicles, marine propulsion, aerospace applications, etc.

that demand high reliability, are principally responsible for the aforementioned demand for
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multi-phase induction motors. The research activities on multi-phase induction machines
have not attained maturity. However, some far reaching findings have appeared in the

literature indicating general feasibility of multi-phase induction machine.

Figure 2.7: Schematic Diagram of a Dual Stator Induction Machine with Dissimilar Pole
Ratio (Fuchs and Rosenberg, 1974)
2.2.6 Derivation of DSWIM equivalent circuit parameters and torque equation
This subsection is devoted to deriving an equivalent circuit and torque equation for a dual-
winding induction machine. More precisely, the dual stator winding induction machine of
interest in this research work has six phase windings in the stator and the rotor is modelled by
three rotor phase windings. The assumptions are made as follows:

1. Two identical sets of sinusoidally distributed stator windings;

2. Each set comprises 3-phases: Set 1 is denoted by a-b-c and Set 2 is denoted x-y-z.

3. The phases in each set are displaced by an angle, f=2n/3.

4. The angle, C between corresponding phases is assumed to be the same and equals to

/6.
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5. Magnetic saturation and core losses are neglected.

6. Deep rotor bar modelling and harmonics not considered.
The winding schematic representation of a dual winding induction machine is shown in
Figure 2.8. It consists of two-three phase windings labelled a-b-c and x-y-z whose magnetic
axes are displaced by an arbitrary angle {. Each three phase set consists of three identical
sinusoidally distributed windings displaced by 120° with equivalent turns of N, for a-b-c
winding and N, for x-y-z winding and series resistance of r; for a-b-c winding and r, for x-
y-z winding. The rotor is a standard squirrel cage with N, equivalent turns and . rotor

resistance per phase. Here, for simplicity of analysis a three phase rotor is assumed.

2.2.6.1 Voltage equations in machine variables

Based on the assumptions made the next step in the development of the machine’s equivalent
circuit is to derive expressions for the machine inductances as diagramed in Figure 2.9 and
employing flux axes as defined in Figure 2.10. The voltage equations in a-b-c machine

variables can be expressed in compact matrix form as:

Vabcs = Tabc, iabcs + plabcs (2.7)
nyzs = Txyzg ixyzs + plxyzs (2.8)
Vabcr = Tabe, iabcr + plabcr (2.9)

Where

(fae,)" =[Fas T s T T (Fe)' =L T s Tl (Fape)” =[Fars fors f D 2 —
f €{V,i,A}; rapc, = Diagonal(vys, Ths) Tes);s Tyze, = Diagonal(rxs, rys,rzs); and rgpc, =
Diagonal (7., Ty, 7er)-

Subscripts s and r refer to variables associated with the stator and rotor windings,

respectively.

The resistances in equations 2.7-2.9 form diagonal sub-matrices with non-zero elements only

along the diagonals.
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The flux linkages are given by the following expressions:
Aabcs = Labcsi iabcs + Labcsxyzsixyzs + Labcsabcriabcr
Axyzs = nyzsf ixyzs + nyzsabcs iabcs + nyzsabcriabcr

/labcr = Labcr; labcr + LabcrxyzslxyzS + Labcrabcrlabcr

(2.10)
(2.11)

(2.12)

A,-B,-C; winding: n poles

A V V 7 wdndinss s omalan

Air-gap

Figure 2.8: Schematic Diagram of a Dual-Winding Induction Machine
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Figure 2.9: Dual Stator Winding Induction Machine Drive System Depicting All Self
Inductances and Mutual Inductances between Stator Winding ‘as’ and Rotor
Winding ‘ar’ and all other Windings

qr
a-bs : :
E w Axs
Ays :
:/ Ags
— —— - > ds
Acs
; Acr
(a) Stator Winding Flux Axes (b) Rotor Winding Flux Axes

Figure 2.10: Relative Locations of Stator and Rotor Winding Flux Axes

Equations 2.10- 2.12 can now be expressed in compact matrix form thus:

abc; LabcS I—abcS XyZ Labcsabcr I abc;
Az, | = | Lageae, Ly, Loz ate, || o, (2.13)
ﬂ“abcr Labcr abc; I—abcr XYZ, Labcr I abc,

Where the various inductance sub-matrices of equation 2.13 are defined in equations 2.14-

2.19:
I—Isa + Lasas Lasbs Lascs
I—abcs = Lbsas I—Isb + Lbsbs Lbscs (2_14)
Lcsas Lcsbs I—Isc + Lcscs
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Lasxs asys Laszs
T
LabcsxyzS = Lbsxs Lbsys Lbszs = [nyzsabcs] (2.15)
Lcsxs Lcsys Lcszs
I—st + Lxsxs Lxsys Lxszs
Lye, = Lysis Ligy + Lysys Lyas (2.16)
Lzsxs Lzsys I—Isz + Lzscz
Lasar Lasbr Lascr
.
I—abcsabcr = Lbsar I—bsbr Lbscr = [Labcrabcs] (2. 17)
Lcsar Lcsbr Lcscr
Lxsar I-xsbr Lxscr
T
I—xyzsabcr = Lysar Lysbr LySCF = [LabCerZS] (2.18)
Lzsar Lzsbr Lzscr
I—Ira + Larar Larbr I—arcr
Labcr = Lbrar I—Irb + I—bsbs I—brbr (2.19)
Lcrar Lcrbr I—Irc + I—crcr

Because the foregoing inductances are time varying, the machine equations will be difficult
to analyze in their standard form (a-b-c reference frame). To simplify analysis,
transformation to arbitrary reference frame is carried out using Park’s transformation. This
results in parameters which are time invariant. Appropriate turns ratio scaling is then applied
to the resulting arbitrary reference frame equations in order to develop an equivalent circuit.
By using the machine variables and expression for the field energy, the electromagnetic
torque equation of the machine is then developed. The various derivations are presented in

subsequent subsections.

2.2.7 Derivation of winding inductances
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In order to determine of self-inductances in equations (2.13) to (2.19), it is necessary to
compute the flux linking a winding due to its own flux. Also to determine mutual inductances
it is imperative to compute the flux linking one winding due to current flowing in another
winding. The aim of this section is to determine the various inductances of the machine
windings.
2.2.7.1 Generalized flux equation based on winding function theory
Electrical machines are normally designed so that their stator windings produce relatively
good approximation of sinusoidal airgap mmf so as to minimize voltage and current
harmonics. In order to establish the sinusoidal mmf waveform the stator winding must also
be distributed sinusoidally. Let n; and N; be turns and winding functions, respectively of a
sinusoidally distributed j-winding along the inner periphery of a stator core as illustrated in
Figure 2.11. Then the generalized flux linkage in winding j due to current flowing in winding
i is given by (Wu 1998):

Ay =1;(0)x4,(0) (2.20)
Where,
n;(6) : is the turn function of j-winding,
¢,(6): is the flux produced due to current in i-winding,

6 : is the angular displacement along the stator circumference.

ds

Stator

Air gap: g



Figure 2.11: Uniformly Distributed Winding According to Winding Function Definition for
Elementary Induction Machine Fu and Tang, (2002).

Due to the high permeability of the stator and rotor cores and also the short length of the air
gap relative to the inside stator diameter, two additional assumptions have to be made that:

I.  The magnetic fields essentially exist in the air gap

ii. The fields tend to be radial in direction.
Therefore, in the airgap the magnetic field strength (H) and the flux density (B) have a
component only in the radial direction, and the magnitude is a function of the stator angled.

The flux density and the magnetic field intensity in the air gap are related as (Wu 1998):

B, (0) = 1,H,(6) = 11,N,(0)i,g7(6.6,) (2.21)
Where:
Mo: is the permeability of air,
g: is the air gap length,
0, is the rotor angle as shown in Figure 3.4,
N;: is the winding function of winding i. But
(0) = j B.(0)ds = j B.(0)rlde (2.22)
dsArLdo
Ly: is the stator core axial length;
T is the radius of the inner stator circumference; and

df: isan elemental angle defined in Figure 2.11.

Substituting equation 2.21 in equation 2.22 and using egn. 2.20 yields:
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2z
Ay = [ HorLiiin; (O)N, (0)g™(6,6,)d0 (2.23)
0
Applying the basic definition of mutual inductance (L;; = A;;/i;) and eqn. 2.23 to obtain:
2z
Ly = morL, [0 (O)N, (0)g™(0,6,)d0 (2.24)
0
Following similar approach, the self-inductance is then given by:
2z
Li = L, [0 (O)Ni(0)g™(6.6,)d0 (2.25)
0

As defined by Moreira and Lipo 1992, the inverse gap length is given by the following

expression but for P pairs:
g (6,&) =m+ncos(2P(6 — &)) (2.26)

Where: m and n are defined in equations 2.21 and 2.26, respectively.

_ L 1P
m=4+ (2.27)

—_2(1 _ 1\cj
n==2(g gz)sm(;z,B) (2.28)

In equations 2.27 and 2.28: g, is the air gap at pole face; g, is the air gap between poles; and
B 1s the pole arc/pole pitch. In the case of the machine under consideration (induction
machine) the air gap is assumed constant and therefore g, = g, hencen = 0. Thus

equation.2.26 reduces to:
g'(@,6)=g,"=morg, =1/m (2.29)
As shown by Wu 2006, whenever g(6, 8,,) =constant = g,,, the winding function is related to
the turns function by the expression:
N () = n(0) — (n(6)) (2.30)
Where

(n(0)): is the average value of the turn function.
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Substituting g—*(8, 8r) and n;(6) in equation 2.24 by their expressions in equations 2.26

and 2.30, respectively we obtain equations 2.31 to 2.34.:

J1

L, =t [N, (@) (6) + (n, (O))1d0
_ [ [N, (ON,(0)d0+ | N,(6)n, ©)de] @31

[N, O)n,)@)d0 = [In,(6)—(n,(O)Kn, ()0

— [n(@xn,@ndo-| (n(@)xn,©)d0

—(n, () [, (6)d0—(n,@)xn, (6 [ 40 232

[d0=22(n, )0, (6)) - 2(n, O}, () =0 (239
2

L, = & jNi(H)Nj(H)dQ (2.34)
0

Since g~*(@,6r) = g,' then equation 2.25 becomes

L, =% [n,(ON, (©)do (2.35)
0

Equation (2.35) can be modified by eliminating n; (6) using equation 2.30. Thus

L, =% [IN,(6)+(n, (O)IN, (0)d0 = [ [N2(6)d6-+ [(n, (O)IN, (6)d

(2.36)

2z
Li = % J- N7 (6)deo (2.37)
0
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Equations 2.34 and 2.35 are used to calculate the mutual and self-inductances of the machine
respectively. Based on the assumptions earlier made, sinusoidal distribution of the stator
winding can be expressed as stated in equations 2.38-2.40 and equations 2.41-2.43 for the a-

b-c and x-y-z windings, respectively:

Ngs = Ng; cos(p6) (2.38)
Nps = Ns; cos(p6 — B) (2.39)
Nes = Ny cos(pf + B) (2.40)
Nys = Ns cos(p6 +¢) (2.41)
Nys = Ns; cos(pf + & — B) (2.42)
N5 = Ng; cos(pb + & + B) (2.43)

While for the rotor winding equations 2.44 to 2.46 apply.

Ny = N, cos(p(6 + 6r)) (2.44)
Ny, = N, cos(p(6 + 0r) — B) (2.45)
N, = N, cos(p(6 — 6r) + ) (2.46)

Note that Ns;, N, and N, are the amplitudes of the sinusoidally distributed winding functions.

2.2.8  Derivation of self-inductances
The self-inductances for each of the three windings (stator a-b-c and x-y-z and rotor a-b-

c) can be evaluated via equation 2.35; and thus for the stator ‘as’ winding we get:

asas g g

27[ 27[
Ly = 2 j N (OIN (0)dO+ L, = *= jN§l cos®(pd)do+ Ly,
0 O

Isa g

2r
= Ly, + 22 Nfljcosz(pe)de
0

(2.47)
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Equation 2.47 can now be expressed as follows:

L. =L + Lia (2.48)

Isa

Considering integral component of equation 2.47, it can be shown that:

L
L, =2=Nj (2.49)

msi

Equation 2.49 yields stator magnetizing inductance for the ‘a-b-c” winding set. Hence self-
inductance has two components: the leakage and the magnetizing components. For a given
winding all the phases are identical and so their self-inductances are the same. This implies
that for ‘a-b-c’ set:

Lasas = Lbsbs = Lcscs - I-Isl + Lmsl (2-50)
Likewise for ‘x-y-z’ stator winding set

Lxsxs = Lysys = Lzszs = LISZ + LmsZ (2-51)
Equality of leakage inductances implied for each winding set as expressed in equations 2.52

and 2.53, respectively.
I—Isl = Llsa = I—Isb = I—Isc (2-52)
L|32 = I—st = I—Isy = I—Isz (2-53)

The resulting expression for x-y-y winding set magnetizing inductance is as follows:

L., =%1N2 (2.54)

ms 2 J,

Similarly for the rotor winding:

Larar = Lbrbr = Lcrcr = I—|r + I—mr (2.55)

Where, L, and L,, are leakage and magnetizing inductances of the rotor winding,

respectively.

L, =2%5N/ (2.56)

mr 9
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2.2.9 Derivation of mutual inductances
The mutual inductances between phases of the same winding and those inductances between
the phases of different windings can be evaluated using equation 2.34 in conjunction with

equations2.38-2.39. Thus:

asbs g

2
Lusss = 2% [N (O)N,y (0)dO = — 22T N2 = 11 (257)
0

In a similar manner all the remaining mutual inductances can be evaluated and are presented

in matrix forms along with their corresponding mutual term definitions in equations 2.58 to

2.69:
L|s1 + I-A11 - % LAll _% I-A11
le = _% I-A11 Llsl + I-A11 _% I-A11 (2-58)
_% LA11 - % LAll Llsl + LAll

Where in matrix equation 2.59, we define the mutual term thus:

2
LAll = Lms Nsl (2-59)
Llsz + LA22 _% I-A22 _% LA22
Lsz = _% LA22 LIsZ + LA22 _% LA22 (2-60)
_% LA22 _% I-A22 L|sz + I-A22

Where in matrix equation 2.60, we define the mutual term thus:

I—A22 - I—mstzz (2.61)

Ly, COSE Laz COS(E+ ) Lu, cOS(E—B) (2.62)
Ly, =| L, cos(& - f) L 1, COSS L piz COS(E + B)
Lo COS(E + B) L, COS(E - fB) L i, COSE

Where in matrix equation 2.62, we define the mutual term thus:

I—A12 = Lmstlez (2-63)
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Llr Cos pgr I-lr COS(pHr +ﬂ) Llr COS(pgr _ﬂ)
Llr = Llr COS(p@, _ﬂ) Llr cos per I-1r COS(pHr +ﬂ)
Llr Cos(p6’r +ﬁ) Llr COS(pHr _ﬁ) Llr Cos pgr

Where in matrix equation 2.64, we define the mutual term thus:
Llr = LmstlNr
L, c0s(p6, +&) L, cos((pf, +£&)+ ) Ly cos(pd, - )
L2r = L2r COS(pgr _ﬂ) L2r cos per L2r COS(pHr +ﬂ)
L2r COS(p@r +IB) I-2r COs(per _IB) L2r Cos par

Where in matrix equation 2.66, we define the mutual term thus:

LZI’ = LmSNSZNI'
Llr+LR _%LR _lLR
Lr: _%LR Llr+LR _%LR
1

Where in matrix equation 2.68, we define the mutual term thus:
_ 2
LR - I‘msNr

2.2.10 Derivation of stator leakage inductance for three special cases

(2.64)

(2.65)

(2.66)

(2.67)

(2.68)

(2.69)

This subsection is aimed at deriving the general expression for stator phase leakage

inductance. The results obtained will then be used to derive that for a six phase winding

machine configuration. Three special cases considered are discussed in sequel.

Case |

The derivation is based on the assumption that the stator winding is having two layers with

sixty degree phase belts. Such winding phase belts for unity pitch are illustrated in Table 2.2.
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Table 2.2: Stator Winding Distribution for Unity Pitch, 60° Phase Spread and Double Layer

(Fu and Tang, (2002))

al-c|b|-alc|-bla|c|-a|C|-b|A|-c|b|-a]cC

al-c|b|-alc|-bla|-c|-a|C|-b|A|-c|b|-a]cC

For the above winding configuration, the stator phase leakage inductance is given by:
3
Lis = Lis + Lisior (2.70)

Where:

L;; : are all non-slot related winding leakage inductances (this includes: end winding,
zig — zag and belt leakages);

Lissi0¢- 1S Slot dependent leakage inductance.

Non-slot related leakage inductances are directly proportional to the square of the equivalent

stator turns, N (Lipo, 2007) and are given by:

Lis =k N (2.71)
Where:
k;: is proportionality constant which depends upon the slot dimensions and the number of

circuits per pole.

The slot leakage flux linkage for phase o can be expressed as:

)l’a = Llslotla (2-72)
Considering phase ‘a’ of Table 2.2:
Ay =L iy + Liggl, +2L454l, (2.73)

Where:
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Lgs & Li75 @ are slot leakage inductances per phase due to coil sides in the bottom and top of

the stator slots, respectively.

L|TB3 : Mutual slot leakage inductance per phase between top and bottom layer coil sides

in the stator slots.

It can be shown that (Munoz and Lipo 2000):

Lisiot = Lits + Ligs + K (P) Lires (2.74)

Where:

k,(P): is the coupling factor; and

P = winding pitch.
Individual slot, leakage inductance components are directly proportional to the square of N,
and inversely proportional to the number of stator slots per phase (S;). Here, N5 is the
number of stator turns per phase which is related to N, via winding pitch and distribution

factors thus:

I—I = ksl S, pT (2'75)
Lires = Ky 5 S, pTB (2.76)
Ligs =Ky 5 Py 2.77)
Where:
kg . is a constant of proportionality dependent upon the number of stator circuits per pole

and the number of conductors per slot.
P; & Py : are leakage permeances experienced by the coil sides in the top and the bottom of a
stator slot, respectively.

Prg . is leakage permeance between coil sides in the top and bottom half of a slot.
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Each of the foregoing leakage permeances are uniquely a function of slot and machine
dimensions. In a special case where the stator coil pitch is 2/3, the phase belt arrangement
will be as demonstrated in Table 2.3.

Table 2.3: Stator Winding Distribution for Fractional Pitch, 60° Phase Spread and Double
Layer Fu and Tang, (2002)

a -C b -a C -b

-b a -c b -a c -h

As presented in Table 3.2, the slot leakage flux linkage for phase ‘a’ is given by:

Aasiot = (Lirs + Liga)ia — Lirgaly — Lirgsl (2.78)

The above expression for a Y- connected stator can be simplified to:

Aasiot = (LIT3 + Lygs + LITBB) ia (2.79)

Where:
Iy =1, — I (2.80)
This equation is based on the assumption thatk (%) =1. It can be shown that for pitch values
between 2/3 and 1 the coupling factor is linear with pitch (Fuchs 1974). Thus:
k(P)=3p-1; %<p<l (2.81)
The general expression for per phase leakage inductance of a three phase machine is

therefore given by:

L = Lig + Lirs + Ligg + 3P DLy ; %<P<1 (2.82)
Case Il
Here also just as in the previous case of a three phase machine, double layer winding is
assumed. In addition, the corresponding phases of the two windings are assumed to have a

constant displacement angle ((;=30°) and a variable pitch. Table 2.4 presents a winding layout
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of a dual winding double layer stator with unity pitch in which the 60° phase spread of a
three phase machine is split into two equal 30° phase belts, one for each three phase winding
set.

Table 2.4: Dual Stator Winding Distribution for Unity Pitch, 30° Phase Spread, £=30° and
Double Layer.

al|x|-c|l-z|b|y|-a|-x|c|z|-b|l-y|la|x|-C|-z

al|x|-c|l-z|b|y|-a|-x|c|z|-b|-y|la|x|-C|-z

This winding has 2 turns per phase
N, =% N, (2.83)
The symmetry of the winding causes self-slot leakage inductance for a-b-c (L;5;) and x-y-z

(L;s2) winding to be equal. Thus

L = Lo = Lis + Ligsior (2.84)
Where
Lis . All non-slot related leakage inductance/phase of the dual winding machine;
and
Liesior - Self-slot related leakage inductance/phase.
Assuming the number of stator circuits per pole to remain the same as that of the three-phase
winding, then:
L = kN7 (2.85)
Where
k; : is the same as in equation 2.71 and Nj; is the equivalent turns/phase of a-b-c or x-
y-z winding.
Slot leakage in the case of dual winding can be treated similar to the three-phase winding,

that is
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Ligsior = Lire + Ligs + Ks (P) Lires (2.86)

Where

Np

Lire =K, Se 't (2.87)

Ligs =K ';_f P (2.88)

Case 111
With unity pitch all stator slots that contain ‘a’ phase windings contain only phase ‘a’

windings both at the top and the bottom of slots, therefore k(1) =0; k(1) =0; k,, (1) =0.
The 30° phase spread dual- machine stator winding with s; pitch is illustrated in Table 2.5.

Table 2.5: Dual Stator Winding Distribution for 3, pitch, 30° Phase Spread, 7 =30° and
Double Layer

a |x|-c|-z|b|y|-a|x|c |Z|-b|-y|a |x|-C]|-Z

-yla|X|-c|-z|b|y |[-a|x|C|z |-b|-y|la|X |-C

Coupling factors for the winding configuration of Table 2.5 can be determined by inspection.
They are: k(%) =0; k(%) =L k,(%)=-1 & Kk, (%)=0. Similar to the 3-phase case,
coupling factors vary linearly with pitch and for 5 < p <1, the applicable expressions are

offered in Equations 2.89 to 2.92:

ky,(P) =12p-10 (2.89)
Ky (P)=-6p-6 (2.90)
K,,(P) = 6P —6; (2.91)

K, (P)=0 (2.92)
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In what follows, we derive mutual leakage inductances for dual stator winding inductance
machine.
2.2.11 Derivation of mutual leakage inductance

The leakage flux linkage for phase ‘a’ can be expressed as:

/11a = I—Iaxlx + I—Iayly + Llazlz (2.93)
Where:
|—|ax, |—|ay & |—|aZ : are mutual leakage inductances between phase ‘a’ and phases x, y and z,

respectively. Similarly for the other two windings equations 2.94 and 2.95

apply:
;i1b = I—Iazix + I—Iaxiy + I—Iayiz (294)
/’l1c = I—Iayix + I—Iaziy + I—Iaxiz (295)

The various current relationships in x-y-z windings are given in equations 2.96-2.99.

i, +i,+i,=0 (2.96)
i, =—(, +1,) (2.97)
i =—(i, +i,) (2.98)
i, =—(i, +i,) (2.99)

Substituting equations 2.97-2.99 into equations 2.93-2.95, the following equations are

obtained:
Aia = Liady + L by + Ly (<1, —1,) (2.100)
A = L (H1, —1,) + L b, + Ly, (2.101)
Aie = Ligdy + Ly (F1, —1,) + Ly, (2.102)

Equations 2.100-2.102, after minor simplifications, are recast as equations 2.103-2.105.
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ﬂ’la = Li(aix + I—Iyaiy (2.103)
ﬂ’lb = Li(aiy + I—Iyaiz (2-104)
Ao = LI + L, (2.105)

From the foregoing, the explicit expressions mutual leakage inductances are given in
equations 2.106 and 2.107.

Li(a - I—Iax — I—Iaz (2.106)

A e (2.107)

The mutual leakage inductance between the two sets of windings can now be expressed in

matrix form as:

L. L. O
I-|12 =10 Li(a Llya

The flux linkage equations for dual stator winding induction machine in phase variables can

thus be written in compact matrix form as:

Aabes = Lsilapes + [Linz + le]ixyzs + Lirlaper (2.109)
Axyzs = [Lllz + LlZ]Tiabcs + Lszixyzs + LZriabcr (2-110)
ﬂ~abcr = Llriabcs + LZrixyzs + Lriabcr (2-111)

Because the dual stator winding induction machine a-b-c variable equations comprise time
varying quantities necessitate their transformations into arbitrary d-g-0 reference frame in
order to eliminate the inherent time varying quantities addressed in the next subsection. In

summary, Table 2.6 provides, at a glance, the various equations derived for the DSWIM
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inductances on the well known winding function analysis widely used by researchers (Wu,

1998; Munoz & Lipo, 2000).

Table 2.6: Summary of Derived Equations for Inductances of DSWIM Using Winding

Functions
Inductance Winding Sets Symbols used Derived Equations
Classifications
stator a-h-c Lasass Lpspsi Leses | EQuation 2.50
Self-Inductances X-y-z Lysys; Lysys; Lzszs | EQuation 2.51
rotor a-b-c Larar; Lorbrs Lerer )
Equation 2.55
a-b-Cc @8- | Lasps; Lasess Loses | — i * Equation 2.59
b-c Lxsys; Lyszs; Lyszs 1, Equation 2.61
stator- X-Yy-ZX- —3  Equation 2.
stator y-z

Lasxss Lbsys; Legzs Equation 2.63* COSf
Mutual Inductances HOCOX | Lasysi Lysasi Leses | Equation 2.63 *Cos(E + )
g Laszsi Losxsi Lesys Equation 2.63 *cos(£ — /)

Lasar; Lsbrs Leser Equation 2.65 * cos POy

stator- as-bs- Lasvr; Lvsers Lesar .
rotor CSOAr-D- | Lyuers Lyears Legy, | EQUALION 2.65%cos(pOy + o))
cr Equation 2.65*cos(p8y — /)
stator a-b-c Ligs; Lips; Lics Equation 2.87
Leakage X-y-Z Lixs; Liys; Ligs Equation 2.87
Inductances rotor a-b-c Liar; Lipr; Lier | Equation 2.87

2.2.12 Transformation of machine variable equations into arbitrary d-g-0 reference
frame

Evaluation of each term in the voltage and flux linkage equations 2.7-2.9 and 2.10-2.12
respectively will require various self, mutual and leakage inductance matrices, some of which
are time varying, derived in the preceding subsections. We define the following arbitrary
reference frame widely used in the d-g-O model development and analysis of both

conventional induction machine and dual stator winding machine (Wu, 1998).
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I[sin(a) sin(a — 2?”) sin(a + 2?”)]

k(a) = §| cos(a) cos(a — 2?11') cos(a + 2?”) | (2.112)
l 1 1 1 J
2 2 2
And its inverse given by

sin(a) cos(a) 1
. 2 2

k(a)~! = sin(a — ?”) cos(a — ?") 1 (2.113)

sin(a + 2?”) cos(a + 2?") 1
Where in equations 3.108 and 3.109, the angle « is defined for different windings as follows:

0 : for a — b — c stator windings
a=1{60+¢ : forx —y— w stator windings (2.114)
6 — 6, : for a, — b, — c.rotor windings

The angular relationships between the d-q axes and the various windings in the stator and

rotors are illustrated in Figure 2.12.

Cr

[ [} Q‘q‘{?_ﬁl

Figure 2.12: Dual Stator Winding Phases Vector Diagrams in d-q-0 Arbitrary Reference

Frame

Applying transformations to the machine voltage equations we get:

K(OWVape = K(O)RK(O) Miga; + k(&) PIK(O) " Aga, ] (2.115)
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k(0 + SV, =k(@+E5)RK(O+ g‘)‘liqdz +k(@+ &) plk(6+ 5)‘1/1qu] (2.116)

K(0 =6, Ve = K(O—6,)RK(0-6,)ig +K(O—6,) PIK(O—6,)  Aer] (2.117)
The foregoing equations can now be simplified to achieve the following:

Vga1 = Riigar + wAgar + PAqar (2.118)

Vqaz = Rilgaz + WAgaz + PAgaz (2.119)

Vgar = Rrigar + (0 — ) Aqar + PAgar (2.120)

The flux linkages in d-g are obtained by applying transformation in to 2.118-2.120:
Agar = K(O)LK(0) iy +K(O)[Lyy, + LipIK(O+E) iy, +K(O)L, k(O - 6,) iy
(2.121)
Agz =K(O+ &)Ly + LT K(O) Mgy +K(O+ &)L k(0 + &) Mgy, +K(O+ &)L, k(0-6,) iy,
(2.122)
Ao = k(@—@r)LTlrk(G)’liqd1 + k(9—9r)LTzrk(6’+§)’1iqdz + k(¢9—6’r)er(0—9r)’1iqdr
(2.123)

Where, the various components are evaluated separately in equations 2.124-2.132 all of are

expressed in compact matrix forms.

I‘Isl + % LAll 0 O
k(6) lek(g)_l = 0 La+3Llam O (2.124)
0 0 Lo
% L 0 0
k(H)lek(t9+§)_l =k((9+§)L12k(9 t=l 0 %LAIZ 0
0 0 0
(2.125)
le leq 0
k@+&LK@O) " =|Ly Ln O (2.126)

0 0 L, +L,
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k(e)l‘irk(e_ar)_lz 0 %LiR 0

0 0 O
Lz +5 Loz 0 0
k(9+§)|—szk(‘9+§)_l = 0 Lis +%LA22 0
0 0 L,
SLo 0 0
k(9+§)L2,k(0—l9r)_1= 0 3L, O
0 0 O

k(g_gr)l‘l-rk(g = k(g) I‘:lrk(g_er)_1

k(e_ gr) L;rk(e—i_ 5)_1 = k(9+§) I-Qrk(e_er)_1

L+, O 0
k(g_er)l-rk(e_er)&: 0 Llr+%L1R 0
0 oL,

The derived d-q flux linkages become:
/1q1 = (L|sl +%LA11)I +3 LA12 et le et lequZ t3 LlR ar
/1d1 = (Llsl + % LAll)idl + % LA12id2 - leqiqZ + leidZ + % LiRidr
/I =3 LA12 qat leqidl + leiql + (L|sz + % LAZZ)iqZ + % LZRiqr
Aiz ==Liggly +3 Lpgolgs + Linlgs + (Ligy +3 Lol + (Lo +3 L po2 )i
Aqe =5 Liglg + 5 Logigo + (L, + 5 L),

Aar =3 Liglgy +3 Loglgs + (L, +3 Le)iy,

2.2.13 Turns Ratio Scaling Procedure

(2.127)

(2.128)

(2.129)

(2.130)

(2.131)

(2.132)

(2.133)

(2.134)

(2.135)

(2.136)

(2.137)

(2.138)

The voltage and flux linkage equations derived above cannot be used in that form to develop

an equivalent circuit of the machine. To facilitate the development of the equivalent circuit
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the parameters of the x-y-z-winding and that of rotor are normally referred to the stator a-b-c-
winding using the turns-ratio. As a starting point, let:

[ =3L.. =3 N 2L (2.139)
If primed quantities represent referred parameters then the referred voltages, currents, flux

linkages and inductances are as expressed in equations 2.140-2.155, respectively:

Voo = Veos (2.140)
Vio =7 Vaoi (2.141)
Vo =5 Vars (2.142)
Vi =5 Var; (2.143)
iy = N (2.144)
N,
g, = lg2 (2.145)
-t N2 - .
lgr =7 lgrs (2.146)
- N2 - .
lor =7 lars (2.147)
A = 5Pz (2.148)
Aiz =T s (2.149)
A =5 e (2.150)
Ao =7 Aar (2.151)
Ligg = 7 Liag: (2.152)
L=t (2.153)

r =G (2.154)
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=G (2.155)

The series leakage inductance terms are modified by mutual leakage as given in equations

2.156-2.159:
Ly =Ly - L‘Im (2.156)
I e (2.157)
Lo = Ly — L — L (2.158)
Ly =L, — L — L (2.159)

The import of this mutual coupling amongst leakage inductances will be reflected in the
development of DSWIM model with similar pole ratio.
2.2.14 Development of torque equation for DSWIM

The energy stored in the coupling field of this machine may be expressed as:
Wf = % (iabcs)T (Labcs - LIsaI )iabcs + % (Ixyzs )T (nyzs - I-st I )Ixyzs - % (iabcs )T Labcsxyzsixyzs

+ % (iabcs )T Labcsabcr iabcr + % (Ixyzs )T nyzsabcr iabcr + % (iabcr )T (Labcr - I‘Ir I )iabcr (2160)

Where: | is an identity matrix.

Llsa = diag[l—lsa Llsa Llsa] (2161)
Lo =diag[ly, L Ll (2.162)
I—Ir = diag[l—lr I—Ir I—Ir] (2163)

The change dW,,in mechanical energy in this machine can be expressed as:

dW, =-T.d6,_ (2.164)

Where, T, is the electromagnetic torque, 6. is the mechanical angular displacement of the

rotor. The electrical angular displacement of the rotor ¢, is related to 8,,, by the relation;

0. =(£)6., (2.165)
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Thus:

dW,, =T, (2)dé, (2.166)
Where: P is the number of poles in the machine.
For a magnetically linear system the co-energy W,=W;. Thus if the machine is assumed to be
magnetically linear then:

o|wf

(2.167)

Substituting the expression for W in equation and also remember that Lpcs, Lyyzs and Lgper
are independent of ¢ electromagnetic torque T, produced by dual stator winding induction

machine can be expressed thus:

1 dlagr ; 1 Ly
Te :(%)[(Iabcs)T dg, Iabcr +(| )T do, Iabcr] (2.168)

Thus electromagnetic torque component T,,due to a-b-c stator windings can be expressed as

follows:

Tel - %[k(g)_liqdas]-r dLH,[Lasrk(e_ Hr)_liqdr]

= (D)K(O) Miggas ][22 K(0—6,) Mg + Ly 152 i ]

a0,

oo

(%)% I‘ms (iqasidr - idasiqr) = %(%)L (iqasldr Idaslqr) (2.169)

Similarly electromagnetic torque T,,developed in x-y-z stator windings:

- (%) [k(e + g)_liqus ]T ddTr[Lxsrk(e - Hr)_liqdr]

= (KO + &) Migge I T2 k(0= 6,) Mg + Ly 824, ]

= %(%) I—m (iqxsidr - idxsiqr)

(2.170)
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Finally the total electromagnetic torque is the summation of the two components of Torques

produced by the two stator windings as stated thus:
Te :Tel +Te2 1 (2-171)

It is clear from equation 2.171 that the torque of DSWIM, if optimally designed, can be
expected to be greater than its equivalent conventional three phase induction machine. The
inherent reliability of DSWIM is evident due to its ability to continue to produce torque with
the failure of the windings.

The electromagnetic torque, load torque (T;) and electrical rotor speed(w,) are related by the

expression:

_|
|
—
Il
E=1IN)
[y
ale
S

X (2.172)

Where:
J=moment of inertia of the rotor.
The various equations developed in subsections 2.2.6 to 2.214 are central to the development

of d-g-0 models for a DSWIM which will be presented in next chapter.

2.2.15 Overview of multi-phase induction machine design concepts

The power rating of a multi-phase induction machine is majorly dependent on its leading
dimensions D and L shown in Figure 2.13. The fundamental design objective with regard to
induction machine is to obtain the leading dimensions that satisfy power output requirements
at the desired efficiency. Considering analytical design of a generalized N-phase induction
machine, the following input rating equation is essential (Say, 1970; Fu and Tang, 2002;
Lipo, 2004; Harley and Duan, 2009).

S = N(2.22f®l,,Z,,K,, )x1073 kVA (2.173)
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For N=3, we express the input power in terms of the three-phase induction machine leading
dimensions as follows:
S = (11B,,QK,,x1073)D2Ln, = C,D?Ln,
(2.174)

The various parameters used in equations 2.173 and 2.174 are defined in equations 2.175-

2.178:
C, = 11B,, 0K, x1073 (2.175)
aw = — (2.176)
f=2 (2.177)
Q= % (2.178)

Where in equations 2.173-2.178:

S&C, . input power rating of the multi-phase induction machine and input power
coefficient;

f &ng @ Frequency in Hz and speed in revolutions/sec, respectively;

P & Q@ :Number of poles and specific electric loading, respectively;

B,, & ® : Average flux density and air-gap flux per pole, respectively;

D & L : Stator bore diameter and rotor gross length, respectively; and

Ky, & Z,, . Winding factor and number of conductors per phase.

Stator

N
S

Aijr gap (g)
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Figure 2.13: Leading Dimensions of an Induction Machine Housing Structure

The classical analytical design of multi-phase induction machine of specified rating entails

determination of the stator leading dimensions, matching stator winding architecture as well

as choice and specifications of rotor design details and its winding structure. The salient

steps are outlined in what follows.

Stepl:

Step 2:

Step 3:

Step 4:

Step 5:

Determine S from the specifications of desired output power, P,,,; efficiency,n and
power factor, cos@; where S = P,,,;/(ncos 6).
Compute D?Lng = S/(11B,,QK,,) based on sound engineering choices of specific
magnetic loading, B,,, and specific electric loading, Q. Optimum choices of B,,, & Q
are crucial to minimizing losses and cooling requirements.
Select suitable ratio D/L from Tables as available in (Say, 1970) and then calculate
D and L. Other empirical relationships for the separation of D and L can be found in
(Fu and Tang, 2002).
Calculate air-gap g(mm) using empirical formula such as g = 3x10‘3rp\/? (Lipo,
2004) in which 7, =mD/P is the pole pitch. Here, the pole pitch is specified in
mm.
Design the stator comprising stator core and slots. The optimum number of slots S,
slot geometry and stator outer diameter require special considerations because the
operating characteristics of multi-phase induction machine are significantly
influenced by them. The number of stator slots selected will determine the extent of
flux leakage and magnitude of mmf harmonics. The slot geometry may be selected
to be semi-open or tapered type with the latter preferred in multi-phase machine.
As a compromise, the number of slots/pole/phase may be chosen as 3 or more for
integral slot winding whilst 3.5 number of slots/pole/phase may be selected for
fractional slot windings (Sawhney, 2011). In addition, the stator slot pitch at air-gap

53



Step 6:

Step 7:

surface, 1, given by mD/S,, should satisfy the following dimensional
requirement 1.5cm < 74, < 2.5cm.

Determine the number of turns per phase T,, £ 2Z,, from the basic equation T, =
Von/4.44f @K, with K, typically selected to be 0.955 and optimum conductor cross
sectional area that meets its allowable current density, / amps/mm?. The cross
sectional area of stator slots should house the conductors and maintain satisfactory
slot space factor defined as (total conductor cross-sectional areas/stator slot area).
Estimate accurately stator winding resistance, R, leakage inductances ), L;; . Design
stator winding layout/diagram.

Select rotor type (wound or squirrel cage); select optimum number of rotor slots
such that the ratio of rotor slots to stator slots combined with skewing of rotor slots
to eliminate noisy vibrations, cogging problems, etc. Hence design rotor slots,

windings and end rings. Estimate rotor resistance, R, and leakage inductances ): L;,

It is to be noted that the foregoing salient steps can always be modified to take care of

specific design requirements that have not been captured but available in standard ac

machine design textbooks.

It is noteworthy to state, at this juncture, that there is no difference in the design of the stator

frame and rotor structure for either conventional three phase induction machine or the dual

stator winding induction machine. However, the winding design architecture of dual stator

winding induction machine is significantly different due to imposition of new set of magnetic

and electric loadings. Consequently, winding design considerations for dual stator winding

machine will be treated specially in the chapter three.
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2.2.16 Design optimization of multi-phase induction machine
The design of multi-phase induction machine can be formulated as a nonlinear optimization
problem. The generalized nonlinear problem concerns optimum selection of design variables
X = (xq, X2, e e X;, ... xXn) In order to minimize objective function F(X) subject to specified
equality and inequality constraints. This is stated mathematically as follows:
Min F(X) (Obijective Function)
Subject to:
9i(X) =0; i € {1, m} (Equality Constraints)
h,(X) < 0; k € {1, L} (Inequality Constraints)
(2.179)

Where
Xmin; S Xj S Xmax;; J € {1,n}: are practical limits specified for the design variables.
A comprehensive list of design variables commonly used by researchers that include electric
loading, air-gap flux density, stator outer diameter, rotor gross length, etc are presented in
Table 2.7. The objective function will naturally seek to improve machine efficiency, power
factor and minimize overall cost. For several multi-phase induction machine design
optimization problems that have appeared in the literature (Sivaraju & Devaranja, 2011,
Thangaraj et al., 2010; Raj et al., 2011) meta-heuristic techniques viz. genetic algorithm
(GA), particle swarm optimization (PSO), simulated annealing (SA) etc. were variously
deplored as solution methodologies.
In this research work, GA has been applied to optimize the efficiency of dual stator winding
induction machine after realizing its magnetic design based on pragmatic analytical
approach. Thus in the next subsection, we set forth general search approach of GA and its

capabilities for solving nonlinear optimization problem.
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Table 2.7: List of Induction Machine Design Variables

Design Variables Symbol Unit
Core or stack length L, mm
Inside diameter of stator D mm
Outside diameter of stator D, mm
Stator yoke thickness D, mm
Rotor yoke thickness D, mm
Rotor current density Jr Amp/m?
Stator current density Js Amp/m?
Air-gap average flux density By Whb/m?
Ratio of stack length to pole pitch -
Electric loading Q Ac/m
Maximum stator tooth flux density | B4y, Wb/m*
Stator slot depth to width ratio y
Stator core depth L mm
Power factor nf -
Efficiency n -
Pole number P -
Number of slots S -
Frequency f Hz
Input Voltage |4 Volts
Stator winding factor ky,

2.2.17 Overview of genetic algorithm

Genetic algorithm (GA) is an optimization and search technique based on the principles of
genetics and natural selection. It belongs to a class of meta-heuristic technigues in contrast
with classical optimization techniques unified as classes of optimizations depicted in Figure
2.14. Broadly speaking, a GA allows an initial randomly generated population composed of
many potential design solutions known as individuals to evolve under specified stochastic
selection rules to a state that maximizes or minimizes a given objective function (cost
function). The method was developed by John Holland (1975) and subsequently refined for
solving generalized nonlinear optimization problem by Goldberg (1989). The three

fundamental operators which are indispensable in the search process of a genetic algorithm
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are reproduction, crossover and mutation. In essence, the GA deploys and reproduction

crossover and mutation collectively to institute a random search structure.

CLASSICAL OPTIMIZATION TECHNIQUES
SIMULATED
ANNEALING ENUMERATIVE
TECHNIQUES

DIRECT | | INDIRECT DYNAMIC
METHODS | | METHOD PROGRAMMING

FBONNACI || NEWTON || MULTPLE LINEAR
SHOOTING PROGRAMMING
BRANCH AND
BOUND

degree

Figure 2.14: Classes of Optimization Techniques (Bharadwaj et’al, 1979b)
of fitness values F(x). As a matter of necessity in the evolutionary process, reproduction
ensures that the genes of the fittest individuals are preserved in all generations. The next step
is to select any two individuals from the current population and perform a process referred to

as Crossover.
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The process of selection of mating pairs can implemented in several ways-the most popular
being the roulette wheel selection and stochastic tournament (Bakare, 2001). Crossover is
essentially an exploitative technique, which exchanges partial genes from both parents and
thereby permitting the combination of partial solutions to produce superior offspring (single
point crossover). Conversely, mutation is an explorative process to primarily reintroduce
genetic diversity and prevent premature convergence to local sub-optimal solution in the

global search space via random exchange of bits of the parent individuals.

Central to GA algorithmic framework, every feasible solution to a nonlinear optimization
problem of interest is encoded as an individual that when assembled collectively form an
initial population P,. Each individual has a fitness value, which is usually derived from one
or more objective functions and is a measure of how well the solution matches objectives. In
each generation, individuals with higher fitness values have a greater likelihood to be
selected and reproduced in the population of the next iteration. After creating an initial
population, GA will run iteratively until a termination condition is satisfied. The crossover
and mutation processes have associated probabilities of occurrences. They must be carefully
selected in order to achieve satisfactory global search by GA for a given nonlinear multi-
objective optimization problem. The generalized algorithmic procedure of GA is depicted in
Figure 2.15.
In summary, the search capabilities of a GA are as follows:

I Can optimize with continuous or discrete variables,

ii.  Does not require derivative information or detailed mathematical formulation,

iii.  Simultaneously searches from a wide sampling of the cost surface,
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Figure 2.15: Generalized Procedure for Genetic Algorithm
iv.  Can handle a large number of variables,

V. Is well suited to parallel computations,

vi. Optimizes variables with non-convex cost surfaces (they can jump out of a
local minimum),

vii.  Provides a list of optimum variables, not just a single solution,
viii. May encode the variables so that the optimization is done with the encoded
variables, and
iX.

Works with numerically generated data, experimental data, or analytical
functions.
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GA has continued to play a vital role in solving complex non-linear optimization problems
that include machine design optimization. The adoption of GA in this research work to
optimize efficiency of DSWIM is basically an extension of existing GA technique widely

applied but to the design of conventional poly-phase induction machine.

2.2.18 Selection of method of field analysis for induction machines

In all engineering problems, most of the physical phenomena occurring can be described by
means of partial or ordinary differential equations. The derivation of such equations may not
normally pose any difficult task. However, the difficulty in most cases lies in finding the
desired solutions that satisfy the set of equations derived. Over the years, numerical
techniques have been developed for solving the resulting differential equations. As a result,
many computing techniques have been developed.

With respect to magnetic field distribution within a specified geometric medium, three
methods have been developed to solve the characteristic equations describing the physical
field distribution within the geometry. These methods are:

1- Moment Method (MM)

2- Finite Difference Method (FDM)

3- Finite Element Method (FEM)

Moment and finite difference methods are basically numerical techniques for solving
electromagnetic and electrostatic problems in which the original differential equations are
approximated by a set of linear equations. The major drawbacks of these methods, except for
conforming geometric structures such as wire or helix antennas, have to do with the
computational difficulties encountered in modelling complex geometries typified by

induction machine stator and rotor structures.
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A finite element method (FEM) has been developed which addresses some of the drawbacks

encountered in the other methods because it fits into any geometry and offers far superior

approximation to the original problem. The concept is anchored on discretization of the

original geometry into small elements interconnected at their nodes to form meshes. The

meshes may be triangular or rectangular in shape. A triangular mesh offers the advantage of

being able to fit into the shape of any complex geometrical object Dmitry and Yujing,

[2013].

Electrical machines have cores of complex geometries due to stator and rotor slotting as well

as the presence of teeth. This complexity of the core makes finite element method with

triangular meshes a better candidate for the analysis of its field distributions in the stator,

rotor and air-gap. The salient steps of finite element method are as follows:

Step 1: Discretize the solution domain into a finite number of sub-domains using triangular
elements interconnected at various nodes to form meshes as conceptually illustrated
in Figure 2.16.

Step 2: For it" element, derive the governing equations and repeat for all elements.

Step 3: Assemble all the equations developed in step 2 with the necessary boundary
conditions .

Step 4: Solve the system of equations for a specific geometric domain to obtain the desired

solution.
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Figure 2.16: Fundamentals of FEM Concept

2.2.18.1 Finite element method (FEM)

Finite element method (FEM) is a method by means of which magnetic field problems can be
analyzed. Unlike other methods, FEM has proved to be flexible, reliable and effective in the
analysis and synthesis of power frequency electro-magnetic devices (Wexler, 1973). Another
key advantage of this method is the availability of user friendly FEM packages that allow
computation of the electromagnetic field distribution and integration of parameters that
circumvent their modeling complexities (Jin, 1992). As a matter of fact, FEM has the
capability to analyze electro-magnetic circuits of any shape and material (Salon, 1995).
Herein, the non-linearity of any magnetic material is accounted for by introducing the
magnetization characteristics of the material into the software package. There is also no need
for the rigorous calculations of reluctances, leakage factors etc. normally encountered in
electrical machine field calculations. This coupled with the computational qualities of the
method have made it more popular in solving field problems (Bianchi, 2005).

In order to effectively understand and apply FEM, there is need for the basic understanding
of the fundamentals of electro-magnetic field theory. Magneto-static problems are problems
in which the fields are time invariant. These problems are such that the magnetic field
intensity (H) and flux density (B) satisfy the following Maxwell’s equations:

VXH=] (2.180)
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VxB =0 (2.181)

B
H=- 2.182
p (2.182)

Iron, which is the material used in electrical machine’s core, has permeability, as a function

of B. Thus equation 2.182 can be re-written as:

B
H=—— 2.1
n(B) (2.183)

What FEMM actually does is to find a field that satisfies the above set of Maxwell’s
equations via a magnetic vector potential approach (Basil and Ahmed, 2012). Herein, flux
density is related to magnetic vector potential, A by the expression:

B=VxA (2.184)
Equation 2.184 always satisfies equations 2.180-2.184. Hence, equation 2.78 can be re-

written as:

V x (ﬁVxA) =J (2.185)

Equation 2.185 is used to solve magneto-static problems with non-linear B-H curves for
which the machine under consideration falls. Of special interest in this dissertation is the
modeling of DSWIM using FEM to enable determination of its critical modeling parameters
as dwelt upon in the next chapter. Due to modeling complexities of 3-D FEM and
extraordinarily long simulation time required, in this dissertation 2-D FEM is considered
adequate for the magneto-static problem developed in respect of dual stator winding
machine. For this reason, attention will be focused specifically on 2-D based FEM
simulation which demands much less simulation time than the 3-D even though the latter
offers more information. This is because 2-D FEM software packages are readily available to
researchers in this field of study.

From analytical viewpoint, FEM is essentially a numerical algorithmic framework to secure
accurate solution to Maxwell’s equation by subdividing the whole domain under
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investigation into many smaller triangular sub-domains called elements, to form a finite
element mesh (Albertiet’al, 2008). Figure 2.17 shows typical meshes generated for a quarter

cross-section of a three phase squirrel cage induction machine (Vaseghi et al., 2009).

Triangular meshes
(stator core)

Triangular meshes
(stator slot)

Triangular meshes
(fsir-gap)

Triangular meshes
(Rotor slot)

Triangular meshes
(Rotor core)

Triangular meshes
(Rotor shaft)

Figure 2.17: Typical Triangular Meshes Generated for a Quarter Cross-Section of an
Induction Machine (Adapted from Vaseghi et al., 2009)

Three basic steps are normally followed in carrying out finite element analysis (FEA). These
are:

i. Pre-processing

ii. Processing

iii. Post-processing
In the pre-processing stage, the geometry of the problem to be solved is laid out, material
properties and boundary conditions are also stated here. Normally, a Dirichlet boundary
condition in which null magnetic potential is assigned along the external circumference of
the stator is adopted (Albertiet’al, 2011). The ampere-conductor of the circuit is also
specified together with all the material blocks that are to be used in the model (copper,

aluminum, iron etc).
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2.3 Review of Similar Works

This section is devoted entirely to literature review of the existing scholarly publications on
the design of dual stator winding induction machine (DSWIM) which have focused majorly
on dissimilar pole ratio architecture as well as their modelling and control techniques. For
the sake of completeness, historical development DSWIM is first and foremost reviewed that
patently paved way for the renewed interest in this class of machines in the last two and half
decades.

2.3.1 Review of historical development of DSWIM

The use of common magnetic structure to accommodate two sets of stator windings was first
introduced by Hunt (1907) and Alger et al. (1930) as a way to increase the power capability
of large synchronous generators. Since then dual stator machines have been used in various
specialized applications such as aerospace, electric/hybrid vehicles, ship propulsion and
critical drive systems. A prominent advantage of a multi-phase motor drive over a three-
phase motor drive remained reliability improvement as advanced by Ward et al. (1969). The
desirability for fault tolerance, to enhance reliability, is evidently one of the main reasons
behind the application of six-phase (double star) and nine-phase (triple star) induction motor
drives in locomotives (Nelson et al. 1974). The other main reason is that for a given motor
power, an increase in the number of phases enables reduction of power per phase, which
translates to a reduction of the power per inverter leg. Multi-phase machines are therefore
often considered for, and applied in, high power applications.

Nelson et al. (1974) and Fuchs et al. (1974) conducted detailed studies of induction
machine configurations with multiple sets of three-phase stator windings and with an
arbitrary angle of displacement. They reported that in the case of a six-phase induction
machine, it is advantageous to use an asymmetrical stator winding structure, with two of the

three-phase windings spatially shifted by 30°, instead of a symmetrical winding structure
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with a 60° spatial shift between any two consecutive phases as illustrated in Fig. 2.18. The
winding displacements required, however, are not necessarily the symmetrical displacements

used in standard multiphase induction machines.

C z

(a) 30°Spatial Displacement (b) 60° Spatial Displacement

Figure 2.18: Schematic Diagrams of Dual Stator Windings Angular Displacements

The rationale behind this conclusion is related to the pre-Pulse Width Modulation (PWM)
era of Voltage Source Inverter (VSI) control, when 180° conduction mode was utilized. By
using an asymmetrical six-phase machine, it became possible to eliminate the sixth harmonic
from the torque ripple.

As closure of previous research activities, Klingshim (1983) posited that it is possible to
improve the performance of a high phase order induction machine with appropriate winding
displacements as certain characteristics of the machine are governed by phase belt angle. The
renewed interest in multi-phase machines was chiefly rekindled by the possibility of reducing
torque ripples in inverter fed drives (operated in 180° conduction mode), when compared to
the three-phase case (Abbas 1984). An asymmetrical six-phase induction motor drive has

continued to attract research attention.

2.3.2 Review of recent publications on DSWIM design, modelling and control
techniques
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This subsection provides comprehensive literature review, in the last two decades, on dual
stator winding induction machine design philosophy and operational characterizations.

Lipo et al, (1991) proposed a single winding connection capable of producing two
simultaneous flux distributions. Coil groups in this type of winding are interconnected and
distributed in such a manner that when three phase currents flow through one set of terminals
(e.g. a-b-c), they produce a rotational flux of a particular pole number. Simultaneously, when
another 3 phase currents flow through the other set of terminals (in this case x-y-z), yet
another rotational flux is produced having a different pole number.

A typical example of a single winding connection capable of producing two simultaneous
flux distributions is shown in Figure 2.19. Coil groups in this type of winding are
interconnected and distributed in such a manner that when three phase currents flow through
one set of terminals (e.g. a-b-c), they produce a rotational flux of a particular pole number.
Simultaneously, when another 3 phase currents flow through the other set of terminals (in
this case x-y-z), yet another rotational flux is produced having a different pole number. The
major drawback of this type of winding is the presence of circulating current under
unbalanced operation. Another disadvantage of this kind of connection is the limitation
imposed on the voltage ratio between the two sets of terminals.

The disadvantages inherent in single winding producing two simultaneous flux distributions
can be overcome using n separately isolated three phase winding configuration. In addition, it

also minimizes modifications with respect to standard configurations.

OO0

A B
O O

A o

X0
<0
MNO



Figure 2.19: Single Winding dissimilar Pole Number Distribution

Figure 2.19: Single Winding dissimilar Pole Number Distribution
Jawad and Sharifian (1995) attempted to optimize a three phase induction motor taking
efficiency as objective function. A nonlinear optimization approach for the motor design was
used and the optimized design was found to compare favourably with those obtained using
other optimization procedures. The results obtained in this case cannot be relied upon in view
of different optimization variables and methodology used in comparison to other methods.
Zhao and Lipo (1996) applied field orientation control technique to model and control a
multiphase induction machine. In order to make the field orientation a control applicable,
synchronous reference frame transformation for stator current was developed. The modeling
was achieved but was applied to a specific case of an open phase in the stator winding.
Kaamalldir et al. (1997) proposed a new global optimization approach for electric machine
design problems. Its algorithm uses the error function between the actual cost function at a
given computational step and its limit value which is lower than desired global minimum.
The method suffers lack of generalized solution in the sense that it only gives a global
optimum value for a given computational step.
Alfredo and Lipo (1998) gave a detailed mathematical derivation of the squirrel case
induction machine d-q model. The model is based on coupled magnetic circuit theory and
complex space vector notation. In this work, it was shown for the first time that in view of
the symmetrical nature of the machine structure, both the stator and rotor circuits can be
modeled by a simple set of only four coupled differential equations. Although the resulting
equations simplified analysis of induction machines, the results obtained from the analysis
are approximate due to a number of approximations and simplifications involved in the

derivation.
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Munoz et al. (1998) also explored the stator winding arrangement in induction drives for
reliability enhancement of the drive system and reduction of space harmonics. This work
essentially attempted to bridge the research gap identified in some earlier publications but did
not offer any improvement in the design of dual stator winding induction.

Ojo and Innocent (1999) presented a novel usage of a dual stator winding induction
machine as a stand-alone generator. The generator has one winding powering a load while
the other serves as a control winding. The scheme was able to solve the problem of voltage
regulation as encountered in all stand-alone induction generators. However, it is inefficient
from utilization point of view to dedicate half a machine to control alone.

Alfredo and Lipo (2000) presented a model of a dual stator winding induction machine
wound for a dissimilar pole numbers. The machine exhibited an improved capability to
operate at very low speeds maintaining relatively high stator frequencies. This feature is
particularly useful for implementation of speed sensor less schemes and adds a new degree of
flexibility and standard control methods currently used in ac drives. However, the issue of
optimizing the machine performance was not looked into.

Rangajaran et al. (2002) derived a transient model for an induction machine with stator
winding turn faults using a reference frame transformation theory. Steady — state equivalent
circuits were derived from which the sequence components of the line currents can be
establish as a function of fault severity. Due to structural nature of squirrel cage rotors, it is
more eretical to analyze the transient behaviour of induction machines with rotor bar faults.
This work failed to consider that aspect.

Singh (2002) conducted a comprehensive survey of literature dealing with multi-phase
induction machine. A number of advantages possessed by this group of machines were
highlighted. They include possible elimination of some air gap flux harmonics and rotor

copper losses produced by this harmonics, lower current per phase without an increase in
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voltage per phase. The survey however, failed to draw a general conclusion on the
practicability of multi-phase machine.

Signh (2003) presented a simple d-g model of a multiphase induction machine suitable for
analyzing the transient, steady sate and dynamic behaviour of the machine under balanced
operating condition. The work however, did not consider unbalanced operating conditions
such as single phase, three phase short circuit etc.

Razik (2003) described a mode of a double star (six phase) induction motor with useful
insight for diagnostic purposes. A special attention was paid to the rotor deflection or
eccentricity this case. Although some encouraging results were obtained the issue of
calculating current due to common connection between the neutral points was not addressed
in the work.

Djafar et al (2004) presented modeling and design of a dual-stator winding AC machines to
minimize circulating harmonics currents. The machine windings were fed through voltage
source inverter. The results of the design revealed that a full pitched winding has the effect of
increasing mutual leakage inductance which has led to reduction in circulating harmonics
currents. The work did not consider the effect of slot-shapes in reduction of harmonics
currents.

Roberts, (2005) outlined methods to evaluate the magnetic loading of a brushless doubly fed
induction machine. In the first method, the peak values of flux densities set up by individual
winding set. This method has the shortcoming that it only considered a single value of flux
density i.e. peak value. The second method considered the vector sum of the flux densities
from the two winding sets. Although this method gives a better result than the previous, it
still fails to address the issue of saturation in the core of the machine.

Singh et al (2005) presented a simple and straightforward approach to develop an indirect

field-oriented control (FOC) scheme for a six phase induction machine. The machine has an
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arbitrary displacement between the two sets of the three-phase windings. The scheme used in
this work has advantage of eliminating the unbalanced current sharing that exists between the
two sets of three-phase windings normally observed in other schemes. However, the
advantage of using arbitrary displacement between the two winding sets was not made
obvious in the work.

Wau et al (2005) investigated the use of dual stator winding squirrel cage induction machine
for generating dc power. The scheme uses series or parallel connected ac-dc PWM rectifiers.
The concept of nonlinear input-output linearization was used for the regulation of the dc
voltage. Connecting a dc-ac inverter in series or parallel with the load provides variable
reactive power in the process of which both the load voltage magnitude and frequency are
effectively regulated. Unfortunately, these remedial schemes inject harmonics into the load
current and voltage waveforms.

Kim et al (2005) proposed a reduction of stator copper losses and core including harmonic
losses by optimal selection of stator slot design. Finite element method (FEM) was used to
design the slot as a result, core and winding losses reduced by 2.22%. However, this
technique cannot be applied to an existing design since it involves modification of active core
material.

Cunkas and Akkya (2006) applied genetic algorithm (GA) to optimize a three-phase
induction machine design. The results of the optimization revealed a 25% reduction of the
total material cost. Although the method succeeded in reducing the total cost of active
materials, it, however, cannot be applied to a design where material cost is explicitly not one
of the constraints.

Judith and Steve (2006) showed how the techniques of generalized harmonic analysis may
be used to simulate the steady-state behaviour of a multiphase cage induction motor with any

form of open-circuit or short circuit fault in the stator winding. An analytical model
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developed for the purpose of simulation was verified using experimental results proved the
effectiveness of the technique, transient analysis was not considered in the work. It is a well-
known fact that faults could be more severe under transient conditions.

Wu and Ojo (2006) developed a model of a dual stator winding induction machine in which
the space harmonics of the stator and rotor windings are accounted for. The air gap-field
calculation was carried out using coupled circuit model simulation. The machine inductances
arising from the model were estimated using the winding function method. However, the
simulation results obtained were only approximate since the simulation was carried out using
the values of inductances obtained from an inaccurate method-winding function method.
Juan and Ojo (2008) attempted to optimize air-gap flux density of a dual stator winding
induction machine. To avoid saturation in the machine the fluxes generated by both windings
were synchronized using a flux positioning algorithm. However, the model proposed in this
work is limited to only magnetically unsaturated machine. It is a well-known fact that
electrical machines operate most of the times with saturated cores.

Krishnamoorthy and Dharmalingam (2009) presented a literature study of GAs used in
general in electrical machine design. The optimized design results obtained in the literature
were also presented. In general, the various research works considered in this work,
compared GA with other conventional techniques in solving one optimization problem or
another. The general conclusion is that GA appeared to have an edge over other methods.
The advantages of GA over others include; (1) Ga carries out more iterations, (2) GA
focuses on finding global optimum. Despite the advantages of GA, the direct search method
improves convergence speed with greater accuracy in electric motor design.
Chendrasekaran and Maniganda (2011) considered design and effective operation of a
dual-stator winding reluctance motor. The efficiency and power factor of the motor were

taken as objective functions. Improvement in the efficiency and the power factor was
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achieved by introducing some design modifications in the active materials of the machine.
Even though the power factor was increased from 0.55 to 0.78 and the torque of the new
motor designed rose by 1.6 per unit (pu), the cost of getting such improvement was
prohibitive.

Alberti et al (2011) described a finite element (FE) procedure suitable for the prediction of a
controlled induction motor (IM) performance. The FE analysis is carried out in the rotor flux
reference frame so that only magneto static FE simulations are used thereby reducing
computational time. The proposed procedure is suitable for both the analysis and design of
IM, allowing for the prediction of the drive performance during the various design steps. The
method also has the advantage of including the saturation effects in all the machine parts
during all computations. However, the analysis was done for a specific machine. A general
procedure was not included.

Thangaraj et al (2012) presented the design optimization of a squirrel cage induction motor
using differential evolution (DE) algorithm. The proposed algorithm was applied to induction
motor selected as the driving power of spinning machines in the textile industry. The work
considered operating cost as the one of the objective functions. However, power factor
penalty imposed on industries which constitutes an appreciable cost of operation was not
captured in the model.

Rodrigo et al (2013) proposed and implemented a modified topology of a dual stator
winding induction generator with standard squirrel cage rotor. The generator design includes
a two-dimensional finite elements analysis to investigate the magnetic field distribution. A
prototype was developed and tested to verify the validity of the design. However, the
machine was designed for a dissimilar pole numbers (2 and 6 poles). To avoid excessive
rotor copper loss one stator winding was made power and the other control winding. This led

to incomplete utilization of the machine.
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Fireteanu et al (2013) studied the effects of the short-circuit fault in the stator winding of an
induction motor and the influence of this fault on the magnetic field outside the motor. The
study was based on a time domain finite element analysis of the electromagnetic field. The
unbalanced electromagnetic force acting on the rotor due to faulty motor (short circuit fault)
was found to be about 1500 times higher than what is obtainable with a healthy motor. Even
though the results obtained were quite revealing, the work did not consider extending the

analysis to multiphase machines with high fault tolerance.

2.3.4 Research thrusts pursued in this dissertation

It is worthy of note, from the reviewed literature, that most researchers have concentrated on
dual winding induction machines having dissimilar pole ratios to exploit the advantages of
zero circulating currents under unbalance supply voltages as well as low harmonic
generations. However, for the fact that the rotor speed is fixed, excessive copper losses will
occur due to partial utilization of the machine stator dual windings during running mode. A
dual stator winding having similar pole ratios and two separate three phase stator windings
housed in a common stator magnetic core is pursued in this research work. This design
approach offers the possibility of using either of the windings at light loads thereby
increasing the machines efficiency. Another advantage of same pole ratio DSWIM is the
possibility of reconnecting the machine winding to operate as a conventional three phase
induction machine for higher power capacity. The foregoing will not be possible for a
machine wound with dissimilar pole ratios (n+m). Thus, the prime focus of this research
work is aimed at pragmatic design philosophy to facilitate improved multi-phase induction
machine for similar number of poles (n=m). The underlying design architecture and practical
realization of such improved multi-phase induction machine constitute the main thrust of this

work.
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2.4 Summary

This chapter has developed some relevant theoretical concepts and provided comprehensive
literature review of several publications that bear direct relevance to the core research work
reported in this dissertation. The theoretical concepts covered are central to actualizing the
goals of this research work as pursued further in the subsequent chapters. The fairly large
number of publications in reputable journals reviewed is a testimony to the nascent and
aggressive research focus on the dual stator winding induction machine and the postulation
that this research area is yet to attain maturity. This has justifiably motivated this research
work to embark on hybrid analytical and GA based design approach of DSWIM that focuses
attention on similar pole ratios winding structure with the following additional goals pursued:
e DSWIM d-g-0 arbitrary reference frame modelling and simulation in MATLAB/Simulink

environment as well as 2D-FEM characterization; and

e |ts prototype realization to enable theoretical and experimental validations.
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CHAPTER THREE

DSWIM DESIGN METHODOLOGY
3.1 Introduction

The overall design philosophy of a dual stator winding induction machine relied upon in this
dissertation is presented in this chapter. As pointed out in the preceding chapter, the research
work on DSWIM to date has always focused largely on sound design of two sets of stator
windings having desired pole ratios but housed in standard stator frame and rotor structure
assumed to be judiciously selected a-priori. Within this framework, dual stator windings
capable of establishing the requisite flux in the machine are usually designed. It involves
determination of number of stator turns per phase, magnetizing current, amongst others. A
two stage design procedure is therefore proposed in this research work involving analytical
approach and genetic algorithm based parameter optimization. More specifically, the
analytical approach is deplored to calculate the leading machine parameters and
pragmatically tuned by application of genetic algorithm to optimize its power factor and
output efficiency.

The theoretical framework is premised on magnetic circuit design to meet desired machine
specifications. The key objective remains optimal magnetic design of dual stator winding to
be housed in the slots of preselected conventional three-phase induction machine stator
having squirrel cage rotor without violating its original design specifications. Starting from
the generalized formulation of DSWIM design philosophy, the ensuing sub-problems
identified are then subjected to in-depth analytical characterizations. Herein, mathematical
derivations and analyses of the constituent components of the overall objective function are
explored to enable the development of pragmatic solution methodology that respect various
specified equality and inequality constraints. In the subsequent sections, the various
functional descriptions and mathematical derivations in respect of DSWIM design are

outlined in sufficient detail.
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3.2  Generalized Description of a Dual Stator Winding Induction Machine Design
Procedure

It has been established that all electric machine design philosophies are anchored on
fundamental electromagnetic principles. This implies that special considerations must be
given to both magnetic and electrical aspects while designing an electrical machine for
specific application. Because DSWIM is a member of the electromechanical conversion
family, its design requirements are strictly guided by the well-established electromagnetic
principles. The complete DSWIM design problem comprises design of its stator frame/rotor
sub-problem and design of its magnetically coupled stator windings sub-problem to meet all
operational requirements and associated constraints.

Nonlinear optimization problem targeted at designing a dual stator winding induction

machine based on a generalized multi-objective function can be cast as follows:

1. Optimize Nonlinear Objective Function
F =3Y[G,(By,7) + G2(6, Bape, Bryz)+Gs(By, £4) + Go(Fy, Fp, Fz) +

GS(Imr (PmrE) + G6(Pm: Nc:]) + G7(dr]c) + GS(Tr qryc) + G9(rr L’ S)]

3.1)

Where:

G1(B,,7) : Available information on physical dimensions(y) and allowable
magnetic loading B, of a standard induction machine to be converted
into DSWIM;

62(9, Bape Bxyz) . Generalized mathematical description of the spatial distributions of

fluxes amongst dual phase windings (a-b-c and x-y-z);
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Gs (Bg, {’g) : Generalized formulation of air-gap flux density for optimum machine
performance;
G,(F,,F,,F3) : Generalized magneto-motive force distributions in the air-gap considering

machine rotor and stator slots;

Gs (L, ¢, E) : Generalized description of the stator winding optimizing function;
G¢(By, Ng, J) : Generalized stator turns/phase and Power rating optimizing function;
G,(d,].) . Generalized conductor sizing and current density optimizing function;
Gg(1,9,Y:) : Generalized optimizing function for stator winding architecture; and
Go(r,L,s) : Generalized DSWIM model parameter estimation function.

Subject to the following equality and inequality constraints:

2. Equality Constraints:

Y = Vspecifiea (Parameter specifications for machine design)

_ A T
¥ 2 [Le, Dis, Dis, pf, M, P, S1, 82, , V, Ky, 4]

B = Boptimum  (Air gap magnetic flux density at the knee point)

12
or
S;—S,=<+(P+1) (To avoid excessive vibrations or noise according to Lipo,
or
\+(P + 2)
2004)

S1—S8,=mP;m=20,1,2,.... (To avoid cogging problem or synchronous torques)

(3.2)
3. Inequality Constraints:
S, < 1.255; (To limit asynchronous harmonic torque)
Xonin <X < Xinax
(3.3)
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X 2 [xq,X,X3, e .. Xy ]T(Some constants to be selected within their respective
specified limits)

Equations (3.1) to (3.3) constitute the generalized mathematical formulation that describes
global design of DSWIM encompassing the search for optimum specifications in respect of
the stator frame, rotor structure and stator winding. The nonlinear multi-objective
optimization problem can be decomposed into two interacting sub-problems thus: Stator
frame and rotor structure optimization design and stator winding optimization to satisfy the
magnetic and electrical loading constraints imposed by the former until convergence is
achieved. Although this approach is mathematically elegant, the resulting stator frame and
rotor structure design to house optimized stator winding of DSWIM cannot be practically
realized due to its prohibitive cost for research purpose. In view of the foregoing, a well-
established pragmatic approach adopted by research activities on DSWIM globally is to
choose appropriate stator frame and rotor structure a-priori from a large population of
existing conventional 3-¢ induction machines. Of course, the choice is premised on the
knowledge of the desired power output, P, operating frequency, f and supply voltage V.
Note that for a well designed stator frame and rotor structure that emerged from such choice,
some pertinent equality constraints and inequality constraints of equations 3.2 and 3.3 will be
intuitively met. The problem is then reduced to designing the dual winding of specified pole
ratio to be housed in the selected stator frame and rotor type (cage or wound) without
violating critical parameters such as air-gap flux density, electrical and magnetic loadings.

Against this backdrop, the analytical approach entertained is to design an optimized 3-¢
induction machine dual winding from first principles considering leading parameter
specifications for the DSWIM design of interest. As a follow up on the analytical design

procedure, genetic algorithm (GA) has been selected for the optimization of power efficiency
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and power factor due to the numerous advantages it possesses as highlighted in the preceding
chapter.

In summary, the generalized formulation of a dual stator winding induction machine tackled
in this research assumed the availability of a conventional 3-¢ induction machine stator
frame having squirrel cage rotor and certain specified parameters that include power rating,
stator slot numbers, rotor slot numbers, etc. This is due to readily available number of
manufactured 3-¢ cage induction machines covering wide range of power ratings, voltages
and speeds from which researchers worldwide can easily source standard stator frame with
matching squirrel cage rotor to house optimized design of dual winding for maximum
operational performance. It is intuitively clear that having selected the most suitable stator
frame and cage rotor for DSWIM design objective; its leading parameters presented in Table
3.1 can readily be determined. A conceptual block diagram representation of the DSWIM
stator winding design approach is shown in Figure 3.1.

Table 3.1 Specified Parameters of Machine Design

Parameter Description Symbol Unit
Core length L, Mm
Inside diameter of stator Dj Mm
Outside diameter of stator D Mm
Diameter of rotor D, Mm
Power factor rf -
Efficiency n -
Pole number P -
Number of stator slots S -
Number of rotor slots S, -
Stator slot depth dg Mm
Rotor slot depth d, Mm
Frequency f Hz
Input Voltage Von Volts
Stator winding factor ky
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Figure 3.1: Block Diagram Representation of DSWIM Design Approach

3.3  Magnetic Loading Characterization

One of the most important aspects of design in electrical machine is the proper choice of
magnetic loading. It is defined as the total flux existing around the air gap periphery of a
given machine. From design point of view, air gap flux density or specific magnetic loading
provides more useful information than magnetic loading. Specific magnetic loading is
defined as total flux around the air gap per unit area of flux path at the air gap of a machine.
This is also referred to as air gap flux density per pole of a machine. If a low value of air gap
flux density is chosen, then the iron part of the machine will be operating in the linear region
of the magnetization curve. This will result in small value of magnetizing current and by
implications a higher power factor. But the volume of the machine will be higher.

On the other hand, if a high value of air gap flux density is selected, the iron part will be
saturated thereby producing increased magnetic losses and poor power factor, even though
the volume of the machine will be lower. It is thus necessary to select an optimum value of

air gap flux density in electric machine design.
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3.3.1 Mathematical description of air-gap flux density for DSWIM

With reference to DSWIM architecture, the distinguishing features are two independent sets
of stator windings share a common magnetic structure. These winding sets, produce two
separate magneto-motive force (MMF) distributed along the air gap periphery of the
machine. These MMFs also set up two air gap flux densities. The problem to be addressed
here, is therefore finding the value of air gap flux density produced by each winding set such

that no magnetic saturation occurs in the core of the dual-stator winding machine.

Broadway, 1974 has offered the procedure for finding the two air gap flux densities for a
brushless cascade alternator. However, this procedure failed to draw conclusion on how to
find the flux densities in other types of machines. Roberts, 2005 outlined three methods to
evaluate the magnetic loading of a brushless doubly fed machine. In the first method, the

peak values of flux densities set up by individual winding set. Thus;
Bdualp = Babcp + Bxyzp (3.4)
Where
Babcpand Byyz, : are the peak values of the flux densities of ‘a-b-¢’ and ‘x-y-z’ winding sets,
respectively.
This method has the short coming that it only considered a single value of flux density i.e.
peak value. Moreover, critical analysis of the results obtained by this method was shown

(Munoz, 2000) to be too conservative since the peak value occurs at two points per cycle.

The second method defines the combined magnetic loading as:

Bdual = \/(ngc + B)%yz) (3-5)

Although this method gives a better result than the previous, it still fails to address the issue

of saturation in the core of the machine.
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The third method referred to as a new generalized method evaluates the value of the flux

density of any induction machine by the mean absolute flux per pole expressed as:

. T 1
B = hmT_)oo fO g

.7 1B(6)|d6dt (3.6)

The magnetic field in the dual stator winding induction machine can be expressed as:
B = B, cos(w,t — P;0) + B, cos(w,t — P,0 + y) (3.7)
Where
1 and 2: are subscripts referring to a-b-c and x-y-z winding sets, respectively;
B1and B,: are windings 1&2 flux density magnitudes, respectively;
w: angular frequency in revolutions per second;
P; & P,: Dissimilar number of pole pairs respectively;
y : Angle between the corresponding phases of the two winding sets and
6 : Stator reference angle.
For convenience, the magnetic field of the dual stator winding machine is referred to rotor

reference frame and cast as follows:

B, = B, cos(wsit — p1¢) + B, cos(wst — P+ v) (3.8)
Where

w1 & wy, : are the slip frequencies of the two winding sets, respectively.
Equation (3.8) constitutes the combined magnetic loading for a dual machine housing two
independent sets of windings.
The aforementioned third method has been confirmed by previous DSWIM researchers
(Alfredo et al, 1998) to yield accurate values of magnetic loading. However, the values
obtained are for the two windings together. There is therefore a need to find a method that
gives separate values of the magnetic loading for each winding set. In designing the loading
of each winding set, saturation of the core shall be avoided. This can be achieved by ensuring
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that the peak magnetic loading due to the combined effect of the two MMFs produced by the
two winding sets is made the same as that of the equivalent single stator winding machine. In
other words, the peak flux density in the air gap as well as the maximum flux density per
pole must be constrained to be the same in both single stator winding and dual stator winding
designs.

If the dual stator winding is assumed to be wound for a similar number of pole pairs, P then

the flux density distribution in the air gap can be expressed as:

Bgpipey = Bi1lcos(PO) — ¢4 cos(PO + 6;)] (3.9)

Where the magnitude of the flux density induced by the a-b-c winding set is equal to B4, the
ratio of the magnitudes of the flux densities induced by the two winding sets is ¢, and the
phase angle between the two flux densities, which may be a time varying quantity, is §;. The
peak value of B, will be obtained at a particular value of stator angle 6 that will make
cos(P@) to have a maximum value of unity assuming the delay angle &, is zero (Juan, 2008).

Thus equation (3.9) becomes:
Bgpip(0) = B11(1 — ¢4) (3.10)
The flux distribution of the original P pole-pairs single stator winding machine is given by:
B,p(8) = Bycos(PO) (3.11)
Where
By : is the peak value of flux density of the single stator winding machine.
As mentioned earlier, in order to keep saturation of both designs at the same level, the peak

flux density of the dual winding design must be the same as that of the single winding design.

Hence,

By = B11(1—¢4) (3.12)
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With regards to DSWIM having similar pole ratio architecture, the quantity ¢, is 0.5 and
thus the ratio B, /B, will also be 0.5.

3.4  Computation of Total MMF in a Magnetic Circuit of Asynchronous Machine
The key purpose of magnetic circuit computation is to determine the total MMF required to
establish the necessary magnetic flux within the magnetic circuit. For this purpose, the circuit
is divided into a number of sections in series having the same cross-sectional area. The flux
density is calculated in every section and magnetic intensity H is found from their respective
B-H curves. The summation of the products of H and ¢ for all the sections gives the total
MMF. Figure 3.2 shows a typical magnetic flux path (magnetic circuit) for a portion of an
induction machine for illustrative purpose. As can be seen from this figure, the flux traverses
two air gaps, two stator and two rotor teeth, a part of the stator and a part of the rotor cores
considering a pair of poles.

Applying Ampere’s law to this case yields:

2F, = 2Fy + 2Fs + 2Fp + Fos + Fop (3.14)

Where
Subscripts ‘g’, ts’, ‘tr’, ‘cs’ and ‘cr’ denote air-gap, the stator tooth, the rotor tooth, the

stator and rotor cores, respectively.

Stator yoke

== =im=~
”I [m;8, v

. Rotor slot
Rotor yoke
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Figure 3.2: Magnetic Flux Path for a Section of a Poly-phase Induction machine
The next step in the magnetic circuit development involves the calculation of each
component on the right-hand side of equation 3.14. These are treated analytically in the
subsequent subsections based on realistic engineering assumptions made.
3.4.1 MMF estimation for air gap considering slots on the rotor and stator surfaces

The MMF required for air gap having an air gap length £is given by the expression:

Ba
Fo= % (3.15)

Where

4. is the air-gap length and

B,g4 : is air-gap flux density.

Owing to the presence of slots on the stator and rotor surfaces of the induction machine, the
iron surfaces around the air-gap are not smooth. This causes some fringing of flux around the
teeth edges resulting in flux penetrating down the slot as shown in Figure 3.3. For the sake of

clarity t, is the slot pitch defined as sum of slot width W and tooth width WW,.

airgap - [\{[IIIIIY)] &
I =

Slot | Tooth |

-

¥
F'y
L

Figure 3.3: Actual Flux Distribution within Slot Pitch
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The reluctance of the air-gap thus becomes higher from a magnetic viewpoint as compared to

a case of smooth iron surfaces as shown in Figure 3.4.

LE:

Air gap

Stot Tooth

Figure 3.4: Air-gap Flux Distribution with Smooth Iron Surfaces

The reluctance of the air-gap over one slot pitch, T with a smooth iron surface is:

S = fo _ _fg
9 HoA HoLsTs

(3.16)

On the other hand if the flux in a slotted armature is assumed to be confined within a tooth as
shown in Figure 3.5, then the effective tooth width becomes:

ys = We = 15— W (3.17)

The reluctance in this case is then given as:

_ tg g
S‘g - IioygLs - oLs(Ts—Ws) (318)
T:.; N
| | |
Airgap ‘ ‘ Iy
EIACAES
| T |
. |
Siot | Tooth |
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Figure 3.5: Air gap Flux Distribution Confined to a Tooth Width
The actual reluctance of the air gap however lies between these two extreme cases offered by
equations 3.17 and 3.18. In order to calculate the reluctance in this case the air gap flux is
assumed to be uniformly distributed over the whole slot pitch minus a fraction (&) of slot

width as illustrated in Figure 3.6.

T
YA
i — — i H:‘j-’ 1 6.["1"; l
Afr gap ”“I“ L
'11 L/
A 1 T
Slot . ‘ Tooth

Figure 3.6: Air gap Flux Distribution with a Correction Factor
The fraction depends upon ratio of slot width to air gap length (Sawhney, 2011). The flux of
one slot pitch is therefore distributed over a total pitch W, + §W; as shown in Figure 3.6.

The effective tooth width then becomes:

ys = We 4+ W= W+ W, + W, — W
=75 — (1=8W; =75 — kWi (3.19)
Where
k.s £ 1 —§: is the Carter’s gap co-efficient, whose value is a function of the ratio of slot
width to air-gap length.
The simplified Carter’s coefficient, yet reasonably accurate, (Shariafian et al., 2009) applied

in this dissertation is given in equation 3.20.

ke =1— %(tan‘l)( - %log,/l + )(2) (3.20)

Where
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Ws

X = (3.21)
2l
Therefore the reluctance of air-gap with slotted stator is given as:
_ g _ tg
Sg - / —
MoYsLs MoLs(Ts—kcsWs)
(3.22)
The ratio of the reluctance of air-gap of slotted machine to that of smooth machine is
therefore:
Ts—W.
kgs = ———— (3.23)
Ts—kesWs

Where kg : is referred to as gap contraction factor for slots on the stator.

The MMF of the air gap of the induction machine with a slotted armature can then be found

as:

B
5 = kgs =24, (3.24)

Uo

F, =k

If the rotor slot openings are also considered, another contraction factor can be introduced as

kgr = (tp — Wy / (T, — kW) to account for their effects on the air-gap reluctance, where

k. — the Carter’s coefficient is computed based on the ratio of rotor slot width W, and air-
gap £,. Equation 3.24 is modified to account for the rotor slots on the flux density as

follows:

F, =k

) ng

Bg
gs 224 (3.25)

In the case of squirrel cage rotor with closed slot type, k., is unity and kg, is also unity. In
the computation of MMF for air-gap, the maximum value of sinusoidal flux density
distribution is needed. Because the actual flux density distributions in ac machines have
flattened sine wave, Lee, (1961) has been shown by that a value of 30° from the maximum is

a realistic choice for machine design purpose. Thus the amplitude of flux density at the point
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of 30° shift from its peak value B,,,, is Bag = (V3/2)Byax : Where B,,,, is a selected
design parameter.

3.4.2 Derivation of MMF of stator tooth and rotor tooth

There are two major problems associated with the calculation of MMF necessary to maintain
the required value of flux in the stator teeth. Each slot has two parallel sides, thereby making
the teeth on either side to be tapered. As a result, the area of flux path along a tooth is not
constant. This makes the value of flux density over a tooth length not to be constant.

The permeability of the iron around the teeth is very low because saturation occurs around
that region. This makes an appreciable portion of the flux to go down the portion of the slots,
thereby creating two parallel paths: one through air (slot) and the other through iron (tooth).
The aforementioned difficulties can be overcome using the Simpson’s rule. The rule is based
on the assumption that the curve relating MMF per meter, H and flux density is a parabola.
Based on this method, values of MMF per meter are obtained at three equidistant points; the

two ends of the tooth and its centre. The mean value of MMF per meter is then given by;

H

ts

1
=E(Htsl_'_él'Htsz +Hts3) (326)

Where H,sq, Hiso, & Hys, © are ampere turns per meter for the three sections shown in Figure

3.7.
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Figure 3.7: Application of Simpson’s Rule to Approximate MMF of Stator Tooth
(Sawhney,2011)

Finally, the MMF of the stator tooth is found as

Fis = Heshys (3.27)
Where h, : is the height of the stator tooth.
A similar exercise for the rotor tooth under similar assumption yields the following:

Fir = Hephyy (3.28)

Where
Frr: MMF of the rotor tooth;
H,, : Mean value of MMF/m determined using Simpson’s rule; and
hs- - is the height of the rotor tooth.

The computation of H,, is as follows:
1
Her =~ (Herq + 4Herp + Hirs) (3.29)

Where H;.,,Hiq & Hyq @ are the ampere turns per meter values for the three section
approximations of parabolic representation of MMF of the rotor tooth.

3.4.3 Derivation of MMF of the stator core
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The magnetic flux in the stator core is half of the air gap flux @ neglecting flux leakages.
This results in a stator core flux density given by

P
Bse =3 ™ (3.30)

Where A.q: is the cross sectional area of the stator core and is given by

A, =L (3.30)
Where
L¢s : is the stator core or stack length, and

h¢s : is the stator yoke thickness calculated from other dimensions as shown in Figure 3.8 to

be follows :

h,=—2—5_h_ (3.31)

Where

D,s & D, : are the outer and inner diameters of the stator respectively

h:s : is the height (depth) of the stator tooth shown in Figure 3.8.

At this point, B-H curve for the material of the stator core is utilized to obtain the MMF per

meter H.;. The MMF of the stator core is then computed using equation 3.32.
Fs =HsLs (332)
Referring to Figure 3.8, stator slot pitch 7. is defined as nD;; /S, where S, is the number of

stator slots and rotor slot pitch 7., is defined as nD;,/S, where S, is the number of stator

slots.
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Figure 3.8: Half Cross Section View of Induction Machine’s Core Showing Leading
Dimensions
3.4.4 Derivation of MMF for rotor core
The flux in the rotor core is also half that in the air gap. This implies that the rotor core flux

density is given as

o)
Ber = 37— (3.33)

Where A, : is the cross-sectional area of the rotor core and calculated using equation 3.34.

A, =h, L, (3.34)

Where
L., : is the length of the rotor core;
h.- :is the thickness of the rotor yoke derived in terms of other dimensions of Figure3.8

thus:

h = Dor — Dir _ htr (335)

Where

D,, & D;, : are the rotor core outer and inner diameters respectively;
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h¢, - is the height of the rotor tooth as shown in Figure 3.8.
The value of B, determined via equation 3.33 is then used to find MMF/m of the rotor core
with H_, obtained from the appropriate B-H curve.

The MMF of the rotor core is then found as;

|:cr — Hcr Lcr (3'36)
The total MMF drop around the magnetic circuit is obtained by summing up the individual
MMF drops around the entire magnetic circuits two air-gaps, two stator teeth, two rotor teeth,

stator yoke and rotor yoke. The required MMF per pole to produce the specific air-gap flux

density is:
B, 1
:Fp = kgrkgs #_(;ggg + Htshts + Htrhtr + E (HcrLcr + Hcchs) (3-37)

The computation of the total MMF F, is crucial in the design of dual stator winding machine
and would entail specifications of allowable flux densities in air-gap, stator & rotor cores,
stator and rotor teeth as well as B-H curves for their respective ferromagnetic materials.
Figure 3.9 shows typical family of B-H curves of well-known ferromagnetic materials and air

that form essential parts in the magnetic circuit of an induction machine.
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Figure 3.9: Typical B-H Curves for Different Metals (Adapted from Metals Handbook, 8th
edition, 1996)

3.4.5 Determination of number of stator turns per phase

Having found the required magnitude of the flux densities and the necessary MMF for their
(flux densities) establishment, the next step is to determine the number of series connected
turns per phase to produce the required flux in the machine. This can be achieved by using

the expression of the EMF, E generated in the armature windings. Thus:
E =4fksky Ny, (3.38)
Where
¢, © is the magnetic flux per pole;
N . is the number of series connected turns per phase;
£ is the supply frequency and kj is the stator winding factor; and
k., & k¢ : are winding factor and form factor, respectively.
Suchthat k,, = kgxk, where kg & k,,: are distribution factor and pitch factor, respectively

and form factor is typically 1.11 for unsaturated teeth but is in general dependent on teeth

saturation factor (1 + ks = 1 + (Frs + Fy-)/F,) (Boldea and Nasar, 2001 and Pyrhoren et
al. 2008) as shown in Figure 3.10. Note kg, = 0 if F; > (Fys + Fry).

The flux per pole can be found from the following expression
_ mDisLs\ _ mDjsLg
$m = Bag (a Mol ) = Bl (—P ) (3.39)
Where: Dy, L, Bag & P parameters are previously defined and a flux density shape factor
depicted in Figure 3.10 as a function of teeth saturation factor; and B £ aB,,.

In equation (3.38), the only unknown is N;. It can therefore be evaluated as:
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E

s = —4‘kfkwf . (3.40)
Now define the back EMF factor k. as follows (Fu and Tang, 2002):
E
ke =7 (3.41)
Where (0.85 <k, < 0.95) and V : is the machine supply voltage per phase.
Thus using equation 3.41 to eliminate E from equation 3.40 yields the following:
_ keV
S afkrkydm (3.42)
And eliminating ¢,, using equation 3.39, we obtain
k
= i (3.43)

S 4aksky frDisLsBly
For two stator winding sets having the same number of poles housed in stator frame, stator

turns per phase N is therefore the same for both winding sets.
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Figure 3.10: Composite Plots of Form Factor (k) and Flux Density Shape Factor (o) Versus
Teeth Saturation Factor Source (Boldea and Nasar, 2001)
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3.4.6 Computation of magnetising current and inductance per phase

The magnetising current flowing in the stator winding establishes the flow of flux in the core
of the machine. The magnetizing current is calculated from the magnetic circuit of DSWIM
presented in the preceding subsections. Relying on the total ampere turns of the magnetic
circuits comprising stator yoke, stator teeth, air gap, rotor teeth and rotor yoke, the
magnetizing current in m-phase machine can be calculated using equation 3.38 (Pyrhoren et

al. 2008).

P

Im = mfpp (3.45)

Pyrhoren et al. (2008) derived the magnetizing inductance for an m-phase machine as
follows:

4mDigLg 2
= 220t ) (e N) (3.46)
m ﬂPZlgeff o\t iVg
Where ¢ f: is effective air-gap axial length calculated using Carter’s coefficients as

follows:

lgesr = kerkesly (3.47)
Equations 3.45 and 3.46 are used to calculate magnetizing current and inductance for
DSWIM equipped with similar pole ratios. The foregoing magnetic circuit design approach
adopted herein is not only computationally superior but simpler than the traditional technique
widely used in ac machine design (Boldea and Nasar, 2001). The iron core loss is specially
treated in
Appendix D from which the estimation of R, is arrived at that included other stray losses.
3.4.7 Surface current density estimation
In the traditional design of electrical machines, in general, their desired power ratings are
usually specified. The well-known generalized power equation referred to as Essen’s rule in

(Lipo, 2004) that relates power and other machine parameters is then applied to calculate the
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main dimensions (stator inner diameter, D; and effective length of the stator core, Lg of the
machine. In DSWIM redesign case, however, the main dimensions as well as the power of
each stator winding set are known. Thus generalized power equation (Essen’s rule) deployed
to determine the surface current density denoted as J; in root mean square (rms) is specified
by the following equation:

Pout = (o) ngkky, (DALs)Baglsn cos ¢ (3.48)

Where,

The only unknown quantity is the surface current density /s and is given by:

Pout
Js = (3.49)
o2
( 1;) )nskfkw(DizsLs)ngn cos ¢

The surface current density essentially characterizes the ability of the cooling system to
dissipate the heat generated in the stator winding given the temperature limit of the winding
insulation. Expectedly, the surface current density in DSWIM should be the same or less than
the one in the standard single stator winding induction machine. More explicitly, the current
density of the ‘a-b-c’ winding denoted as /3¢ and ‘x-y-z’ winding denoted as J”* can be

expressed as:
Js =JEPC+ 75 I8P = wis J$7F = wals (3.50)
Where w; and w,: are weighting factors such thatw; +w, =1; w; = w, = 0.5 for
DWSIMs with similar pole ratios and w; # w,for DSWIMs with dissimilar pole ratios. It
is implied therefore that the weighting factors are the same for the two winding sets of
DSWIM equipped with similar pole ratio as a key design objective in this dissertation. The
power output of a DSWIM (Pp,,) can be written as follows:
(\/—n

Xyzg )n k¢ky (DZLg )N cos ¢
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(Babejabe + B, % 1377) (3.51)

For DSWIM of same pole ratio: Pqpc, = Pryz, = Bag /& = Bqg *J5”; in equation 3.51.

3.4.8 Calculation of stator conductor diameter
Recall that the number of series connected conductors per phase is given by equation 3.43. If

the number of coils per phase is N, then the number of turns per coil is;

=N
Ny = N (3.52)
Therefore the diameter of the stator conductor is determined from the relationship
_ AsxKrin\ . _ ac
d - 2 ( XNy ) y kfill - NTXA_S (353)

Where Ay is the cross sectional area of the slot and K;;; is fill factor which takes into account

that the slot is not entirely filled by the conductors. Here, we have assumed single layer

winding for illustrative purpose.

3.4.9 Stator conductor current density calculation

The current density of the stator conductor is given by;

Jeon = Rstls (3.54)

as

Where, Ng; is the number of conductors per slot, I is current through a conductor and ay is
the cross-section area of a conductor. We can now define specific electric loading ac =
2mN,l, /mD;q.

3.4.10 Stator winding categorization

A conductor, as far as armature winding is concerned refers to that part of an electrical wire
that participates in electromechanical energy conversion. Two conductors placed in two

different slots and connected in series are said to form a turn. A coil is made up of one more
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turns connected in series in a later case is referred to as multi-turn coil. Part of a coil that
does not take part in energy conversion is called an overhang.

The length of a coil that is inserted in slot is called a coil side. If the coil sides of a coil are
spaced one pole—pitch apart they are said to be of full pitch. In most cases coil sides are
spaced less than a pole pitch, in which case they are described as short-pitch or chorded. If in
a particular type of an armature winding, a coil side occupies a whole slot depth, such a
winding is called a single- layer winding. In most designs two coil sides occupy a slot, in
which case the winding is described as double layer winding. For added clarity, Figure 3.11
depicts the various winding and stator slot topologies commonly used in induction machines
Normally chording is associated with a double layer winding. In any double layer winding, a
coil side of a given coil occupies upper half of (top layer side) of a slot while the other coil
side of the same coil occupies the lower half (bottom layer side) of another slot. The next

two subsections describe further the general layout or architecture of an ac machine winding.

One coil side per slot

| Trs d
“«—»
e s e S o b B
1 Coil sides NER f 9 Q
Z. = Ny Slot
Tooth
b) Single layer winding

pper layer

Two coil sides per slot

Bottom layer

a) Multi-turn coil
c) Double layer winding
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Figure 3.11: Typical Multi-turn Coil and Winding Layer Topologies

3.4.11 Outline of stator winding Architecture

In general, a poly-phase machine armature winding has “m” number of phases. These phases
will be designed in such a manner that the e. m. f. s produced by each phase have:

i Equal magnitude;

ii. Identical wave forms;

iii. Same frequency; and

iv. Angle of displacement in electrical radian displacement given by

Y on (3.55)

These conditions can be satisfied if all the phases of a given winding have similar pole-phase
groups. Furthermore, in order to ensure all phases of a stator winding are symmetrical, the
spread of each phase under each pole, known as phase spread, must be met. The

mathematical expression for the phase spread is given by

o= (3.56)

l
m
In the case DSWIM stator winding design, the phase spreads for ‘a-b-¢” winding and ‘x-y-z’
winding are essential to realizing to its prototype winding diagram development. It is
noteworthy that phase spreads for the two independent stator windings are equal due to
similar number of poles design requirement. Note also that the different phase spreads were

considered in the development of winding function analysis for DSWIM presented in

Chapter Two.

3.4.12 Quantitative description of winding arrangement in slots

For a complete design of an armature winding the following data need to be specified:
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I Total number of armature slots, S; and

ii. Total number of poles for which the armature is to be designed, P.

A single layer winding would require coils equal to half the total number of slots. While a
double layer winding requires as many coils as there are number of slots. A number of coils
belonging to a phase under a pair of poles is known as a coil group.

The manner in which coil group belonging to a phase are interconnected to form a phase
depends on the requirements imposed on the winding. For example when windings are
required for large currents and low e.m.f.s, the entire groups of a phase will not be
connected in series; but rather they will be split up into a number of sections called parallel
paths or circuits each containing the same number of similar coil groups which are then

paralleled to form a phase winding.

3.4.13  Winding dimension calculation
Usually a coil side lies under a north pole and the other side under a south pole. The distance

between a north and a south pole called pole pitch is given by:

_ D¢

T, =— (3.57)

The distance between two coil sides of a given coil is called a coil span or a coil width
denoted by y.. This distance in a single layer winding is also the same as pole pitch. In a
double layer winding in which chording is employed, the coil span is usually less than the

pole pitch. Thus;
Ve S Tp (3.58)

The width of a coil is normally measured in terms of the number of slots. The number of

slots per pole per phase which fixes the coil group is given by
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Ss
Pm

q = (3.59)

If g is an integer, then the winding is referred to as an integral-slot winding otherwise it is
called fractional slot winding. Both integral-slot winding and fractional slot winding are
admissible in the DSWIM winding design procedure depending on its power rating. The

phase belt can be shown to be g = g * y; where the stator slot pitch angle y is given

by /( Ss/P).

3.5  Analytical Calculations of DSWIM Steady State Equivalent Circuit Parameters
The parameters of the equivalent circuit of the induction machine play a critical role in the
evaluation of the machine performance. The performance indices commonly determined are:
e Machine maximum torque (pull-out-torque);
e Machine starting torque;
e Efficiency; and
e Operating power factor.
Undoubtedly, if the parameters of an induction machine are not known then the performance
of the machine cannot simply be assessed analytically via simulation approach. It is therefore
imperative to determine these parameters. The parameters of interest specifically for DSWIM
equipped with dissimilar pole ratios are as follows:
i. The stator winding resistances of ‘a-b-¢’ and ‘x-y-z’ denoted as RZ & RY
respectively and referred rotor resistance R;.;
ii. The stator winding leakage reactances of ‘a-b-c¢’ and ‘x-y-z’ denoted as X[} & X ,
respectively and referred rotor leakage reactance X;,;

iii. The core loss resistance R, and magnetizing reactance X,,.
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The generalized steady state equivalent circuit developed for a DSWIM is shown in
Figure 3.12. The next task is on analytical procedures to enable calculations of the
relevant parameters based on the physical dimensions of the stator frame, stator slots,
stator windings, rotor slot structure, etc. In the subsequent subsections, the various

analytical procedures employed are set forth.

x x
1 Rs ls
x Xl
Vz m
a a
1 Rs Is
Ve

Figure 3.12: Generalized Steady State Equivalent Circuit of DSWIM

3.5.1 Stator resistance calculation

In view of the alternating current flowing in the windings of the stator associated with skin
effect, albeit small at power frequency, a straight forward formula used in dc resistance
calculation cannot be used without modification. However, if some modifications are made
right from the manufacturing stages of the winding, the skin and eddy current effects are
drastically reduced. Here two practical techniques are employed. Firstly, the conductors
forming the winding are divided into sub units called strands each of which is electrically
insulated. Secondly, strands are interwoven in such a way that each strand occupies all
possible positions along the entire length of the conductor to reduce the effects of eddy

current. This is illustrated schematically in Figure 3.13 for a conductor comprising three
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strands only. In general, if a multi-strand conductor has N sub-conductors and overall length
of L, it will require N-1 transpositions over L;/N span lengths for each strand to occupy all
possible positions.

With adequate strands and transpositions, we can neglect skin and eddy current effects in the
calculation of stator winding resistance per phase. Starting from an idealized geometry of
stator winding coil shown in Figure 3.14 with appropriate dimensions indicated, the

procedure for calculating the stator resistance per phase is outlined in sequel (Wu, 1998).

+— |l —p —L —p — L —»

— -
r TN

1% Transposition 2" Transposition

Figure 3.13:  Basic Illustration of Interwoven Stator conductor
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Figure 3.14: ldealized Geometrical View of Stator Winding Coil
The average length of a coil is found as:
love = 2Lg + 4l + 4l (3.60)
Where

L : is the effective stack length of the stator conductor;
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l.,& 1.5 : are two lengths that represent the dimension of each overhang or end
winding.
Recall the number of turns per phase is denoted as Ng. For the sake of generality, it is
assumed that DSWIM comprised M, parallel circuits per stator winding phase. For this
general case and relying on appropriately dimensioned coil overhang structure, it is derived

in Appendix B that net stator resistance per phase R, is given in equation 3.61.

Rs = = (Po M) kgkr (3.61)

M, ag

Where

po: Resistivity of copper conductor at 25°C;

kr : Ratio between ac and dc values, denoted as R, 5. & R 4. respectively, of the stator phase
winding resistance due to skin effect;

ks : Temperature correction factor for stator winding resistance at other specified
temperature, T, and is equal to ((1/ay) —T,)/((1/ay) —Ty); @, is conductor
temperature coefficient at specified benchmark temperature T; .

Ostovic, (1994) has shown that for conductors in a stator slot without transposition the skin

effect can be accounted as follows:

R sinh2¢@+sin2
kp =20 = gt =2 (3.62)
Rsdc cosh2¢@—cos2¢

Wherep 2 h/5 : h is slot height housing conductors and § is skin depth defined

as\/m ; p, fand p : Conductor resistivity, frequency and conductor permeability,
respectively. For the sake of correct usage, equation 3.62 is only admissible in the case of
large capacity ac machines having ¢ greater than 1.4 (Ostovic, 1994). However for small to
medium rated capacity ac machines generally of research interest— k; = 1.

3.5.2 Stator leakage Inductance (Reactance)
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In this subsection, we present fairly detailed determination of stator leakage inductance for
induction machines which is equally applicable to DSWIM. Basically, leakage inductance
(reactance) represents leakage flux from circuit analysis standpoint. Electrical machines are
energy conversion devices which take place due to magnetic fluxes set up by currents
flowing in both their stator and rotor windings. Ideally, all fluxes produced by the currents in
the two windings are expected to link both windings. In practical machines, this is not so.
The flux usually has two components:
a) A portion (usually very large) that links both windings and which is responsible for
energy conversion is called useful flux;
b) The remaining flux (usually very small) links with only one winding and therefore
does not participate in the energy conversion process referred to as leakage flux.
If a flux links with only stator winding then that flux is termed stator leakage flux and to it, is
associated stator leakage inductance L;¢ or stator leakage reactance X;; = wL.
In an induction machine, the stator leakage flux has four components: slot leakage flux; end
winding leakage flux; belt leakage flux, zig-zag leakage flux and skew leakage flux. Figure
3.15 illustrate diagrammatically various flux leakages of an induction machine. It is
imperative to determine the inductances (reactances) associated with the four aforementioned

leakage fluxes as presented in the subsequent subsections.

-~ -

’-‘\:‘," End Winding

0 OO Y — Leakage flux . X%
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\\SIZIIIIIZIIIIY S Single slot ¢ s
Conductors: l

b) End winding leakage reactance
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Zigzag Vel

leakage flux

c) Belt leakage reactance Rotor

d) Zigzag leakage reactance

Figure 3.15: Induction Machine Leakage Fluxes

3.5.2.1 Slot leakage inductance
Consider an induction machine having either a single layer or double layer winding. This
implies correspondingly that there is either one coil side per slot or two coil sides per slot. As
derived in Appendix A, leakage inductance per slot is given by

nZL P, : single layer

Lgor = or (3.63)
n2L.P,, : double layer

Where P, & Py, : are the specific slot permeances for the single and double layer winding,

respectively composed of a number of components given in equation 3.64.

Py, = Po(l) + Pl(l) + Pz(l) + P3(1) : single layer
P, = or (3.64)
Py, = PO(Z) + Pl(z) + PZ(Z) + P3(2) + P4(2): double layer
Where the specific permeance components derived in Appendix A for single layer and

double layer slot configurations shown respectively in Figure 3.16 are summarized in

equation 3.65:

1 _ 1 _ 1 _ 2d; | () _
Fo 0 3b P Py “ P BT = o bs+by’ 3 “0 b
(2) _ 2 _ 2 _  d 5@ _ 2d; | H2) _ . do
Po °3b P Py °4b 2y = Hog > Py — Moy ip,r 3 T Moy,
(3.65)

After giving due consideration to the number of turns per phase (Ny) and total stator slots
(S, = gmP), the derived stator leakage inductance per phase for single layer or double layer

winding stator is as follows:
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12¥LSP51: single layer
S

Lig = y or (3.66)
1ZS—SSLSP52: Double layer

The leakage slot inductance per phase is then found when the values of N, Ls, Pg;01 Py, and

S, are substituted in equation 3.66 depending on whether it is single or double layer winding.

b[] : —h: bﬂ :q—
1 1
l

d, a4
[} @ .
Z - Cond. /slot i; P
r 2 = 4
I.: Current/cond 2 l
ds .
Total Ampere- I s £
conductors/slot = z, T
Z.I, ? I, dy
I dy -__$ ds
E + bs _""i Eq_ b: i
Single-layer ! Double-laver .

Figure 3.1 6 Physical Slot Dimensions Used in Single and Double layer Permeance
Calculations

3.5.2.2 End winding leakage inductance

In electrical machines not all parts of a conductor carrying current participate in energy
conversion. The only portion or length of the conductor that takes part in the energy
conversion is referred to as effective length Ls the remaining parts of the conductor is called
end-winding or overhang. This portion of a conductor or winding is associated with an
inductance termed end-winding leakage inductance. Relying on the approach of (Liwschitz-
Garik, 1961) for the calculation of this inductance, based partly on theoretical derivation and

partly on experimental results, the total end winding leakage per phase is expressed thus:

2
19, = 4% 0400 (1, +12) (3.67)

ewl
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Where: the lengths [.; and [., are shown in Figure B1l. It is noteworthy that several
empirical formulae are available in (Boldea and Nasar, 2001) for end winding leakage
inductance calculation; as well as the attempt by (Alger, 1970) to model this inductance
rigorously but without significant improvements over that given by equation 3.67.
3.5.2.3 Belt leakage inductance
This type of leakage arises as a result of the discrete number of stator coils. The belt leakage
inductance is usually ignored for induction machine equipped with squirrel cage rotor
because it is shorted. However, it is considered in wound rotor structure due to spatial
distribution differences in the mmfs of the stator and rotor windings thereby causing
harmonic leakage fluxes. The belt leakage inductance can be calculated as follows:
0 Stator /Squirrel cage rotor structure
Ly = or (3.67)
OptsLm  Stator/ Wound rotor structure
Where: L, is magnetising inductance given in equation 3.46 and gy, Is ratio that captures
all the space harmonics of significant values relative to fundamental harmonic and is given
by (Boldea and Nasar, 2001): 6, = Yy21[(k2 ey /k251) (ks/ke)]; Kwsy & kypsq: are stator
winding factors for vt harmonic and 1* harmonic, respectively and kg & k,: are saturation
factors for fundamental and vt", respectively. Note that belt leakage inductance is an
integral component of the differential leakage inductance, the other component being the zig-

zag leakage inductance discussed in what follows.

3.5.2.4 Zig-zag leakage inductance
The stator winding consists of coils placed in slots. The shape of the flux wave in the air gap
will therefore not be sinusoidal. This effect produces mmf of higher harmonics which gives

rise to leakage inductance referred to as zig-zag leakage inductance. Using modified
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expression in (Zhu, 1997), the zig-zag leakage inductance is calculated in this work as
follows

(s) _ 12N

2
Ly, = SSS LgP, ;s (3.68)

Where, P, is specific permeance associated with zig-zag leakage inductance and defined as
follows:

__ HoWsWy (Wsz +W12')

PZZS -

Sy (3.69)

w, & w;: are the stator and rotor teeth width respectively; I, is the length of air gap and 7, is
the stator pole pitch. For the sake of analytical simplicity, it is assumed in this work
that wg = 7,5/2 & W, = 74 /2.

3.5.2.5 Skew leakage inductance

Recall that skewing of rotor slots in machine design is aimed at reducing m. m. f. harmonics.
However, the skewing rotor slot has associated leakage flux and its calculation is based on
the assumption that the rotor slots are skewed half stator angular pitch (Zhu, 1998). The

skew leakage inductance is given by:

in(6;5/2)]?
1S =1, {1 _ [—S”‘Bt:/z } (3.70)

Where 8,,: is the angular stator slot pitch in radian and is equal to 2w /S;.

3.5.2.6 Total stator leakage inductance
The total stator leakage inductance per phase L, calculated via analytical approach is sum of
all the leakage inductances outlined in subsections 3.5.2.1-3.5.2.5. Equation 3.71 offers

essentially the summation of such leakage inductance components.

S

Lig = Lig+ L(e)l + Lpg + Lys + Ly (3.71)

w
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The equivalent stator leakage reactance X, is given by

X)s = 2nf L (3.72)
In the DSWIM design of interest, the leakage reactances for a-b-c and x-y-z winding
configurations are to be calculated in accordance with equation 3.72. Later in this Chapter,
sample calculation of this parameter for similar pole ratio dual stator windings housed in
stator and rotor cage structure will be presented.
3.5.3 Determination of rotor parameters
“Structurally, the rotor of induction machines are of two types: the wound rotor and the
squirrel cage rotor as shown in Plate 3.1. The difference is basically due to the architectural
design of its respective rotor windings. In wound rotor machines, the winding is designed in
the same way as the stator winding and thus the parameter determination in such winding
will be similar to that explained in subsection 3.5.2. For the sake of completeness, Table 3.2

provides the principal equations for the calculations of parameters with respect to wound

rot

Skewed
slumicem dar
Alemisem neg

Wound rotor type Squirrel cage rotor

Plate 3.1: Induction Machine Rotor Structures

Table 3.2: Wound Rotor Principal Equations for Calculating Leading Leakage Inductances

Parameter Definitions Symbols Principal Equations

N
Lir 12 S—r L P,;: single layer
Slot leakage inductance N:
12 5 L.P.,: Double layer
r

Where: N,., S,, L, and P, , are rotor parameters
corresponding to defined parameters for stator
slots.
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End winding leakage JiQ) ok N2 l
ewl 4% (2_4#0) (lrz + %)
inductance
Belt leakage inductance Ly OptrLim
;where o, = Zv;tl[(k\%vrv/kalrl) (kr/krv)]
Zig-zag leakage inductance @) 2 2 2
9-2a9 Y L, 12N7 L, P, where Pzzr — HoWsWr (V‘;s wr)
Sr 6lgTip
[ ™ : 5
Skew leakage inductance Ly L, { 1— [sme(at/rz/z) }Where
tr
Total rotor leakage Ly, L+ L(erm);z + Ly + Lyg L(Zrz)l + Lg()l
inductance

However, the squirrel cage induction machine has its rotor made up of conducting bars which
run axially in the skewed rotor slots. The bars are effectively shorted at both ends by another
conducting material called end rings. The portion of the end ring between two bars is termed
end ring segment. The detailed calculations of the rotor parameters can be found in Appendix
C. Anchored on the fundamental rotor cage slot configuration of Figure 3.17, the basic
analytical equations for calculating equivalent rotor resistance and leakage inductance are

highlighted in Table 3.3. Some of the basic equations used were those derived by Wu,

1997). I;
( ) —1—p/
; I“ I i’
I
[/
TN
TN
W)/
*hify =
Lr I
I]
i
17
71
77 11
Il I]
77 77
/ /L
I I'
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Figure 3.17: Basic Geometric Dimension of the Squirrel Cage Rotor:  Adapted from
(Boldea and Naser, 2004)

Table 3.3: Equations for Calculating Squirrel Cage Rotor Parameters Referred to Stator

Parameter Definitions Symbols Principal Equations
Ty Ty, = pr/Ab . Where Ab £ bOT'hT + T[D,gs/‘l'
Rotor bar resistance & Ly = (L, + 2lpe)/cosO,
End ring resistance per Te r, =2 Where A, & bd for rectangular
average rotor slot pitch Ay _ )
cross-section of end ring
Rotor slot specific permeance Py Py, = Mo((ﬂ/6) +(5/ 16n))
Rotor bar leakage inductance Ly, Lypr = N2L), Py, : Where Ly = L, /cos0,,
Rotor pole pitch Tpr,ave Tprave = T(Dor — 2h — D) /P
End ring leakage inductance Ler Ler = 410(lpe + krTpr.ave )19; Where k,. is rotor
per segment winding factor

It is shown in Appendix C that the effective rotor resistance and rotor leakage inductance are

given in equations 3.72 and 3.73, respectively:

Te

The = 1p + W (3.72)
Ler
Lye = Ly, + W(ZHTPF) (373)

Where, all the dependent variables are previously defined or defined in Table 3.3.
3.5.3.1 Rotor parameters referred to stator side
In the development of induction machine steady state analysis, there is need to refer rotor

leakage reactance and resistance into stator circuit. The rotor equivalent circuit presented in
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Appendix C is mesh circuit in which each rotor bar and end ring segment form branches.

Thus, the resistance and inductance per rotor mesh are expressed in equations 3.74 and 3.75.
T = 21pe (3.74)
L, = 2Ly, (3.75)

The equivalent rotor resistance and inductance referred to stator are given in equations 3.76

and 3.77, respectively on based on equal losses and energy storage criteria.

T = (2—7:1) (k‘;’;ljs)z 7; (3.76)
L, = (‘;—T) (k‘;—;ivs)z L, (3.77)

The goal, of course, is to extend the generalized induction design procedure to calculate
DSWIM leading parameters. In the next section, DSWIM design concept is addressed by
applying the analytical design framework to determine dual winding specifications that meet
magnetic and electric loading constraints imposed by the choice of stator frame and rotor
structure.

3.6 DSWIM Design Framework

In this section, theoretical framework of the preceding section has been applied to develop an
algorithmic functional DSWIM design methodology. It is worthy of reiterating again that the
DSWIM of interest is equipped with dual stator windings having similar pole number. Its
schematic representation is shown in Fig. 3.18 where n is the pole number to be specified.
The design task is aimed at specifying the magnetic and electric parameters for dual three
phase stator windings to be housed in standard stator frame and rotor structure of known
specifications. It is intuitively clear that having selected the most suitable stator frame and

rotor type as central to actualizing DSWIM design objective; its leading parameters earlier
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presented in Table 3.1 can then be readily determined. In the next subsection, the salient

steps of algorithmic functional DSWIM design procedure are presented.

LA DSWIM

oY (n pole)
B o Motoring Operation
g E Torque
Speed

g B

-
€ »
o b xyz

(n pole) G‘!'E.PDHE = P:uzc + ng;t

b xXyz
PIu-ss = P::at'-: <+ Pcu + PW + Pstrmf + Piran
Figure 3.18: Schematic Representation DSWIM Equipped with n/n Similar Pole Ratios

3.6.1 Functional description of DSWIM design procedure
Attention is focused on the development and implementation of pragmatic induction machine
redesign philosophy to facilitate conversion of conventional induction machine into dual
stator winding induction machine of identical or similar pole ratio. The overall research goal
is to achieve improved dual stator winding induction machine performance from standpoints
of energy loss minimisation via optimum participation of the double stator windings whilst
satisfying the desired magnetic and electric loadings. The analytical equations developed in
the preceding sections are pertinent to the DSWIM design strategy. In this regard, the salient
steps for DSWIM design algorithmic flowchart development are summarized in sequel.

Step 1: Select standard three induction machine for conversion into dual stator winding
machine. Obtain its leading parameters as specified in Table 3.1. Repeat this step
for several standard 3-¢ induction machines and select the most suitable for the
specified DSWIM design objectives that satisfy the equality and inequality

equations 3.2 and 3.3.
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Step 2:

Step 3:

Step 4:

Step 5:

Step 6:

Step 7:

Step 8:

Carry out magnetic loading calculations to optimize permissible air-gap flux density
B, typically in the range 0.3 < B; < 0.6 Tesla. Thus select optimum air-gap flux
density based on equations 3.4 to 3.12, to avoid magnetic saturation and insure ‘a-b-
¢’ and ‘x-y-z’ dual stator winding machine optimum performance.

Develop detailed mathematical formulation for the air-gap flux density to be below
DSWIM specified saturation level otherwise return to step 2.

Compute total m.m. fs comprising the following: air gap considering slots on
stator and rotor; stator and rotor cores using equations 3.14 to 3.37. This is to enable
computation of magnetizing current of the induction machine with reliance on B-H
curves and accurately calculated magnetic path lengths.

Carry out generalized stator winding design to determine optimum: (i) Number of
stator turns/phase and (ii) Magnetizing current for the magnetic circuits. Equations
3.38 to 3.47 enable relevant calculations to be carried out in this step.

Estimate specific electric loading (AC) via the following quantities: (i) Surface
current density using equation 3.49; (ii) Stator conductor diameter from
equations3.51 & 3.52 and (iii) stator conductor current density according to
equation 3.54.

Design dual stator winding architecture to satisfy: (i) Identical conditions for all
phases; (ii) Specified winding taxonomy; (iii) Optimum winding arrangement in
armature slots given slot numbers and poles; and optimum determination of
winding dimensions. This step relies on equations 3.55 to 3.59 to execute the basic
computational requirements.

Estimations of machine steady parameters: (i) Magnetizing reactance & core
resistance via equation 3.46 & Appendix D; (ii) Resistance of each dual stator phase

winding (‘a-b-c” and ‘x-y-z’) using equation 3.61; (iii) Stator total leakage reactance
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per phase using equations 3.63 to 3.71; (iv) Rotor total resistance per phase based on
equation 3.76 and (v) Rotor leakage reactance per phase as given in equation 3.77.
Step9 Compendium of specific case study DSWIM leading design values to: (i) Develop
DSWIM Steady state equivalent model of Figure 3.15 to enable GA engine optimize
DSWIM power factor and efficiency; (ii) Re-adjust DSWIM parameters after GA
convergence and check if either electrical or magnetic loading is violated return to
step 2 otherwise stop; (iii) Develop dual Stator winding Layout; and (iv) Implement
DSWIM prototype design.
The foregoing salient steps of the generalized design procedure for DSWIM are further
depicted in the functional flowchart of Figure 3.19 so as to elucidate the computational
procedure. The application of GA to optimize DSWIM’s efficiency (1) and power factor

(PF) with obj(n, PF) as objective function subject to magnetic loading (B,g < Bqx) and

electric loading (ac < ac,,q,) inequality constraints is comprehensively treated in the next

section.
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Figure 3.20: Functional Flowchart for DSWIM Analytical Design Algorithm

3.7  GA Based Optimization of DSWIM

This section deals with optimization of the DSWIM efficiency and power factor using
Genetic Algorithm (GA) to tune its magnetic loading and specific electric loading. The
problem statement can now be stated formally thus: Given the power output P,,; as par
equation 3.51 and leading geometric dimensions of the selected standard stator frame and its
matching rotor cage, provided a priori, for housing analytically designed ‘a-b-c’ and ‘x-y-z’
winding sets; it is required to find optimal values of the DSWIM’s efficiency and power
factor subject to satisfying inequality constraints on magnetic and electric loadings. Being a
subset of the generalized multi-objective optimization of section 3.2, the explicit problem
formulation at hand can now be cast mathematically as follows:

Obijective Function:

Sobj (M, PF) = Min{ip; (1 —n/100)* + (1 — PF)?} (3.78)
Where J,,;(n, PF), & ,: are the objective function and weighting factors, respectively
whilst other variables have been previously defined.

Equality Constraints:

) DSWIM power output equation
PN = Papey + Pryzy = (S nykekoy (DALNPF (B Jb + BLY27)
(3.79)
i) DSWIM efficiency equation
Pout
= PEM 4+ SCLpp+SIL+RCL+Fyy 4 s * 100
(3.80)

i) DSWIM full load power factor
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PEM 4 SCLpM+SIL+RCL+Fy, 4

b XyZ
§326+53 ¢

PF = (3.81)

Where: 5526 & 5377 are the KVA ratings of the a-b-c and x-y-z winding sets, respectively.
Where in equations 3.79-3.81: Pp,, — DSWIM power output; SCLp,,-Stator copper loss
= 3(I&°R + IS’“ZR;“); SIL — Stator iron losses =3E%/R,; RCL — Rotor copper loss =3I7*R, ;
and Fy,,s — Frictional & Stray losses={(SCLpy + SIL + RCL); 0 < { < 0.05; i.e. frictional
and stray losses are assumed to be about 5% of the other total segregated DSWIM losses.

Inequality Constraints

Magnetic Loading: Biin < B < Bpax
Electric Loading: ACmin < AC < ACmax
(3.82)
Note that other equality and inequality constraints x; = b;; V j € {1, My} and (xpn, < %; <

Xmax;; ¥V U € {1, M,} associated with the design of a new stator and rotor structure for
DSWIM have been suppressed. The choice of a standard stator frame and rotor cage insured
that the foregoing equality and inequality specifications are already satisfied. The resulting
multi-objective optimization problem for two winding sets concern the optimal tuning of
magnetic and electric loadings to maximize DSWIM’s efficiency and power factor. The
solution approach adopted in this work is via genetic algorithm. It is recalled, to notify
interested readers, that the fundamental theoretical concept of GA is comprehensively
discussed in Chapter Two. The unresolved task is GA’s solution methodology presented in
what follows.

3.8.1 GA solution methodology

It is instructive to reiterative that the choice of GA is anchored on its ability to search for
global optimum solution without recourse to use of function derivatives. However, the

underlying basic operations comprising reproduction, crossover and mutation earlier treated
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in Chapter Two need specifications of fitness function for selecting individuals with higher
probability to participate in reproduction process; followed by specifications of probabilities
for crossover and mutation processes. The probability for mutation is usually selected to be

very small so as to prevent local minimum trap. The fitness function chosen is given by:

1
1+Sobj(77:PF))

fitness = ( (3.83)

The binary or floating point implementation of genetic algorithm is targeted at minimizing
the objective function of equation 3.78 or conversely maximizing the fitness function. Every
generation has feasible set of solutions from which a set of new solutions are evolved.
Relying on reproduction selection, crossover and mutation operators new generations emerge
with new solutions that, after N successive generations, converge to the desired global
solution.
The flowchart depicted in Figure 3.20 offers algorithmic sequence of events required in
determining the optimal values of the power factor and efficiency of the DSWIM by
employing a genetic algorithm (multi objective pareto search). The salient step- by- step
procedure for the optimization process is summarized below:
Define the leading constants of the DSWIM such as number of poles, angular
frequency, main dimensions, etc.
Select the decision making variables with the view of redesigning the dual winding sets
‘a-b-c’ and ‘x-y-z’ (stator parameters are thus chosen as decision making variables that

include magnetic and electric loadings).

iii. Generate initial population of feasible solutions via analytical design procedure code

each feasible solution using either binary code or real code structure where the initial

population of M feasible solutions as follows:

' . _ , 1T
(D = [20, 00,0, 2] v i = 1,m))
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Vi.

Evaluate the objective function cast in terms of quadratic efficiency n and power factor
PF as stated in equation 3.78 and apply fitness function to select individuals for
reproduction.

Carryout crossover operation at rate of ¢., and the mutation at rate of ¢,,,- , to form
new generation.

Check if the optimal value of the objective function is reached yielding optimized
DSWIM design parameters and/or if pre-set number of generations is reached,;
otherwise return to step ii to continue GA optimization process.

vii. Save the optimized DSWIM design parameters and for new scenario study return to
step ii.

The implementation of GA based DSWIM will be pursued further in Chapter Five.
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Figure 3.20: Flow Chart for the Optimization of Efficiency and Power Factor

3.9  Design Calculations for Similar Pole DSWIM

The algorithmic analytical framework presented in the preceding section for redesign of a
conventional 3- ¢ machine as a dual stator winding induction machine need to be
demonstrated for a specific case study. In order to satisfy this objective, a standard 8-pole,
6kW, 3-phase squirrel cage induction machine with 48 stator slots and 42 rotor slots has been
carefully selected as a case study in this research work. The original 3-phase 8-pole stator
winding of this machine is to be converted to 6-phase (‘a-b-¢’ & ‘x-y-z’) each of 8-pole

stator winding set. The squirrel cage rotor of the original machine is not altered.
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This section is therefore devoted entirely to carrying out analytical calculations in respect of
DSWIM having identical pole ratios n/n where n is specifically chosen to be 8. It would be
recalled that the rationale for research focus on similar pole dual winding configuration was
justified in Chapter One. The standard 3-¢ induction machine to be converted into 8/8 pole
dual stator winding induction machine has initial specified parameters presented in Table 3.4.
In the subsequent subsections, specific calculations situated within the analytical framework
of the Section 3.7 are made; starting with its magnetic characterization to fundamental
calculations of its various parameters needed to construct its steady state equivalent circuit
and as inputs into GA optimization process.

3.9.1 Specification of magnetic loading for 8/8 pole DSWIM

For an 8/8 pole dual machine, its magnetic loading in relation to that of the standard 8-pole 3-
¢ induction machine is given by:

Bg8|8(9) = Bg8(1 — k1) (3.84)

Recall that k; = 0.5 due to similar pole configuration, the peak values of the air-gap
densities of two stator winding sets of the dual induction machine are:

Table 3.4 Specified Parameters of 8/8 Pole Ratio DSWIM Design

Parameter Description Symbol | Value Unit
Stator length L 100 mm
Rotor length L, 100 mm

Inside diameter of stator Djs 150 mm
Outside diameter of stator D, 206 mm
Outside diameter of rotor D, 149 mm

Power factor pf - -
Efficiency n - %
Pole number P 8 -

Number of stator slots S 48 -

Stator slot dimensions hs& bys | 17.4%7 mm

Number of rotor slots Sy 42 -

Rotor slot dimensions h.&b,, | 13*4.75 mm

Air gap ly 0.5 mm
Frequency f 50 Hz




Input VVoltage % 240 Volts
Power Rating S 6.5 kVA
Stator winding factor ky, 0.955
Bg/abc = Bg/xyz = OSBg/g (385)

The maximum value for tooth flux density B, in Tesla is typically in the range B.e{1.55, 2.0}
for common steel whilst the flux density B, in the stator or rotor core normally falls within
the range{1.0, 1.4} Tesla. Because the width of a tooth is nearly half of the slot pitch, it then
implies that the maximum value of B, g is typically in the range from 0.75 to 1.0 Tesla
(Lipo, 2007). Broadly speaking, small machines (< 10 kW) typically have lower value of air
gap flux density than large machines; thus the peak fundamental air gap flux density B /s
for the 8-pole induction machine is chosen to be 0.85 Tesla. Consequently, the initial
magnetic loading for the 8/8 pole dual stator winding sets are given in equation 3.85
Bape,,,, = 0.425 Tesla

B

XYZmax

= 0.425 Tesla (3.86)
3.9.2 Calculations of total MMFs in 8/8 pole DSWIM

The calculations of mmfs in 8/8/pole DSWIM involve evaluations of magnetic paths and
field strengths via B-H curve in air-gap, stator core and tooth as well as rotor core and tooth.
Here, each magnetic path length needs to be calculated by relying on the geometrical
dimensions of the stator frame, stator slots and rotor structure. Table 3.5 presents summary
of sample calculations for 6.0kW rated 3-¢ stator frame /squirrel cage rotor with necessary
dimensions provided in Table 3.4 utilized.

Table 3.5: Summary of Sample Calculations for 8/8 Pole DSWIM MMF

Section Path Length | Flux Density H (AT/m) MMF
(Tesla) From B-H Components

(mm) Curve (Amp-

Turns)
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Air gap Bag
21, = 1.0 V3| Hg=48000 | ATy=
= 0.425x7 48.00
= 0.368
Stator core | Dos — Djs B,. =1.25 Hsc = 280 ATy =2.968
2
— hys = 10.6
Stator tooth | 2h,; =34.8 | By = 1.35 His = 1200 ATy =
41.76
Rotor core Doy — Dy B., =120 Her = 250 AT =150
2
— R =6
Rotor tooth 2hy, = 26 By = 1.30 Hi = 1500 ATy =39

The total mmf per pole is then given by ) AT; /2. We can then compute the MMF for ‘a-b-

¢’ and ‘x-y-z’ winding each identically wound 8-pole as mmf,,. = mmf,,, = 43 AT; =

532.92AT.

3.9.3 Power, surface current density, number of turns per phase and conductor sizing

estimations

Using the data for the standard 3-¢, 8-pole IM provided in Table 3.4, the calculated key

parameters for a-b-c and x-y-z windings are presented in Table 3.6. Note that the equations

used to calculate these quantities are provided to avoid any computational ambiguity.

Table 3.6: Summary of Key Leading Parameters Estimated for DSWIM and Standard IM

DSWIM Parameters Equations Calculated Values for Values for the standard
Used DSWIM IM
.‘a-b-¢” winding 3.51 3.0 6.0
Power in KW
‘x-y-z’ winding 3.51 3.0 6.0
Power in KW
‘a-b-¢’ winding 3.50 35000 52 000

surface current
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density /5. In
AC/cm

‘a-b-¢’ winding

surface current

density Jy, in
AC/cm

3.50

35000

52 000

Number of Turns per
phase (‘a-b-¢’
winding)

3.43

240

480

Number of Turns per
phase (‘x-y-z’
winding)

3.43

240

480

Conductor diameter
(‘a-b-¢” winding)

3.53

1.25

0.95

Conductor diameter
(‘x-y-z’ winding)

3.53

1.25

0.95

3.9.4 Calculations of inductances and resistances for 8/8 DSWIM

The sample calculations of the various inductances and resistances associated with stator ‘a-

b-c’ and ‘x-y-w’ windings as well as the squirrel cage rotor have been carried out. The

enabling equations and calculated values for the various parameters are presented in Table

3.7.

Table 3.7: Summary of Calculated DSWIM Parameters

DSWIM Part Parameters Equations Used | Calculated Values in
Identifier specified units
Definitions Symbols
Magnetic circuit Magnetizing L, equation 3.46 0.12H
Inductance
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Core Loss Core Resistance R, Appendix D 223Q
‘a-b-¢’ winding | Leakage Inductance* g equations 3.63- 14.2mH
(Stator) 3.71
Resistance RZ Equation3.61 1.5Q
‘x-y-z’ winding | Leakage Inductance* T equations 3.63- 14.2mH
(stator) 3.71
Resistance RY Equation 3.61 1.5Q
Rotor Leakage inductance L, Equation 3.77 0.05H
Resistance R, Equation 3.76 0.63Q

* Require calculations of various leakage inductance components

3.10  Winding Layout Design for 8/8 DSWIM

The ‘a-b-¢’ and ‘x-y-z’ windings constitute six winding 8/8 pole machine that occupy the
same magnetic space as the standard 3-¢, 8-pole induction machine. Since the standard
stator frame has 48 slots and of single layer configuration, it is desired to retain the same
architecture for the 8/8 DSWIM whilst the ‘a-b-¢’ winding group is displaced from ‘x-y-z’
winding group by 30 (electrical degrees). This is essential to maintaining balanced spatial
leakage distribution. For the single layer, full pole pitch and 8 pole structure adopted in this

design, the following basic calculations are essential to winding diagram construction:
=28 gy 1 °(electrical d 1
Tp/e =" — g = 6 slots /pole = 30°(electrical degrees per slot)

(3.87)

This implies slot pitch of 6 slots per pole and 2 slots per pole per phase.

3.10.1 Stator winding dimension calculation

The coil width in terms of stator slots also known as coil span is given by the expression:

Ss
Yw = (3.88)
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This means that the four coils belonging to any of the phases (say phase “a”) can be arranged
in slots as follows:

Assume that the slots are numbered from 1 to 48 then

1* coil <> 1 side will occupy slot no.1 and the other side slot no. 1+6=7;
2" coil &> 1 side will occupy slot no.13 and the other side slot no 13+6=19;

3"“coil <> 1 side will occupy slot no.25 and the other side slot no 25+6=31; and

This constitutes the template for the construction of winding diagram for the two winding
sets.

3.10.2 Stator ‘a-b-¢’ winding diagram

The developed winding diagram of phase “a” is shown in Figure 3.21. Once the first slot for

any given phase is identified then the arrangement will be similar to the one described above.

7 8 & 10 111213 14 15 16 1718 19Q 20 21 22 23 2425826 27 28 20 3031 38 30 40 4142 43§ 44 45 45 47 48

Figure 3.21: The Complete Developed Winding Diagram of Phase “a”
For example, to find the first slot for phase “b” (which supposed to be at 120 electrical

degree away from phase “a”), the slot angle, ay, must be calculated. Thus;

0
ag = =30° (3.89)
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This implies that to get the required 120° between the two phases, phase “b” must start from
the fifth slot. The same argument as above holds for phase “c”. The complete developed
winding diagram for the ‘a-b-c’ winding set is shown in Figure 3.22.

s
120°

3 33040 21l 12 a3fas o 16 27] 45
1 1 1 1 1 i AR
UIUI U I IUI

] L []
[} [}
0 b2

c2 al b1 cl a2

Figure 3.22: The Developed Winding Diagram of ‘a-b-c¢’ Winding set.

3.10.3 Stator ‘x-y-z’ winding diagram

In the case of ‘x-y-z’ winding set, the arrangement is as follows: The angle between phases
“a” and “x” is constraint to be 30°. This means that the first coil of phase “x” must start at a
slot next to that of phase “a”. The first coil of phase “x” shall thus start at slot number 2. The
developed winding arrangement for phases “a” and “x” is shown in Figure 3.23. The
remaining phases of ‘X-y-z’ winding set are inserted in slots similar to that done for a-b-c
winding set. The complete arrangement of ‘x-y-z’ winding set is then depicted in Figure

3.24.

33 34 33 38 39 40 41 42
37flas) 130 44

45 46 47 48

)

s}
f&f

Figure 3.23: The Developed Winding Diagram of Phases ‘a’ and ‘x’
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Figure 3.24: The Developed Winding Diagram of the ‘x-y-z’ Winding set

1

%)

1

3.10.4 Complete stator winding diagram for 8/8 pole DSWIM

The ‘a-b-¢’ and ‘x-y-z’ winding sets need to housed in the slots of the stator. The systematic
procedure of winding diagram construct set forth can be generalized and applied to other
winding architecture. Finally, the complete stator winding arrangement for 8/8 pole DSWIM

to house two winding sets in 48 slot stator frame is shown in Figure 3.25.

L) 00 [
C 2
al]_, bl e gﬁ ¥

al

Figure 3.25: The Complete Stator Winding Clock Diagram for 8/8 DSWIM

3.11  Summary
This chapter has documented the analytical design framework specifically targeted at

DSWIM magnetic and electric loading calculations to meet imposed physical constraints.
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The developed analytical design framework is computationally superior to the traditional
design procedure most especially with respect to the estimations of magneto-motive force in
the various magnetic paths as well as DSWIM modelling parameters. In this regard, special
attention was given to detailed calculations of leakage inductances that have profound effects
on the DSWIM steady state performance. In pursuit of optimized DSWIM parameters, GA
optimization process has been developed to achieve the prime goal of maximizing its
efficiency and power factors. For the sake completeness, a sample analytical calculations for
an 8/8 pole DSWIM has been carried out and finally its winding diagram developed to
support its prototype implementation. In the next chapter, attention will be focused on the
development of mathematical model in arbitrary reference frame for, and the application of

finite element method (FEM) to model, DSWIM.
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CHAPTER FOUR

DSWIM MATHEMATICAL MODELING AND FINITE ELEMENT

ANALYSIS
4.1 Introduction

Mathematical modelling and finite element analysis of dual stator winding induction machine
are the main subject matters treated in this chapter. The existing modelling techniques
generally focused on multi-phase machines with dissimilar number of poles. In this work,
detailed mathematical modelling of a dual stator winding induction machine equipped with
the similar number of poles per winding is developed. More specifically, the mathematical
model being developed in d-g-0 arbitrary reference frame is to be deplored subsequently to
evaluate the transient operational performance of this class of DSWIM under different
loading scenarios and to validate the steady state operational performance of its laboratory
prototype realization. Finally, the finite element method (FEM) model considered herein is
applied to calculate the inductances of DSWIM and to enable its other steady state
operational characterization.

4.2  Development of DSWIM Equations in d-g-0 Arbitrary Reference Frame

In Chapter Two, we treated, in sufficient detail, theoretical concept on winding function in
which equations, derived in phase variables with time varying inductances, for DSWIM were
transformed into arbitrary reference frame. For the sake of convenience, Figure 2.8 is
repeated here as Figure 4.1 to depict schematic representation of DSWIM but for a similar
n/n pole ratio. Of noteworthy is the application of arbitrary reference frame to evaluate each
term in the voltage and flux linkage equations that gave rise to the transformed inductance
matrices derived in Subsection 2.2.6 of Chapter Two. Emerging therefrom are voltage

equations 4.1-4.8 in d-g-0 axes for dual stator winding induction machine having identical
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in equations 4.1-49p =

‘a-b-¢’ and ‘x-y-z’ windings.

Vg1 = niigr + wAgs + pAgq

Va1 = rilgr — wflq1 + pAar

Vor = 1ig1 + PAo1

Vg2 = gz + wWAgz + pAg;

Vao = riigy — wﬂqz + pAaz

Voo = 1iige + PAo2

Vor = triqr + (@ = @) Agr + pAgr
Var = Trigr = (@ = @) g + phyy

C iy ,
Vor = 1rlgr + PAor

windings, respectively and subscript ‘r’ for rotor winding assumed to be three-phase.

Al'Bl'Cl: n—p0|e Xz'

ﬁl-AXiS Y,-Z,: n-pole
B,
b, \.
\\ / \
- / _
\x
.’ \s«//? ( X{ 6 aT
\\’ ,.{ \\ \8
As » d-Axis
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pole numbers. Note that the similar pole ratio case is enforced by same parameter values for

(4.1)
(4.2)
(4.3)
(4.4)
(4.5)
(4.6)
4.7)
(4.8)

(4.9)

d, Subscripts ‘1’and ‘2’ denote ‘a-b-¢’ and ‘x-y-z’



Figure 4.1: Schematic Diagram of an n/n Similar Pole Ratio Dual Winding Induction

Machine

The expressions for the flux linkages taking into account the turn ratios, as found in

Subsection 2.2.14, and zero sequence components can be written as follows:

Agr = (Lyg + Ly + Ly)igs + (Lim + Lin)igz + Liagiaz + Linigr
Aar = Ly + Ly + Ligs + (L + Lin)ias — Liagiqz + Lmiar
Ao1 = Loglor + (L)lca + leza)(im + ioz)

Aq2 = (Lim + Lyp)igi+Liggian + (Lyg + L + Ly)iga + Linigr
Aaz = —Liagiqr + (Lym + Ly)igy + (Lyg + Ly + Lyp)iaz + Liniyy
Aoz = Lozlgz + (Lglca + sz/a)(im + io2)

Agr = Limiqy + Liniga + (L + Lip)igy

Agr = Lmiar + Linlaz + (Liy + Lin)iay

o gl
AOr_ Irlor

(4.10)
(4.11)
(4.12)
(4.13)
(4.14)
(4.15)
(4.16)

(4.17)

(4.18)

The transformed stator and rotor voltages and flux linkages in arbitrary reference frame as

stated in equations 4.1-4.18 are used to develop equivalent circuit for a similar pole ratio dual

stator winding machine. The DSWIM equivalent circuits so developed are shown in Figure

4.2 for d, g and zero axes. More specifically, the mutually coupled equivalent circuits in the

quadrature and direct axes have been developed along with the zero axis equivalent circuits

so as to admit balanced and unbalanced analysis of DWSIM. The arrows associated with

+ 1,44 represent mutual leakage coupling between the windings they designate.

Starting from the generalized torque equation set forth in Subsection 2.2.14, it can be shown

that the electromagnetic torque produced by the DSWIM comprising two torque components

(T,1& T,y ) is given by:

P

Te=Te1 +Tep = %(E) (LL_T/:) [A;lr(iql + iqz) - /uzr(idl + idz)]
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Zero — axis ‘ ip, + 1
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v

Figure 4.2: Equivalent Circuit of Similar Pole Dual Winding Induction Machine
Where, L. = L,, + L},: is the equivalent inductance seen from the rotor circuit terminals with
‘a-b-¢’ and ‘x-y-z’ stator windings open circuited. Finally, the rotor dynamical equation

relates electromagnetic torque, load torque (7},) and rotor speed (w,.) as follows:

po, =2 = (3)(5) (T~ T) (4.20)

dt 2

Where, : is the combined inertia of the rotor and the connected mechanical load.

137



In this research work, equations 4.1-4.18 are used to model the electrical dynamics of
DSWIM equipped with identical poles whilst its rotor dynamics is represented by equations
4.19 and 4.20. In the next subsection, the functional representation of DSWIM is described
from mathematical standpoint to pave way for its detailed Simulink model on MATLAB
platform.

4.2.1 Functional representation of DSWIM mathematical model

The overall functional representation of DSWIM model is shown in Figure 4.3 which
provides a generalized mathematical framework for the development of its Simulink model
in MATLAB environment. The need for the development of DSWIM model will be evident
in Chapter Five as tool for its simulation. Herein, the generalized nonlinear mathematical
description of DSWIM is cast in compact differential algebraic equation matrix form as
follows:

F(X,{,U,t); GX,{,U) = (4.21)
Where, X,{ and U: are appropriately dimensioned vectors of flux linkage per second as

independent state variables , current variables and voltage input variables defined as follows:
— T
X = [¢q1'1/)d1'1/)o1' l/qu' ¢d2'¢02'¢,qr'¢,dr'¢IOr]
— . . . . . . «f «f «f T
(= [lq1» la1,lo1s Lg2,taz, Lo2s L grs L ars t Or]
! !/ !/ T
U [Vqlf le' V01, VqZ' VdZ' VOZ' |4 qr» |4 dar» |4 Or]
(4.22)
The explicit matrix differential equation constructed from equations 4.1-4.9 is expressed

thus:

pX = A(w)X + C(r){ + BU (4.23)
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Where: A(w): is 9x9 matrix with the following non-zero entries A(1,2) = A(4,5) =
w/wp; A2,1) = AG54) = w/wp; A(7,8) = — (0 — wy)/wy; A(8,7) =

(w — W)/ wp;

C(r) :is 9x9 diagonal matrix with diag.[—ry, =7y, =14, =11, =11, — T4, =15, =1, =17 |;

B : is 9x9 identity matrix; and

wy, . is base angular velocity for converting inductances into reactances (Krause, et al.
1995).
TRANFORMATION OF VOLTAGE INPUT DATA DSWIM
& CURRENT QUANTITIES INTO PARAMETERS REFERENCE
ARBITRARY REFERENCE FRAME SPEED (w) LOAD TORQUE (T,)
v
. —> 7 dgoiN | NONLINEAR DIFFERENTIAL ALGEBRAIC
Vare —3 Ko@) [—
’ ; EQUATIONS FOR MODELING DSWIM
Ippe —  Ki(®) |F—
X = F(X,t)[Eqns.4.1-4.9 & 4.20]
quoz = o
vaz —> K, (6) — N G(X) =0 [Egns.4.10-4.19]
7 —_—) K (9) 7d(102 F() = [fl(Xl t),fz(X, t) '"flO(Xt t)]T
B y 60) = [9: (X, ), 92X, ©) . 912 (X, OF

! OUTPUTS |

N —_
2 1/2 . 1/2211 ' 1/24n 4 e Voltages (d-q and phase Quantities);
K,i(0) = 3 elf1 31(91+T) 31(91+T) e Electromagnetic Torques (Tey, Te2&Te);
0J2 ej(@ﬁ%”) ej(92+4T”) e Currents (d-q and phase Quantities); &

® Flux linkages.

Figure 4.3: Generalized Functional Representation of DSWIM Mathematical Model

Similarly equations 4.10-4.18, after multiplying each equation by wj,, can expressed in

compact matrix form as follows:
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(=L)X (4.24)
Where L(x): is 9x9 reactance matrix.
Using equation 4.24 to eliminate current vector from equation 4.23 yields DSWIM equation
in compact matrix form with flux linkages per second as the independent state variables:
pX = A'(w,7,v)X + BU (4.25)
Where, A'(.) 2 [A(w) + C(r)L(x)"1] : is a derived matrix for DSWIM ‘a-b-¢’ and ‘x-y-z’

windings wound for similar poles. The matrix £(x) is explicitly defined thus:

ra;; 0 0 a4 a5 0 a; 0 0]

0 ax 0 az ayps O 0 ayy O

0 0 aszs 0 0 ds3e 0 0 0

gy Q42 0 ay O 0 az; 0 0

Lx)=las; asz 0 0 ass O 0 asg O (4.26)

0 0 agz O 0 ag 0 0 0

a;; 0 O a,, 0 0 az;; O 0

0 ag, O 0 ags O 0 agg O

0 0 O 0 0 O 0 0 agol

Where aj; = az; = Quy = Ags £ X5 Ag3 = Agg = Xog; Qg = Agq = Ap5 = Asp
X§' 15 = —Qq = Qyp = —Ag1 = Xsdqr Q17 = Qzg = Q47 = Asg = U74 = Qp5 = dgy =
dgs = Xip; A3p = A3 = x(’fsy: A77 = Agg £ Xyy; Agg = X[p;
45 2 @p(Liy + Ly + L) %05 2 wp(Loy + LY, + L,); Xsm
2 wp(Lyy + Lim); Xm £ @pLloy;
Xsaq 2 WpLigg; xg7 2 wp(Liy + LY,); xbs 2 wp(Loy + Ly + L), ); %77
£ wp(Ly + Li);

X 2 wpl,.
With L(x) inverted, the derived matrix A’(.) can now be expressed in terms of the actual
design parameters of DSWIM. Hence, equation 4.25 augmented by torque and rotor speed

equations- equations 4.19 and 4.20 constitute the dynamical simulation model for DSWIM

which can be simulated in MATLAB/Simulink environment.

140



The salient steps of the algorithmic simulation procedure of DSWIM in MATLAB/Simulink

environment are as follows:

Step 1:

Step 2:

Step 3:

Step 4:

Step 5:

Step 6:

Step 7:
Step 8:

In the

Specify the leading parameters for DSWIM with similar poles which are obtainable
from its design values outlined in Chapter Three. The design parameters are L,,, L,
R, Ly, Ry, T,,wy,, P& J. Convert all the inductances into their respective reactances
using the specified base angular velocity,

Choose the appropriate reference frame for DSWIM simulation i.e. stationary,
synchronous or rotor reference frame depending the nature of study. For balanced
DSWIM simulation study, synchronous or stationary reframe is widely used. For
balanced studies, zero axis currents will be zero and can therefore be suppressed in
the DSWIM simulation.

Transform the 3-¢ supply voltages for ‘a-b-¢’ and ‘x-y-z’ windings: V,,V, &V, and
Ve, V, &V, into their respective d-g-0 axes. Determine DSWIM steady state full load
currents I, I, & I, Iy, I, & I, and I, I, & I, and then transform into d-g-0 axes.
Use equation 4.24 to determine steady state values of flux linkages per second.

Setup the dynamic simulation model for DSWIM equations 4.19, 4.20 and 4.25 with
all the initial conditions specified. Specify the simulation time duration Ty and
integration time step AT.

Solve the DSWIM dynamical simulation equations numerically

If T; = T; go to step 7 otherwise increment time T; = T;_, + AT and return to step
5.

Select all the variables to be plotted and plot them.

End Simulation or go to stepl to run another simulation scenario for DSWIM.

next subsequent, a generalized representation of MATLAB/Simulink model for

DSWIM is described from the standpoint of its functional block diagram implementation.
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4.2.2 Description of DSWIM Simulink model

A Simulink is a software component hosted by MATLAB that enables complex simulation
model to be built from basic functional blocks resident in its library. It is a popular tool
widely used by researchers in the simulations of both DC and AC machines due to wide
range of flexible capabilities that include interfaced displays. Simulink tool is adopted herein
as a platform for the simulation of DSWIM.

In realization of the simulation task at hand, Figure 4.4 depicts a generalized functional block
diagram of DSWIM model in MATLAB/Simulink environment with all the descriptive
model equations in compact matrix forms inserted in the main subsystem. In order to enable
Simulink software display capability, two scopes are incorporated for capturing the transient
variation of flux linkages associated with the dual windings (‘a-b-¢’ & ‘x-y-z’) and the
electromagnetic torques developed by each stator winding set as well as the combined torque.
The complete simulation model of DSWIM is depicted in Figure 4.5 which is embedded in
Figure 4.3 to realize the underlying dynamical simulation equations. MATLAB differential
solver is deployed to solve the resulting differential equations of the flux linkages of the two
stator winding sets and a rotor winding set as well as the rotor equations. For added
simulation flexibility, the ‘x-y-z’ winding set is fed from a constant dc source via a voltage
source inverter. This has the advantage of providing variable voltage, variable frequency
supply for experimental investigation.

Figure 4.6 is a detailed block diagram description of the inverter subsystem feeding ‘xyz’
winding set of Figure 4.5. As shown in the figure, a sine wave pulse width modulation
(PWM) technique has been employed in which a modulation signal is compared with a
triangular (carrier) signal.  Several scopes are incorporated in the model to capture
waveforms of a number of quantities such as currents, voltages and flux linkages in both ‘d-

q’ and ‘a-b-c’ reference frames.
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The DSWIM model tool developed in MATLAB/Simulink environment will be utilized in

Chapter Five to investigate its dynamic and steady state performances. The goal, in the main,

is to generate extensive simulation results that would allow meaningful comparisons with

results of experimental work on the DSWIM prototype realization. There will be need, of

course, to validate the developed DSWIM simulation model on comparative basis with other

similar existing DSWIM simulation results in the literature. For the avoidance of doubt, it is

reiterated again that DSWIM design parameters obtained from its design methodology of

Chapter Three will be used along other relevant operating data of its standard three phase

induction machine to drive its model in MATLAB/Simulink platform. In the next section,

Finite Element Method (FEM) is admitted to emulate DSWIM model and secure its leading

parameters.
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Figure 4.4: Simulink Main Software Hosting DSWIM Simulation Model
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Figure 4.6: Simulink Inverter Model Feeding ‘x-y-z” Winding Set.

4.3  Finite Element Method

The fundamental concepts of finite element method have been presented in Subsection 2.2.18
of Chapter 2. The main concern of this present section is therefore directed at the application
FEM to model DSWIM equipped with similar pole ratios. Recall that FEM has been
described as a powerful tool available to researchers to carry out magnetic field analysis
based on Maxwell’s celebrated equation. Consequently, FEM has become indispensible in
the analysis and synthesis of power frequency electro-magnetic devices, such as DSWIM
characterized by complex stator and rotor geometries. As previously mentioned, FEM
constructs the model of an electromagnetic device of interest by dividing it into small

triangular meshes, each bounded by three corners referred to as nodes.
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Fortunately, FEM software packages in 2-D and 3-D perspectives abound that are user
friendly whilst offering capabilities such as menu driven geometric drawing, mesh formation,
material property specifications and electrical circuits to magnetic circuits coupling.
Furthermore, taking advantage of DSWIM symmetry, its FEM modelling and computational
solution methodology can be confined to 25% of its cross-sectional area (Buyukbas, 2004).
The magneto static problem formulation for DSWIM entertained herein is recast again in
equation 4.27 in terms of magnetic vector potential A , permeability u and current density |

in a defined domain Q.

i) * o5 (o) = @.27)
The search for efficient numerical solution to this problem engendered the acquisition of 2-D
FEM software described in the next subsection.

4.3.1 Description of finite element method magnetics (FEMM) software

Here the field distribution of a dual-stator wiriding induction machine is studied using Finite
Element Method Magnetics (FEMM) software. As previously explained in Chapter Two, it is
essentially a numerical solution to Maxwell’s equation in which three basic steps of pre-
processing, processing and post-processing are sequentially implemented via femme.exe,
simulation.exe and femmview.exe executable routines, respectively as further highlighted in
what follows.

4.3.1.1 Femme.exe program

The femme.exe routine, that constitutes the pre-processing phase, draws DWSIM geometry
to be solved as well as specifications of material properties and boundary conditions. An
example of such geometric drawing is depicted in Figure 4.7. Normally, a Dirichlet
boundary condition in which null magnetic potential is assigned along the external
circumference of the stator is adopted. If a quarter of cross-sectional area of DSWIM model

is utilized so as to reduce computational efforts, a second boundary condition known as anti-
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cyclic or anti-periodic must be imposed at two side boundaries. The ampere-conductor of
the circuit is also specified together with all the material blocks to be used in the model.
4.3.1.2 Simulation.exe program

Once the data has been entered, the next is to run the simulation.exe program referred to as
the processing stage. At this point the mesh is generated automatically for a quarter-model
typically illustrated in Figure 4.8. A solver takes a set of data files that describe the problem
and solves the relevant Maxwell’s equations to obtain values for the vector magnetic
potential, A, throughout the solution domain.

4.3.1.3 Femmview.exe program

Finally, femmview.exe that forms the core of post-processing phase is essentially a graphical
program that displays the resulting fields in the form of contour and density plots as shown in
Figure 4.9. The program also allows the inspection of field at arbitrary points, as well as

evaluates a number of different integrals and plots for various quantities of interest.
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Figure 4.7: Typical Geometric  Figure 4.8: Typical Mesh  Creation  Figure 4.9: Magnetic Flux
Drawing

4.4 DWIM Based FEMM Analysis

Contour Plot

In this section, finite element method has been applied to determine the machine inductances.
The geometric dimensions/data required to start FEMM analysis of DSWIM under
consideration are presented in Table 4.1. The functional flowchart for FEMM analysis of

DSWIM is depicted in Figure 4.10. The proposed flowchart is essentially a summary of the
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FEMM description presented in the preceding section mainly applied in this research to

calculate DSWIM inductances according to procedures set forth in the following subsections.

Input Data for

DSWIM
(Table 4.1)

—*| Select DSWIM Winding to be excited

SIMULATION .exe
Program

v
FEMMEVIEW exe
Program

FEMM
> Software

Select New
Scenario
Study

Output Data

Calculate DSWIM Parameter & Store

Is
Parameter Calculation
Finished?

Figure 4.10:  Functional Flowchart for FEMM Analysis of DSWIM

Table 4.1: Geometric Specifications for DSWIM’s FEMM Model Development

DSWIM Components Symbols Values
Stator core external diameter Dy 206 mm
Stator core internal diameter D;s 150 mm
Rotor core external diameter D,, 149 mm
Rotor core internal diameter D;, 111 mm

Stator axial length L. 100 mm
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Number of stator slots Ss 48
Number of rotor slots Sy 42
frequency f 50Hz
Number of Poles P 8
Number of Phases Ny 6
Number of Conductors/stator Z, 60
slot

4.4.1 Categorisation of DSWIM inductances
The stator and rotor winding clock diagrams developed for the complete DSWIM stator
winding and each of the phases of its rotor squirrel cage are shown in Figures 4.11 to 4.14.
The squirrel cage rotor is assumed to have an equivalent three phase winding-electrically
displaced by 120°. The inductances that need to be determined for DSWIM are categorized
as follows:
)} Self-Inductances
These are winding inductances due to their own respect currents and they comprise:
Lasas; Lpsbs; Lesess Lusxss Lysyss Lzszsi Larars Lorbrs Lerer-
Where
abc, — Stator ‘abc’ winding set; xyzg; — Stator ‘xyz’ winding set;

abc, — Rotor ‘abc’ winding set;

i) Mutual inductances
These are inductances of a phase due to current in another phase. They comprise the

following:
Phase ‘as’: Lysps; Lascsi Lasxss Lasys; Laszsi Lasars Lashrs Lascr

¢ 2. . . . . . . .
Phase ‘bs’: Lbsas' Lbscs' Lbsxsr Lbsys' Lbszsr Lbsar' Lbsbr' Lbscr
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! 7. . . . O O O .
Phase cs. LCS&S’ LCSbS’ LCSXS’ LCS)/S‘ LCSZS‘ LCS(IT" LCSbT’ LCSCT

Phase ‘xs’: Lysqs;
Phase ‘ys’: Lysqs;
Phase 'zs": L,4s;
Phase ‘ar’: Ly, qs;
Phase ‘br’: Ly,qs;

! ). .
Phase ‘cr’: Lipgs;

Lxsbs;
Lysbs;
Lysps;
Larps;

Lprps;

Lcrbs;

Lysas;
Lyscs;
Lyscss
Lares;
Lpres;

LCTCS;

35

36 37 38

YIS |

Lysys; Lxszsi Lxsars Lxsbrs Lxscr
Lysxs; Lyszs; Lysar; Lysbr; Lyscr
Lysxs Lzsys i Lysars Lashrs Lygscr

Larxss Larys; Larzs; Larbrs Larer
Lprxs Lbrys; Lyrzs; Lprars Lprer

LCTXS; Lcrys; LCTZS; Lcrar; LCTbT

n. 12 Termocoppie

Figure 4.11: Complete Stator Winding Clock Diagram

Figure 4.12: Rotor Phase ‘a’ Equivalent Winding Clock Diagram
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Figure 4.14: Rotor Phase ‘c’ Equivalent Winding Clock Diagram

4.4.2 Procedures for calculating self-inductances

The magnetic flux passing through a given surface, S is defined thus:

$p=[BendS=§A, ol
s is (4.28)

Where;

B: Vector magnetic flux density;

n: Unit vector normal to the surface of integration;
A, . Vector magnetic potential; and

T : Unit vector tangential to the line of integration.
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The flux linking n conductors is then given by:

A=ng (4.29)

If this is applied to a stator slot having Z. conductors then the flux linking the conductors is:

Ao =29 (4.30)
The average value of magnetic potential in a slot with cross-section S;,;, is given by:
Aav.slot = ﬁ J-Azds
Sslot (431)

Since current enters through one slot and returns through another, then the average value of

magnetic potential for a coil is given as:

Aav.coil = Aav+ + (_Aav—) (4.32)

4.4.2.1 Stator winding inductance calculation procedure
For a DSWIM with stator winding clock diagram of Figure 4.11, there are 4 coils in each
phase. Thus the flux linkage of ‘a’ phase is found by applying equation 4.30 in conjunction

with equations 4.28 and 4.32. Therefore
/lphase — 4'Zc'Lss'Aav.coiI (4_33)

Agyy and Ag,_ are found by running the FEMM simulation in accordance with the flow
chart of Figure 4.10;whilst in equation 4.33, L is the inductance to be determined. Once the
field solution is achieved, equation 4.32 can then be applied to find the inductances of the
phases. In view of identical nature of the architecture of dual machine windings, all stator
self-inductances are the same. This equally applies to the rotor winding. A typical flux
distribution generated by FEMM software when only phase ‘a’ of stator winding is excited is
shown in Figure 4.15. The FEMM mesh arrived at in this simulation has 38909 elements and

19592 nodes with excitation current at 50Hz.
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Figure 4.15:  Distribution of Magnetic Flux when only Phase ‘a’ of the Stator is Excited

4.4.2.2 Rotor Equivalent winding inductance calculation procedure
The equivalent three phase winding of the rotor (Figures 4.12-4.14) is such that in some slots
a phase may occupy a whole slot while occupying only half a slot in others. This fact has to
be taken into consideration in order to accurately calculate the magnetic flux linkages of the
rotor. In order to insure systematic calculation, circuits are assigned positive currents ,; and
L, respectively to those slots (under say north poles) completely filled up and half filled up
by the conductors of phase ‘a’. Similarly, negative currents In; and I, are assigned for south
poles. Thus for phase ‘a’ from Figure 4.12: slots 1, 6, 11, 12, 16, 17, 22, 27, 32, 33, 37 and
38 are fully occupied by the conductors of the phase while occupying only half of slots 7, 21,
28 and 42. The current distribution among the slots of phase ‘a’ when excited, for example,
by 1A will be as follows:

e I,-Slots: 1,11, 12, 22,32 & 33;

e I,,-Slots: 21 & 42;

e [,;-Slots: 6, 16,17, 27, 37 & 38; and

e [,,-Slots: 7 & 28.
The value to be assigned to total current conductors per slot I is given by the expression:
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_ ( current
s =

)x (number of slots) x (number of Conducwm) (4.34)

conductor slot

Hence,

I

1= +1 % 6% 68 = +408AC

Iy

, =t1*2* 34 =+68AC
I,,=-1*6*68 =-408AC
I, =-1*2*34=-68AC
The self-flux linkage of phase ‘a’ is therefore given by:

Al*2_A6*2_A7+A11*2+A12*2]*2 (435)

Ner
>\ma_T*er*[ —Ajg*2—Ay7 x 2+ Ay
Note that conductors in slots 6, 7, 16 and 17 provide return path for currents and thus are
taken as negative. Also only half i.e. 2 pole pairs is computed and the results multiplied by 2

in view of symmetry of the phase winding about two pole pairs.

4.4.3 Procedures for calculating mutual inductances

The mutual inductances of the machine listed completely in subsection 4.4.1 are further
categorized into:

i Mutual inductances due to stator phases of the same winding set.

I Mutual inductances due to stator phases of different winding sets.

ii Mutual inductances between stator and rotor phases.

443.1 Mutual inductances due to stator phases of the same winding procedure
These inductances are calculated when only a particular stator phase of one winding set is
excited and the flux linking the other stator phases of the same winding set are computed.
The procedure for the calculations of the mutual inductances will call for multiple
simulations of FEMM software to enable estimations of flux linkages.

4432 Mutual inductances due to stator phases of different winding sets procedure
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Here the inductances are calculated when only a particular stator phase of one winding set is
excited and the flux linking the stator phases of the other winding set are computed. The
procedure is to apply FEMM to calculate the mutual flux linkages from which the mutual

inductances are computed.

4.4.3.3  Mutual inductances between rotor phases procedure

These inductances are computed in a similar manner as outlined in Section 4.4.3.1. As should
be expected, it will also engender multiple simulations FEMM software to facilitate
calculations of flux linkages and desired mutual inductances.

4.4.3.4  Mutual inductances between stator and rotor phases procedure

Unlike the cases considered in the previous subsections here the inductances, strictly
speaking, are a function of rotor position. Thus the computation should be carried out at
different rotor positions assuming reference or zero position to be at that point where the
magnetic axes of stator and rotor phase “a” are aligned. If phase ‘a’ of the rotor winding is
excited by a dc current (f=0 Hz) and the rotor is rotated over a pair of poles and the flux
linkages of the stator phase ‘a’ computed via equation 4.35 at an interval of 30 electrical
degrees. For illustrative purposes, the flux distribution patterns at some selected rotor angular
positions are shown in Figures 4.16. The FEMM simulations created meshes that have
elements within 70036 and 70158 with corresponding nodes in the range of 35153 and
35214. A careful look at the flux distribution patterns of Figure 4.16 will reveal some
inherent differences causing variations in associated mutual inductances for different discrete

angular positions of the rotor relative to the stator winding. The results of mutual
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inductance calculations based on FEMM simulations at specific rotor angular positions,

uniformly spaced between 0 and 2t will be presented and discussed in the next chapter.
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Figure 4.16: Four Flux Distribution Patterns with Phase ‘a’ of Rotor Excited at Different
Electrical Reference angles

45  Determination of DSWIM Equivalent Circuit Parameters Using FEMM

In this section finite element method is used to simulate the parameters of the equivalent

circuit of the machine under consideration. Two tests need to be carried out namely no-load

or open circuit and blocked rotor or short circuit tests as done by Fireteanu and Romary,

2013 but for a different induction machine winding configuration.

45.1 No-load test FEMM simulation procedure for magnetizing inductance

calculation

Under no-load test, the FEMM simulations of DSWIM are carried out at zero frequency with

rotor reference frame assumed. This corresponds to a rotor slip s equals to zero. This scenario
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problem in FEMM simulation environment has been referred to as magneto-static field
problem by Virgiliu and Marcel, (2013). It is possible to develop a program interfaced with
FEMM that automatically computes the flux linkages when the stator current is varied. The
magnetizing inductance for each value of stator current is then calculated when the flux
linkage is divided by its corresponding current. A representative example of magnetic flux
pattern generated by FEMM under no load test is depicted in Figure 4.17. This is achieved
via DSWIM cross-sectional area mesh created by FEMM comprising 70028 elements and

35149 nodes.

Backend Stator Core

Stator slot

4
- “0ne Full Pole Pitch
()

Figure 4.17: Magnetic Flux Pattern under No Load Test

\ -
&

45.2 FEMM model based locked-rotor test procedure
In all the locked rotor tests, the rotor is blocked corresponding to stationary reference frame
parameterized by w=0. Three different tests are considered in this subsection thus:
1. Firstly, only the stator ‘a-b-c¢’ winding set or ‘x-y-z’ winding set is supplied with
rated excitation current, at specified frequency, to the FEMM model of DSWIM.
2. Secondly similar procedure is repeated but for two winding sets (‘a-b-¢” & ‘x-y-z’)
having 30 electrical degrees shift between them.
3. Finally, the two stator winding sets are excited together but in this case the windings

bearing zero electrical degree shift between them.
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Each of the aforementioned is further expatiated upon in the subsequent subsections that
follow.

4.5.2.1 Excitation of only stator ‘a-b-¢’ winding set in FEMM model of DSWIM

In this test the stator ‘a-b-c¢” winding set is supplied with rated current at five different values
of frequency (10Hz; 20Hz; 30Hz; 40Hz and 50Hz) and as in the case of no-load test, the
inductance is computed corresponding to particular values of current and frequency. The flux
density plots during the locked rotor test at different frequencies but the same current are
grouped together and shown in Figure 4.18 so as to facilitate comparison at a glance. The

respective meshes generated by FEMM model in respect of each flux density plot are

provided in Table 4.2.

e): f=50Hz

Figure 4.18: Different Flux Density Plots under Locked Rotor Tests with a-b-c Winding
Excited by Rated Current.
Table 4.2: Summary of Meshes Generated FEMM Model for Different Locked Rotor Tests

Excitation of ‘a-b-c¢’ winding by fixed current of 3.5A at the
FEMM Model for Locked frequency
Rotor Tests 10Hz 20Hz 30Hz 40Hz 50Hz
Elements 19592 19592 19592 19592 19592
Mesh
Nodes 38909 38909 38909 38909 38909
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Simulation | Figure 4.18 @ (b) (©) (d) (e)
Results

Recall that DSWIM designed in Chapter Three is equipped with similar pole ratios. This
implies that the two stator winding sets ‘a-b-¢’ and ‘x-y-z’ are identical but displaced
electrically by 30°. Consequently, similar results are expected to be obtained if the same
experiments are repeated with only ‘x-y-z’ winding excited. This has been verified through
several experimentations comparative analyses of magnetic flux plots for ‘a-b-¢’ and ‘x-y-z’
windings, respectively. Expectedly, the magnetic flux plots for both stator windings are
similar that should enable calculations of similar parameter for the two stator windings.
4.5.2.2 Excitation of both stator winding sets (with 30%hift)

The above process is repeated with the two stator winding sets (‘a-b-¢” and ‘x-y-z’) supplied
with the same (rated) current. This is equivalent to six phase system. The composite magnetic
flux plots for different values of frequency are shown in Figure 4.19. Note that all the plots
of figure 4.18 were also derived from the same mesh data specifications summarized in Table

4.2.

a): f=10Hz b): f=20Hz c): f=30Hz d): f=40Hz e): f=50Hz

Figure 4.19: Different Flux Density Plots under Locked Rotor Tests with a-b-c Winding
Excited by Rated Current with 30° Phase Shift.

45.2.3 Excitation of both stator winding sets (with 0%hift)
The two stator winding sets are excited the same way as in previous section the only

difference being that here there is no phase shift between the two phases. This is equivalent
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to a three phase machine with two parallel paths. The magnetic flux density plots for
different frequencies but same rated current excitation condition are presented all together in
Figure 4.19 to permit visual comparative analysis. Again the plots of Figure 4.18 were

generated from multiple FEMM simulations based on the same mesh data specifications of

Table 4.2.

e): f=50Hz

Figure 4.20: Different Flux Density Plots under Locked Rotor Tests with Both ‘a-b-¢” and ‘x-
y-z’ Winding Sets Excited by Rated Current at 0° Phase Shift.

All the flux density plots generated from the simulations of FEMM model specifically
developed for DSWIM investigations under different locked rotor test scenarios constitute
database needed to determine equivalent parameters for the dual stator winding induction
machine having similar pole ratios. The determination of the equivalent resistance and
inductance is anchored patently on the analysis of flux linkage to facilitate determination of
the desired parameters. Undoubtedly, FEMM model so developed for similar pole DSWIM

is aimed at determining its leading equivalent parameters. The next section will deal with the
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computation of equivalent parameters for similar pole ratio DSWIM within the simulation

framework of its FEMM model.

4.6  Determination of Equivalent Resistance and Inductance for DSWIM

Maxwell stress tensor has become a mathematical tool available within finite element
analysis suite to facilitate accurate calculation of magnetic forces torque. Relying on the

fundamental derivations in (Stanley, 2012;), the general force Law is given by:
F=fﬂdA¢n (4.36)

Where n: Is a unit vector pointing out of surface dA and the quantity ¢ is the Maxwell stress

tensor for magneto-static fields given in Cartesian coordinates thus:

BZ—B?/2 BB, B,B,
B,B, B,B,  BZ—B?/2

Where B?> = BZ + B; + B and now considering 2-dimensional plane and using polar
coordinates, equation 4.37 yields a radial stress component ¢, and tangential stress

component ¢, in equations 4.38 and 4.39 (Rodriguez, 2007):

1

Sr = 5 (Bf — By) (4.38)
And
1
Sp = BrBy (4.39)

Where B, and B, are the radial and tangential components of the magnetic flux density in

the air gap. The electromagnetic torque can then be calculated as follows (Vaseghi, et al.

2009):
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T, = %gﬁ(& xB,)ds (4.40)

FEMM is applied to calculate the torque in accordance with equation 4.40. Herein, The
Maxwell stress tensor is computed along a line within the air-gap of DSWIM being

investigated. It should be recalled that torque is also proportional to the air gap power.

For a given rotor structure of DSWIM with known current density J known in every

elemental volume, its rotor Joule losses are given by:

Py = [ pLav (4.41)

The estimation of P;,. using FEMM model of DSWIM is implied from locked rotor

simulations earlier discussed. Further, the magnetic energy stored in DSWIM can be

calculated from the following expression.

Wy, =~ J[ HdBdl = [[ JdAdl (4.42)

The computation of W, according to equation 4.42 will engender the use of FEMM locked
rotor model of DSWIM to estimate accurately the current distribution in the rotor structure.

With P;,. and W, determined from several simulations of FEMM model developed for the

DSIM, the equivalent parameters can be calculated and in addition, their frequency

dependency investigated.

The electromagnetic torque T,and rotor Joule losses P;, are related via synchronous speed wg

(Baradoet’al, 2013). Thus:

_ Pjr _ _Pjr
P ) (4.43)

Where f is the frequency adopted in the simulation and P is the number of poles. Note that

2nt/p is the synchronous speed of each simulation of FEMM locked rotor model.
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Finally, with rotor Joule lossesP;,. and total magnetic energy W}, accurately determined via

several simulations of FEMM model developed, the equivalent resistance and inductance of

DSWIM can be calculated from the expressions:

Pjr

Req = 53 (4.44)
2w,
Leqg =55 (4.45)

Where R, and L., are the equivalent resistance and inductance, respectively.

The main objective of DSWIM based FEMM model is symbolized in the functional block
diagram shown in Figure 4.19. It is worth mentioning that FEMM model developed has
provided an avenue for determination of critical parameters for DSWIM to facilitate its
detailed performance evaluation and control synthesis. It is essential that the performance
characteristics of the dual stator winding induction machine so obtained must closely match

the original three phase machine.
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INPUT NSWIM PARAMFTFRS

DATA FEMM MODEL

R [ : Vv efs, r}( Self Inductances

| DSWIM L,, {s, r}( )
_’:( INDUCTANCE 1| L, : V v €{s, r}(Self Inductances)

i CALCULATION E L., : V (v,w)€e{as, bs, cs,xs, ys, ar, br, cr} s. t.
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____________________
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2
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Figure 4.21: Functional Block Diagram of DSWIM Based FEMM Model
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4.7 Summary
This chapter has developed a detailed simulation model for DSWIM, equipped with similar
pole ratios, in MATLAB/Simulink environment using arbitrary dq0 reference frame. The
inclusion of zero-axis component in the DSWIM simulation model has opened the
possibilities to accommodate unbalanced investigation of similar pole DSWIM under
different loading scenarios. The modelling complexity of DSWIM has considered mutual
coupling between ‘a-b-¢’ and ‘x-y-z’ windings housed in the stator frame. In addition, the
application of FEM to model DSWIM has been developed with the framework of its detailed
magneto-static analysis in 2-D space. The FEM modelling effort made in respect of similar
pole DSWIM design has enabled estimations of its steady state parameters. The next chapter
will be concerned with:
1. Detailed evaluation of the mathematical simulation of similar pole DSWIM within
MATLAB/Simulink platform to generate meaningful results; and
2. Comparisons of parameters determined via its finite element method modelling
against DSWIM parameters determined from its design approach as well as prototype
realization.
In the next chapter, we will present all the results and their comprehensive discussions so as

to illuminate the main achievements of this research work.
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CHAPTER FIVE

RESULTS AND DISCUSSIONS

5.1 Introduction

This chapter is devoted wholly to presentations of all far-reaching results obtained as well as
their extensive and in-depth discussions to illuminate the achievements of the cardinal goals
pursued in this dissertation. In order to enhance clarity of presentations of numerous results
and comprehend their attendant discussions in straightforward manner, the chapter is
organized sequentially into three broad sections. Section 5.2 presents the pertinent outcomes
of all design considerations (winding functions, improved classical design and GA
optimization) specifically focused on similar pole DSWIM and demonstrated for 8/8 pole
ratios as case study. In section 5.3, extensive simulation results of 8/8 pole DSWIM in
Simulink/MATLAB environment are contained therein along with FEMM model
characterizations of the same dual stator winding machine. Finally, several experimental
results on the prototype 8/8 pole DSWIM can be found in Section 5.4.
52  DSWIM Design Consideration Results
In this section, significant results that emerged in respect of DSWIM based design activities
carried out in this research work are set forth. The results are further split into subsections
so as to facilitate their logical and meaningful discussions. This is put to effect by presenting
in the subsequent subsections dedicated to the results of:
i. DSWIM improved classical design approach;

ii. GA based power factor/power efficiency optimisation;

ii.  Winding function based DSWIM parameter calculations; and

iv.  FEMM model of DSWIM for its parameter determinations.

5.2.1 Results of DSWIM improved classical design (ICD) approach
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This subsection presents the results of improved classical design approach entertained for
magnetic design and also determination of leading parameters of DSWIM. Relying on the
algorithmic computational procedure of Chapter Three, the machine design results are
presented in Tables 5.1 and 5.2. As mentioned earlier the design affects only the stator
winding alone. The stator frame and squirrel cage rotor (including the rotor bars) remain
unaltered. Therefore the results obtained and summarized in Table 5.1 are as a result of
electromagnetic calculations carried out on the stator frame of a standard to house the new
dual winding sets in which the prescribed magnetic and electric loading constraints are
satisfied.

Table 5.1: Design Parameters for 8/8 Pole DSWIM Case Study

Components/Parameters Symbols Values
Stator core external diameter D 206 mm
Stator core internal diameter Dj 150 mm
Rotor core external diameter D,, 149 mm
Rotor core internal diameter D;, 111 mm
Stator axial length L. 100 mm
Number of stator slots S, 48
Number of rotor slots S, 42
frequency f 50Hz
Number of Poles P 8/8
Magnetizing current Iy 1.67A
Surface current density J, 3X10° AC/m
Number of turns per coil N ol 60
Conductor diameter d 0.72mm
Stator current density /s 3.5A/mm*
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Stator winding resistance s 1.5Q
Stator winding leakage inductance Ly 13.8mH
Magnetizing inductance L, 0.12H

Table 5.2: Calculated DSWIM Steady State Parameters

Parameters
DSWIM Unit Calculated Values
Identifier Definitions Symbols Q)
Magnetic circuit Magnetizing Xm 37.68
Reactance
Core Loss Core Resistance R, 253
‘a-b-¢” winding Leakage Reactance X 4.33
(Stator) Resistance RY 1.50
‘x-y-z” winding Leakage Reactance Xi 4.33
(stator) Resistance RZ 1.50
Rotor winding Leakage Reactance X, 15.38
Resistance R, 0.63

Figure 5.1 depicts magnetic flux density and magneto-motive force (MMF) bar charts in
various magnetic flux paths of similar pole ratio DSWIM. Note, in particular, that the flux
magnetic densities in various ferromagnetic paths met the imposed constraints. It is worth
mentioning that similar computations carried out by Wu (1998), albeit for dissimilar pole
ratio DSWIM, corroborated with the results presented herein. Consequently, the magnetic
and electric loadings computed for the DSWIM (see Table 5.2) did not exceed the design
values for the original standard 3-¢ IM. The correlation between flux density and
corresponding magneto-motive is evident from cursory look at Figure 5.1. Inspired by
earlier work in (Ostovic, 1994), variational calculations in respect of induced voltage

normalized by its supply voltage, specifically for similar pole ratio DSWIM, are shown in

Figure 5.2 as 3-D plot with the slip, s and supply frequency, fas x- and y- axis, respectively.
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The import of this figure is to

An illustrative 3-D plot has been done in Figure 5.2 for

spatial distribution of flux density in stator under one pole of DSWIM case study.
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Figure 5.3: 3-D Plot of Tooth Flux Density Spatial Distribution under One Pole of DSWIM
Figure 5.4: Nonlinear B-H Curve of the Iron Core

5.2.2 Results of GA optimization of DSWIM power factor and efficiency
The flow chart of Figure 3.21 has offered the sequence of algorithmic steps of GA to be

implemented in order to determine the optimal values of the power factor and efficiency of
the DSWIM. Note that the decision variables (power factor and efficiency) have been
introduced into the expressions of the objective function given in. equation 3.78 and as
equality constraints in equations 3.80 and 3.81. A program has been developed in MATLAB
environment and the resulting code listings provided in Appendix F. The DWSIM physical
data inputs into GA program derive from Tables 5.1 to 5.3 that also included upper and lower
limits on the decision variables as well as electric and magnetic loadings. The critical GA
parameters utilized in the developed software to search optimum power factor and efficiency
for DSWIM are presented in Table 5.3. MATLAB GA toolbox was used to generate the
initial population size in conjunction with the ‘seed’ feasible solutions generated from
the classical DSWIM design approach. Herein situates the DSWIM design goal which is to
hybridize classical design approach and GA optimization technique to achieve improved
magnetic and electric loadings for the case study.

Table 5.3 Summary of GA Simulation Parameters
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Parameters Values
Population Size 20
Cross over Rate .02

Mutation Rate 0.8
Maximum Number 100
of Generations

Table 5.4 shows the simulated multi-objective functions that enabled the optimal values of
the power efficiency and power factor for the 8/8 pole DSWIM case study to be obtained
from several runs. The power factor and power efficiency for several runs are presented in
Table5.6 along with their corresponding objective function value. A cursory look at this table
of various optimal values of the power efficiency and power factor reveals the optimal
convergence occurred at run 4 to run 6. This informed the basis for the selection of power
efficiency of 0.934 and power factor of 0.8802. Figure 5.5 shows the convergence
characteristics plot in PF-n plane. Figure 5.6 is a ‘screen capture’ of the pictorial display of
the MATLAB multi-objective GA solver component that optimized the power efficiency and
power factor objective functions for the DSWIM case study. The final DSWIM design
results that emerged from hybridized classical design approach and GA optimizer are
presented in Table 5.5. For comparative evaluation purpose, the parameters for the standard
3-¢ IM are summarized in Table 5.5. The improvement in DSWIM efficiency over its

equivalent conventional 3-¢ IM is evident at full load.

Table 5.4: Convergence in Power Efficiency and Power Factor
Numbers of Power Power
Huns Efficiency Factor
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Figure 5.6: Screen Capture of GUI for the GA Optimization in MATLAB Environment

Table 5.5: Final Design DSWIM Values Based on ICD and ICD+GA Compared with 3-¢ IM

DSWIM Standard
Design Parameters ICD ICD+GA 3-¢ IM
Core length, L, 100 (mm) | 100 (mm) | 100 (mm)
Inside diameter of stator, D 150 (mm) | 150 (mm) | 150 (mm)
Outside diameter of rotor, D, 149.2 (mm) | 149.2(mm) | 149.2(mm)
Qutside diameter of stator, D, 229 (mm) | 229 (mm) | 229 (mm)
Power factor (pf) 0.83 0.88 0.80
Efficiency () 89% 0.934 87%
Pole number (P) 8 8 8
Number of stator slot (Ss) 48 48 48
Number of skewed rotor bars (S,) 42 42 42
Frequency (f) 50 50 50
Input Voltage (V1) 380 (rms) 380 380
Stator winding factor (k) 0.96 0.96 0.96
Number of Turns/Coil 60 53 120
Magnetic loading (Bg) 0.425 0.368 0.425
Electric Loading (ac) 30000 27 000 52 x 10*
Magnetizing Current (1) 0.67 0.56 1.33
Magnetizing Inductance (Ln) 0.12 0.16 0.347
5.2.3 Results of DSWIM parameter calculations based on winding function approach
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Relying on the equations summarized in Table 2.6, applicable data extracted from Table 5.1

and Excel Spread sheet macros, the computed phase variable inductances for 8/8 pole

DSWIM are presented in Table 5.6.

Note that the winding function approach only allows

the computations of inductances of DSWIM from the nature of its formulation and

underlying assumptions delineated in Chapter Two.

Table 5.6: Calculated Parameters for a Test Case DSWIM

Inductance & Calculated
Resistance Winding Set Symbols used Value
Classifications (H)
Stator a-b-c Lasas; Losps Leses
Self-Inductances X-y-z Lysxss Lysyss Lzszs 0.0138
rotor a-b-c Larar; Lvrpr Lerer 0.049
a-b-c ea-b-c Lasps; Lasess Lbscs
X-Y-2X-Yy-Z Lxsys; Lyszs; Lyszs 0.042
stator- L LI
asys» ~aszs» ~aszs
Mutual Inductances stator a-b-cox-y-z Lisys Lpszs; Liszs 0.06428
Lcsys; Leszss Lieszs
as-bs-csear-br-cr | Lysar; Lasbr; Laser
stator- | xs-ys-zse>ar-br-Cr | Lygar; Lyspr; Lpscr Depend on
rotor Lesars Lesprs Leser rotor pOSition
stator a-b-c Ligs; Lips; Lics
Leakage Inductances X-y-Z Lixs; Liys; Lizs 0.0057
rotor ar-br-cr Liar; Lipr; Licr 0.00347
a-b-c <a-b-c Ligsps; Liascss Libscs
X-Yy-2X-Yy-Z lesys; Lixszs Llyszs 0.0027
stator- L L [
asys» ~aszs» ~aszs
Mutual leakage stator a-b-cox-y-z Lysys; Lbszsi Lpszs 0.00193
Inductances i i
Lcsys' LCSZS’ LCSZS
as-bs-csear-br-cr | Ligsar; Liaspri Liaser _
stator- as-bs-csear-br-cr | Lipsars Libsor; Lipser
rotor Licsars Licsprs Licser

As can be inferred from Table 5.1, the equalities of all self inductances of, and all mutual

inductances amongst, dual stator winding sets as well as all self and mutual inductances of

rotor windings derive essentially from various windings symmetrical arrangements.

However, all mutual and leakage inductances between stator winding sets on one hand and
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rotor winding set on the other depend on the rotor position. With the additional knowledge
of each winding set resistances, the mathematical model for DSWIM, can then be derived in
phase variable form and subsequently transformed into arbitrary reference frame; as outlined
in Chapter Two and finally accomplished in Chapter Four.

5.2.4 Results of FEMM model of DSWIM for parameter estimations

In this subsection, the results of FEMM modelling of DSWIM are presented. In the main,
FEMM model of DSWIM has enabled the determination of its parameters as discussed in

sequel.

5.2.4.1 Results of self inductances stator windings
Based on the procedure set forth in subsection 4.4.2, the results for the stator a-b-c and x-y-z

windings self inductances are presented

Losas = Lpsps = Leses = Lysxs = Lysys = Lyg,s = 13.8mH

5.2.4.2 Results of self inductances of rotor windings
In the case of the rotor (squirrel cage), the values of magnetic potentials are found from

simulation using the program listed in Appendix G. The flux linkage when divided by the
current of that phase gives the value of the self-inductance of the phase. Applying this

technique to equivalent rotor a, b and ¢ phases, the rotor self-inductances are found to be:

Lorar = Lprbr = Leyer = 0.049 H

5.2.4.3 Results of mutual inductances of intra-stator windings

The mutual inductances of interest here are those between phases of independent stator
windings. Following the procedures outlined in subsection 4.4.3.3 anchored on FEMM

simulations, the results of these computations are as presented below:

Lasbs = Lpsas = Lascs = Lesas = Lbscs = Lesps = Lxsys = Lysxs = Lyszs

= Lysxs = Lysys = Ly, = —42.3mH




The results obtained are in agreement with theory where, in this case, the mutual inductances
expected to be approximately negative one-third of self-inductance of each winding.
Expectedly, mutual inductances are equal due to winding spatial symmetry and their identical
configurations.

5.2.4.4 Results of mutual inductances of inter-stator windings

The mutual inductances calculated are between phases of independent stator windings in
contrast to that computed in the preceding subsection. Indeed, the procedures for the
computations of these mutual inductances are fundamentally the same. Relying on the

established technique, the results of these computations are presented below:

Lax = Lya = Lyy = Lyp = Ley = Lyc = 85.7mH

Lay = Lyq = Lys = Lgp = Loy = Ly. = —86.4mH

l..=Il..=Il..=1l.=1..=1._=03mH

These values are within the range obtained by other researchers (Alberti et aL.. 2008).

5.2.4.5 Results of mutual inductances of rotor windings
The inductances between rotor phases are computed in a similar manner as laid out in

subsection 4.4.3.1. The results of the computations are:

Laorpr = Lprar = —0.27H
Larer = Lerar = 0.07H

T — T — nNn10L01
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It is worthy of mention that the computations of the above inductances are based on the
FEMM simulations. Note that the mutual inductances of rotor windings are not equal due to
asymmetric arrangements of the equivalent ‘ar-br-cr’ windings as captured in clock diagrams
shown in Figures 4.12 to 4.14

5.2.4.6 Results of mutual inductances between stator and rotor windings

The flux distributions as obtained from FEMM model of DSWIM for some selected rotor
angular positions are shown in Figure 4.16 enabled the calculations of mutual inductances
between stator and rotor windings. The results which are then plotted in Figure 5.7 reveal

that the rotor to stator mutual inductance varies sinusoidally with rotor position.

0.3
0.2 -

mH
o
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w N -

Rotor position over a pair of poles, electr. degree

Figure- 5.7: Variation of Rotor-Stator Mutual Inductance with Rotor Position
The sinusoidal variation of the rotor-stator mutual inductances with rotor position signifies
the symmetrical nature of the machines magnetic circuit. This means that for any given point
on a north (south) pole, there exists a similar but opposite point on a south (north) pole with
exactly the same magnetic characteristics. The peak value of the sinusoidal inductance

extracted from Figure 5.7 is 0.26mH.

5.2.4.7 Results of equivalent Circuit Parameter Determinations from FEMM Model
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As described in Subsection 4.5.2, three experiments were carried out on the FEMM model of
DSWIM to emulate locked rotor tests at different angular positions of the rotor relative to the
stator windings. A program has been written in “Luascript” listed in Appendix G and
interfaced with FEMM model to automatically compute the flux linkages when the stator
current is varied. The variation of the inductance with stator current is shown in Figure 5.8

along with the magnetization curve of the stator/rotor core utilized.
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Figure 5.8: Variation of Magnetizing Inductance (L,,) with Stator Current
5.2.4.8 Analysis of FEMM simulation results
In order to support comprehensive discussion of FEMM simulation results, we present here
again its complete implementation functional flow chart shown in Figure 5.9. From each
finite element analysis based on the excitation current and frequency yielded the following

computed quantities.
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Generate Meshes for the
complete model

>

Using the generated Meshes, a
solver finds suitable values for
vector magnetic potential

-

From the values of A calculated
values of flux density. B are

found using Equation 4.46

Consulting the B-H curve of the
machine’s core produces the
magnetic field intensity, H

A 4
v
— ’

Figure: 5.9: A Detailed Functional Flow Chart Used in the Implementation of FEMM Model

Development for DSWIM

1. Phase a/x flux linkage (real and imaginary part), »/x; Vs

2. Phase b/y flux linkage (real and imaginary part), x,; Vs

3. Phase c/z flux linkage (real and imaginary part), x.,,; Vs

4. Torque computed from Maxwell stress tensor, T; Nm

5. Rotor Joule losses, P;,.; Watt
6. Magnetic energy, Wp,; J

7. Magnetic co-energy, W,,; Joule
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8. Integral of A - J,W,,; Joule
The foregoing quantities were then exported to MATLAB to enable calculations of
fundamental DSWIM equivalent parameters, R, and L., and generate other far reaching
results presented in graphical forms herein. The graphical presentations of results in Figures
5.10 to 5.112 essentially portray the parametric variations of some quantities of DSWIM for

specified excitations versus different frequencies. They are further elaborated upon in what

follows.
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Figure 5.12: Torques from Maxwell Stress Tensor versus Rotor Frequency

Figure 5.10 shows the variations of magnetic energy and co-energy as a function of rotor
frequency for three different operating conditions. The curve labelled plot 1 corresponds to a
three phase (0° shift between ‘a-b-c’ and ‘x-y-z’ winding sets) operation of the DSWIM
whilst the curve labelled plot 2 is for the six phase (30° shift) operation. In the third DSWIM
operation, only ‘a-b-¢” winding set was excited implying that only half of the machine was
operational. Note that both magnetic energy and co-energy plots are identical for each
operation investigated. This can easily be attributed to the fact that the machine under locked
rotor test is operating in the linear region of the magnetization curve due to application of
relatively low voltage. In the case of the third operation corresponding to plot 3, the low
values recorded for the magnetic energy/co-energy are to be expected for one winding set
excitation only.

In Figure 5.10 there is no much variation of losses within the range of frequency
investigated. This is an expected outcome. This is because the losses are a function of the
resistivity of the rotor bar material and its cross sectional area. The small variation recorded
may be due to skin effect (a phenomenon that tends to reduce the cross sectional area) at

higher frequencies.
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Referring to Figure 5.11, it is seen that the torque calculated from Maxwell stress tensor
decays with frequency. It is vitally important to state that the torque computed here was
based on a constant current source excitation fixed at 1.0 A throughout the simulation efforts.
Relying on the data that underpinned the results portrayed in Figures 5.10 to 5.12, allowed
also the equivalent parameters of DSWIM to be computed at selected rotor frequencies.
Figure 5.13 shows composite plots of the equivalent parameters versus rotor frequency.
Finally, following the approach similar to (Luigi, 2009), the referred rotor parameters for the
DSWIM case study determined via 2-D FEMM analysis are presented in Table 5.4. Note
again that DSWIM equivalent resistance R., (plot 1) is minimally affected by rotor
frequency similar to Figure 5.11 on which its computational procedure depended and the

same argument applies to L., ( plot 2) in relation to Figure 5.10.
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Figure 5.13: Composite Plots of DSWIM Equivalent Parameters versus Rotor Frequency

Table 5.7: Computed Rotor Referred Parameters from FEMM Model for DSWIM at
Specified Frequencies
Rotor Frequency Referred Rotor Parameters*
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(H2) R, (Q) Ly (H)
10 0.58 6.9 x 1072
20 0.6 6.5x 1072
30 0.62 5.8 x 1072
40 0.62 5.3 x 1072
50 0.63 49 x 1072

*Equations used to compute referred rotor parameters (Luigi, 2009)

2
' _ (wLeq) Req r_ w?Leg(Lm—Leq)—Req
Rr(f) - qu+(wLm_wLeq)2 & Lr - Lm qu+((’)Lm_wLeq)2

Where: @) = 2mf: All inductances are in Henries.

5.2.5 Comparison of DSWIM Inductance Values Computed Via Three Methods

In the preceding subsections, the results of various DSWIM inductances computed, by three
different methods, were presented in accordance with their respective algorithmic
computational framework. The DSWIM inductances calculated from hybrid ICD and GA
approach have been chosen as the baseline inductance values against which inductance
values other methods are to be compared. The basis for such selection has to do with the
improved analytical tools developed that made use of fairly accurate measurements of the
physical dimensions of the 3-D stator and rotor configurations in the computations of the
various DSWIM inductances. The other two techniques are essentially model based
solutions bearing inherent assumptions and/or approximations with expected lower
computational accuracies than the baseline method.

Consequently, the hybrid ICD and GA approach based inductance values have been
compared with those calculated using the winding function method as well as the finite
element method. The results presented in Table 5.6 reveal, at a glance, that FEMM
inductance values are much closer to the baseline values than the inductance values obtained

via winding function method.
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Table 5.8: Comparison of Computed DSWIM inductance Values by Three Different Methods

Techniques Applied to Determine
Type of Major Winding DSWIM Inductances (mH)
Inductance | parts of Group Winding Finite ICD+GA
DSWIM Function Element
a-b-c 11.73 13.8 14.15
Self Stator X-y-Z 11.73 13.8 14.15
Rotor a-b-c 40 49 51
a-b-c 33.8 42.3 43.85
Stator X-Yy-Z 33.8 42.3 43.85
Mutual a-b-c/x-y-z 68.9 85.7 89.65
Rotor a-b-c 45 70 85
Stator/Rotor A harmonic function of the rotor position with respect to
stator winding

5.3  Results of DSWIM Simulation in MATLAB/Simulink Software

The Simulink models depicted in Figures 4.4-4.6, specifically developed for DSWIM drive
system, has been implemented in MATLAB 7.6.0 (R2008a). The parameters obtained from
hybrid ICD and GA approach for the 8/8 similar pole DSWIM case study have been used in
its simulation model implementation. For the sake of convenience, they are repeated in Table
5.7 amongst other vital simulation data presented therein. Note that the test machine is
essentially a 6-hp, 380-V eight-pole dual stator winding induction machine. The main goal
of this simulation effort is to demonstrate the efficacy of the model developed. Further, it
ought to be capable of achieving simulation results of superior qualities than those found in
the existing publications for different simulation scenarios envisioned in this research work.
In pursuit of this goal, the following output variables have been selected to facilitate model
performance assessment.

I Speed and Torque;
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ii. Voltages;

iii. Currents;
iv. Fluxes; and
V. Rotor speed

The simulation scenarios considered include DSWIM start transient to its steady state speed
with transient fault applied on phases ‘a-b-¢’. In addition, the effects of parameter variations
on the test machine transient performance have also been investigated. Based on the
simulation studies considered and with the Simulink model of the test machine excited by 3-
¢ sinusoidal voltage sources supplied to both a-b-c and x-y-z stator windings, the various
simulation results obtained are shown in Figures 5.13 — 5.37. They are further characterized
in the subsequent subsections.

Table 5.9: Parameter Specifications for the Simulation of Dual Stator Winding Induction
Motor (DSWIM) in Simulink/ MATLAB Environment

Stator Core Rotor Cage
Description Symbol | Unit | a-b-c winding X-y-Z a,—b, — c,
winding winding
Number of Poles p - 8 8 8
Stator Resistance R, Q 1.5 1.5 3.8
Stator Leakage Lys H 0.0138 0.0138 _
Inductance
Rotor Resistance R, Q o - 0.63
Rotor Leakage Ly H _ - 0.049
Inductance
Stator mutual Lim H 0.00673 _
Leakage
Inductance
Magnetizing L H 0.12
Inductance
Rated Power Pm kW 6.0
Output
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Line Voltage VvV Volts 380

Moment of Inertia JA kg-m? 0.045

5.3.1 Results of Starting process and fixed loading dynamic response of DSWIM

The no-load starting transients combined with fixed loading scenario response of similar pole
DSWIM are depicted in Figure 5.13 with its ‘a-b-¢’ and ‘x-y-z’ windings fed by balanced 3-
¢ voltage sources (380V line to line). During the no-load starting process of the similar pole
DSWIM, its rotor speed increased steadily from zero to settle near synchronous speed within
a period of approximately 1.2s and remaining at steady state for additional 0.4s according to
Figure 5.13(a). The starting transients exhibited in the plots of the respective generated
electrical torques (see (b), (c) & (d) of Figure 5.13) are typical signatures of any standard
induction machine simulations of the existing publications.

Note that all the plots of Figure 5.14 have been partitioned into two sections labelled by
circled 1 and 2, corresponding respectively to no-load and fixed load operating modes. The
no-load steady state simulation period lasted for a total period of 1.6s whilst the remaining
simulation period (i.e. from 1.6 to 4s) when a load of 3Nm is picked up by DSWIM. Figures
5.15 to 5.18 are plots of dg voltages and currents as well as their corresponding phase
variable voltage and current quantities. In particular, current variable plots in Figure 5.18

carry the same information as previously described
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Figure 5.15: Quadrature and Direct Axis Voltages of the Two stator windings as a Function

of Time
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Figure 5.16: Currents of Two (a-b-c & x-y-z) Stator Windings and a-b-c Rotor Winding
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Figure 5.18: Stator Phase ‘a’ and Phase ‘x’ Currents as a Function of Time

5.3.2 Investigation of effects of mutual leakage inductance (Li4,) oOn the
characteristics of similar pole DSWIM

Recall from Chapter Four that the equivalent circuits in dg0 reference frame were developed

for similar ratio DSWIM. Therein, we considered mutual coupling between d and q axes of

the stator windings via introduction of mutual leakage inductance (+L;4,). This subsection

presents the simulation results showing the influence of the stator mutual leakage inductance
1aq On the DSWIM operational performance from the viewpoints of transient and steady

state characteristic variations. Four case studies were considered as explained in sequel in

accordance with each case study.

5.3.2.1 Case study |

In this case study, the value of mutual leakage inductance is assumed to be the same as that

of either stator common or rotor leakage inductance. Consider the case in which the mutual

leakage inductance is the same as the stator common leakage reactance (i.e. Ljgq = L), the
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resulting performance of DSWIM simulation is shown in Figure 5.19. Figure 5.20 depicts
the other case in which the mutual leakage inductance is set equal to rotor leakage reactance
(i.e. Ligq = Lir). In these two cases, the investigation is focused on the effects of the mutual
inductance leakage consideration on the DSWIM electrical torque generation capabilities.
5.3.2.2 Case study |1

In this case, the value of mutual leakage inductance was firstly set equal to stator leakage
inductance (+Ljq, = L;s) and the simulation of DSWIM was run. Then mutual leakage, rotor
and stator leakage inductances were assumed equal with (Ljz, = L; = L;s) implied. This
was also implemented in the MATLAB/Simulink model for the similar pole ratio DSWIM.
The outcome simulation results for both cases are depicted in Figures 5.21-5.32.  The
simulation results will be discussed later from the standpoints of their effects on DSWIM’s
dynamic and steady state performances. It is worthy of mention that most publications on
simulation of DSWIM have not thoroughly investigated the effects of mutual leakage
inductance as attempted in this dissertation.

5.3.2.3 Case study 111

Finally, the value of mutual leakage inductance is assumed to be zero. i.e.L}4,=0. This is the
widely modeled case in the literature and therefore for the baseline case against which other
cases are compared in order to characterize conclusively, the effects of mutual leakage
inductances on the operational performances of DSWIM. The similar pole ratio DSWIM

simulation results for this case study are shown in Figures 5.33 to 5.38.
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Figure 5.19: 8/8 Pole Ratio DSWIM Simulation Results with + L'Mq =L
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(a) Speed Curve; (b) Torque Contribution by ‘a-b-c’ Winding; (c) Torque
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Figure 5.20: 8/8 Pole Ratio DSWIM Simulation Results with + L'Mq =L,
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Te
Figure 5.23: d-q currents of two (abc & xyz) stator windings and abc rotor winding

Ting
Figure 5.24: d-q voltages of the two (abc & xyz) stator windings as a function of time
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Figure 5.25: Stator voltages in natural (abc & xyz) variables as a function of time
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Figure 5.28: Stator Phases ‘a’ and ‘xyz” Winding Sets Current against Time
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Figure 5.30: Quadrature and Direct Axis Voltages of the Two (abc & xyz) Stator
Windings as a Function of Time
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Figure 5.31: Stator Voltages in Phase (a-b-c & x-y-z) Variables as a Function of Time
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Figure 5.34: Stator Phases ‘a’ and ‘xyz’ Winding Set Currents against Time
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5.3.3 Discussion of Simulink Model Results

In this section, various results presented in the preceding section are discussed from
standpoints of test machine transient performances as revealed via its monitored output
quantities. Indeed, induction machine speed transient torque behaviors captured over a short
time frame are well known to exhibit standard characteristic signatures. The established
benchmark results in the literature have been found to corroborate with the results presented
in this dissertation.

Consistent with the benchmark simulation results, Figures 5.14; 5.19; 5.20; 5.22; 5.28 and
5.35 essentially show the dynamic simulation of rotor speed, segregated torque contribution
by each stator winding and the total torque as appropriately conveyed in equations 2.169-
2.171. These figures reveal that for a better dynamic response of the machine, the value of
mutual leakage inductance must be kept minimal. Figures 5.16; 5.24; 5.30; 5.25 and 5.15;
5.22; 5.31; 5.38 further show the simulation results in d-q axes of currents and voltages in

both windings respectively. Figure 5.29 is a simulation of the six phase voltages fed into the
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two stator windings. In Figures 5.26; 5.33; 5.38 the simulations of the voltages are shown
with a singular difference of ‘x-y-z’ winding set being fed via an inverter. Figure 5.18 shows
the simulated currents in a-b-c reference frame for selected stator phases ‘a’ and ‘x’ only.
Other phases were suppressed as they convey no additional information. It is noteworthy to
mention again for the avoidance of doubt that the various results obtained are in agreement
with similar results presented in relevant publications consulted in this research work.

Based on the results of the simulation obtained, it can be inferred that the dual winding
machine exhibits similar, yet superior, characteristics to conventional three phase induction
machine. In particular the six phase machine develops more torque per ampere than the three
phase machine as also confirmed by other researchers. This desirable quality is attributable
to the cumulative nature of the torque developed separately by each winding. Herein lies the
superiority of dual stator winding induction machine over conventional induction machine
such as fault tolerance and higher torque capability attributes as demanded by modern drive
systems.

The effects of variations in mutual leakage inductances on the torque developed by each
winding set were also briefly investigated as shown in Figures 5.19 and 5.20. Comparison of
the peak torques extracted from these simulation results revealed insignificant variation in the
torque outputs with change in mutual leakage inductance. Undoubtedly, further investigation
is imperative in order to establish variational characteristics of DSWIM torgue outputs with
respect to changes in other parameters induced by temperature rise, eccentric rotor rotation,
etc. This should ultimately lead to far reaching model simplification capable of quick
prediction of DSWIM leading performance indices without any loss of accuracy.

54 Prototype Realization of DSWIM and Experimental Results

The algorithmic framework developed for redesign of a conventional 3-¢p machine as a dual

stator winding induction machine must be actualized for a specific case study. Towards

200



realizing this cardinal objective, a standard 8-pole, 6kW, 3-phase squirrel cage induction
machine with 48 stator slots and 42 rotor slots is used as a case study in this research work.
The 3-phase 8-pole stator winding of this machine has been modified to a 6-phase (dual 3-
phase) each of 8-pole stator winding. The rotor of the original machine remains unaltered.
The leading parameters of the machine being re-designed are presented in Table 5.1. Based
on the design parameter specifications of Table 5.1 and DSWIM winding diagram offered in
Chapter Three, we now proceed to achieve its practical realization in the next subsection.
5.4.1 Prototype realization of DSWIM

The calculated parameters have been applied in the realization of the prototype. The various
phases of the prototype implementation are documented in Plates 5.1 to 5.5. More
specifically, Plate 5.1 shows the stator with its coils inserted in stator slots bearing single
layer and full pitch features. There are a total of 24 coils out of which the twelve belongs to
the ‘a-b-¢” winding set whilst the remaining twelve belongs to the ‘x-y-z’ winding set. Plate
5.2 shows the rotor of the machine. Note that the rotor structure was not altered with 42
skewed slots. We reiterate again that the stator frame and rotor structure were carefully
selected ab initio to satisfy the constraints on cogging, excessive vibrations and harmonics
minimization. Plate 5.3 shows the squirrel cage rotor structure and the stator housing the
dual windings side by side. Plate 5.4 shows the rotor of the machine inserted inside the
wound cylindrical stator. Finally, Plate 5.5 depicts the assembled DSWIM prototype with all
its terminals brought out for accessibility. Table 5.10 presents final design parameters and

operating capabilities of the DSWIM prototype.
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Plate 5.1: Stator coil in their respective slots

machine

Plate 5.3: Rotor and Wound Stator Side by Side  Plate 5.4: Inserted Rotor within the Stator
Structure

Plate 5.5: Complete Prototype Machine

Table 5.10:  Summary of Final Design Parameters and Operating Data for DSWIM
Prototype
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Design Parameter Value Remarks
Stator stack length 100 Given
Stator outer diameter 206 Given
Rotor outer diameter 149 Given
No of turns/coil 60 Calculated
Conductor diameter 1.25 Calculated
Air-gap 0.05 Given
Magnetic Loading 0.425 Calculated
Power factor 0.88 Calculated
Efficiency 0.934 Calculated
Rated Power 6.0 Given
Rated Speed 743 Given
Slip 0.0093 Calculated

5.4.2 Experimental results
The experimental work is of paramount importance and critically pivotal in the overall
success of the research. The experimental test rig is equipped with very accurate measuring
instruments and sensors so as to achieve reliable data and benchmark measurements with
which to validate simulation activities on DSWIM. The schematic diagram of the prototype
experimental setup depicted in Figure 5.39 has been deplored in different configurations to
achieve the following:
i.  Experimental determination of the equivalent circuit parameters of the newly
designed stator winding machine using no-load and short-circuit tests to evolve its

circle diagram;
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ii.  Accurate measurements of DSWIM performance characteristics indices (PCI)

(torque, power factor, rotor speed, output power, and stator current) under varying

loading conditions; and

iii.  Experimental measurements of energy losses of DSWIM which will be segregated

into their constituent components.

The complete experimental set up configured around the DSWIM prototype in the laboratory

is shown in Plate 5.6 with the necessary drive system and digital meters. It is imperative to

experimentally validate the theoretical design activities carried out. Therefore, the

experimental investigations on the DSWIM prototype are so motivated to be presented in

next subsections.
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Plate 5.6: The Complete Laboratory Experimental Setup

5.4.3 Determination of the induction machine parameters

Normally, all induction machines come with their parameters readily available from the
manufacturers. However, the dual stator winding machine is modification of an existing three
phase induction machine. It is therefore pertinent to determine its parameters before any
analysis can be carried out on it. The parameters to be determined are: stator and rotor
resistances, magnetizing, stator and rotor reactances. Three tests are usually performed for
this purpose. They are DC resistance, no-load and locked rotor tests (Stephen, 1991).

5.4.3.1 DC resistance test

The purpose of the DC resistance test is to determine the stator resistance per phase for each
winding set. This is accomplished by connecting any two stator leads, belonging to one

winding set to a variable voltage DC source shown in Figure 5.40. This experimental set up
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has made elaborate provisions via operations of ganged three phase toggled switch for
winding set selection. Thereafter, the four normally-off (NO) single pole switches (SWs)
incorporated are then switched (see switch selection table provided in Figure 5.40) to enable
selection of all the possible winding combinations for their DC resistance measurements. The

representative resistance per phase per winding set can then be determined by averaging the
set of DC resistance measurements thus R\**) = X3 Rg?;‘) /2)/3. Note that the DC source

is adjusted to provide approximately rated stator current for each winding set and the

resistance between the two stator leads is determined from voltmeter and ammeter readings.

Rh.mit

I=Tgatp ——=

N

Voe 7]

S| sy | sws | sws | Swg -
1 |on |on | oFe | oFf W
ON | OFF | OFF | ON
3 |orr|on [on | oFf

ek

Figure 5.39: DC Resistance Measurement for each Stator Winding Set

5.4.3.2 Locked- rotor test
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The locked- rotor test is used to determine x;%, xj% and x;.. When combined with data from
the DC test, it also determines r,. The test is performed by locking the rotor so that it cannot
turn and measuring the line voltages, line currents and three phase power inputs to ‘a-b-c’
stator winding set. The voltage is increased from zero in steps up to a value that gives rated
currents in the stator windings. A voltmeter is also connected to the open ‘x-y-z’ winding set
to measure its induced voltage. The procedure is repeated with ‘x-y-z” winding set connected
to the supply and ‘a-b-¢” winding set left open. Finally, the two stator winding sets were then
supplied simultaneously with measurements taken as the 3-¢ supply was gradually varied
until the rated current circulated in the windings. The results of the measurements are as

presented in Tables 5.11 & 5.12.

] i‘z @

N

3-¢0 VARIABLE POWER
SUPPLY

©

Motor Locking
Mechanism

Figure 5.40: Connection Diagram for Locked Rotor Test on DSWIM Prototype

Table 5.11: Locked Rotor Test Results with x-y-z Winding Set Open

Meas. Vb Vbe Vey I, Ps Qs Sec | Speed | p.f.
No | (Volts) | (Volts) | (Volts) | (Amps) | (Watts) | (Var) | (VA) | (rpm) | Cos(0
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1 20 21 - 4.5 42 146 152 0 0.28
2 43 42 - 6.7 134 469 488 0 0.27
3 71 70 - 8.2 288 937 980 0 0.29
4 90 93 - 9.1 427 1305 | 1373 0 0.31
5 112 110 - 10.5 645 1874 | 1982 0 0.33
6 125 124 - 12 844 2364 | 2510 0 0.34
Table 5.12  Locked Rotor Test Results with ‘a-b-c’ Winding Set Open
Meas. |V, V2 Vb L Psc Qsc Sec | Speed | p.f.
No | (Volts) | (Volts) | (Volts) | (Amps) | (Watts) | (Var) | (VA) | (rpm) | Cos(0
1 19 22 - 3.8 44 117 125 0 0.35
2 45 41 - 5.6 153 409 437 0 0.35
3 74 76 - 7.3 346 869 935 0 0.37
4 93 90 - 8.8 553 1305 | 1417 0 0.39
5 115 112 - 10.2 813 1862 | 2032 0 0.40
6 120 123 - 11.7 1021 | 2207 | 2432 0 0.42

Since the no-load current (/) at locked rotor is considerably less than the rotor current (I,),
the no-load current may be neglected, enabling a simplification of the equivalent circuit.
From the resulting simplified equivalent circuit, the relevant parameters of DSWIM (xf%, xj%
, X1 and r;) are then computed with rotor parameters referred to stator side.

calculations are carried out with respect to each independent stator winding set so as to
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enable their respective parameters to be determined. As a matter of fact, several of these
calculations were performed and subsequently averaged to determine most representative
DSWIM parameters based on locked rotor tests.

5.4.3.3 No- load test

The no-load test is used to determine the magnetizing reactance X,,, and the combined core,
friction, and windage losses. These losses are essentially known to be constant for all load
conditions (Stephen, 1991). The connections for the no-load test are identical to those for the
locked-rotor test, the only difference being in the operation of the test. For the no-load test,
the rotor is unlocked and allowed to run unloaded at rated voltage and frequency. Rated
voltage is applied and then gradually reduced until the slip approaches unity. As one (‘a-b-c’)
winding set is connected to the supply a voltmeter is connected across two phases of the
other (‘x-y-z’) winding set. Thus the voltmeter would measure an induced voltage due to

transformer action.

[ -,

Figure 5.41: Connection Diagram for No-load Test on DSWIM Prototype

For each voltage measured the following were recorded:
)] Two line voltages;
i) A phase current;

i) One line voltage of the open winding set;
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iv) Input power using two wattmeter method;

V) Rotor speed,;

The same procedure is repeated with ‘x-y-z’ winding set connected to the supply while ‘a-b-
¢’ winding set is left open. Both stator winding sets are supplied from a variable 3-¢ supply
and same measurements carried out to generate credible results from which relevant DSWIM
steady state parameters are estimated. The results of the various tests carried out are
presented in Tables 5.13 and 5.14.

At no-load, the operating speed is very close to synchronous speed. Because the slip is very
close to zero, the current flowing the in rotor circuit is very small. Consequently, the rotor
circuit can be assumed to be open circuited, without any loss of accuracy, in the no-load
current calculations. According to well established approach (Stephen, 1991), the separation
of friction and windage losses from the no-load test may be accomplished by plotting the no-
load power versus voltage squared for low values of voltages and then extrapolated to zero
voltage. Note that the no-load data measured around the rated voltage were used to
determine the DSWIM magnetizing branch elements (R, and X,,,). Table 5.15 presents the
parameters of the DSWIM per phase determined from DC resistance, locked rotor and no-
load tests carried out as facilitated by their respective computational procedures outlined in

Appendix E.

Table 5.13: No Load Test Results with ‘x-y-z” Winding Set Open

Meas. Vab Vbc ny Ia Ib PO QO SO Nr p-f'

No | M) | M WA | A | A MW (Na)]| (VA | (rpm) | Cos(d
20 23 0 0.01 | 0.00 0 0 0 0 0
50 54 46 0.01 | 0.01 0 0 0 435 0

80 78 73 0.21 | 0.20 10 27 29 500 0.35

100 | 101 91 0.28 | 0.35 14 46 48 510 0.30

o o o o o>

gl B~ W N -

130 | 128 | 122 | 0.43 | 0.52 26 93 97 510 0.27
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6 148 146 141 | 0.70 | 0.83 0 41 174 179 543 0.23
7 173 175 170 | 0.91 | 1.03 0 63 265 272 548 0.23
8 197 200 189 | 1.16 | 1.16 0 79 387 395 554 0.20
9 220 225 203 | 132 | 1.29 0 80 496 502 561 0.16
10 253 255 241 149 | 152 0 104 644 652 592 0.16
11 275 277 262 | 2.17 | 2.15 0 186 | 1017 | 1034 610 0.18
12 301 303 294 | 2.68 | 2.61 0 252 | 1375 | 1398 644 0.18
13 326 322 320 | 296 | 3.01 0 301 | 1644 | 1671 678 0.18
14 350 348 338 | 3.23 | 3.34 0 352 | 1927 | 1959 700 0.18
15 374 378 369 | 350 | 351 0 363 | 2238 | 2267 703 0.16
Table 5.14: No load Test Results with ‘a-b-¢’ Winding Set Open

Meas. | Vo | Voo | Vap | Le | L, | Lo | Po | Qo | So N, p.f.
No | M T WM M A @A) | A | W |(van)]| (VA) | (rpm) | Cos®
1 25 24 0 0 0 0 0 0 0 0 0
2 61 58 55 0.36 | 0.32 0 13 36 38 448 0.34
3 83 85 78 0.33 | 0.35 0 15 45 47 503 0.32
4 112 109 100 | 0.43 | 045 0 24 80 83 515 0.29
5 137 138 127 | 0.67 | 0.66 0 46 152 159 516 0.29
6 154 153 148 | 1.02 | 1.08 0 68 263 272 530 0.25
7 180 177 160 | 1.13 | 112 0 81 343 352 551 0.23
8 201 201 195 | 1.14 | 1.09 0 83 388 397 570 0.21
9 225 223 210 | 152 | 1.60 0 107 583 593 583 0.18
10 258 256 235 | 213 | 217 0 162 938 952 615 0.17
11 280 278 272 | 283 | 281 0 233 | 1352 | 1372 640 0.17
12 308 | 310 | 301 | 3.41 | 343 0 291 | 1806 | 1829 675 0.16
13 330 329 323 | 4.05 | 4.00 0 370 | 2256 | 2286 690 0.16
14 353 350 341 | 393 | 3.94 0 384 | 2372 | 2403 703 0.16
15 376 375 357 | 3.85 | 3.82 0 401 | 2475 | 2507 709 0.16

Table 5.15:  Calculated DSWIM Parameters Based on Experimental Measurements

Parameter

‘a-b-c¢’ Winding

‘x-y-z’ Winding
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Stator Resistance R =1.5Q R? =1.5Q
Stator Leakage inductance ¢ = 14.3mH 7, = 14.4mH
Stator Mutual Leakage Inductance Ly = 46.7mH
Magnetizing Inductance L,, = 0.14H
Core Resistance R, = 250Q
Rotor Resistance R; = 0.68Q
Rotor Leakage Inductance i = 38.5mH

5.4.4 Comparison of DSWIM simulation and prototype experimental results

Figure 5.42 depicts graphical comparisons of steady state torque speed characteristics of
MATLAB/Simulink model of DSWIM and its prototype.
offered comparisons between benchmark values obtained from DSWIM simulation results
and their corresponding values returned from experimental measurements on the DSWIM
prototype. Based on Figure 5.42and Table 5.16, and with DSWIM assumed as baseline
values, it is seen that DSWIM simulation and experimental results closely match within
maximum error band of £5%. The foregoing comparative analysis essentially gave effect to
the validation of DSWIM model in MATLAB/Simulink environment. In the next subsection,

the experimental results on DSWIM prototype and its standard 3-¢ IM equivalent are

compared comprehensively.

Furthermore, Table 5.16 has

Induce d Torque (N-m)

—A—a—A— Simulation
& © O Experimental

Y




Figure 5.42: Comparison of DSWIM Simulated and Experimental Steady State Speed
Torque Characteristics

Table 5.16:  Comparison of Some Selected Parameters for DSWIM Model and Prototype

Dual Stator Winding Induction
Machine (DSWIM) Error Analysis
Parameter Model Prototype (%)
Starting Torque, Tsqre (N- 105 101.33 -3.5
m)
Max Torque,T,,q, (N-m) 282 286.2 1.5
Rated Speed, n,- (rev/min) 713.4 737.88 3.2
Slip, s = (ng — n,.)/n, 0.05 0.053 2.8
Power factor, pf 0.88 0.902 2.5
Efficiency,nqx (%) 91 93.55 2.8
Starting Time, T, (seconds) 1.25 1.29 3.2

5.4.5 Comparison of results for DSWIM and standard 3-¢p IM

Figures 5.43-5.47 show the measured quantities torque, power factor, efficiency and motor
current as a function of slip for DSWIM prototype and its original 3-¢p induction machine
equivalent ratings. Finally, Figure 5.48 depicts, at a glance, the dependence of these
quantities on the output power specifically for DSWIM. Undoubtedly, the experimental
results for the DSWIM are, prima facie, superior to those of the original 3-¢ induction

machine.
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As can be seen in Figure 5.42, the power factor of the dual is higher than that of the single
stator winding machine (by approximately 10%) at near synchronous speed, while their
values are practically the same for both machines at rated speed. This observation may be
attributed to the fact that on no-load the dual winding machine draws less magnetizing
current than the single winding machine. As such, the dual winding machine will have an
improved power factor in the vicinity of no-load. That is, near synchronous speed. Far more
significant, is the improvement in the power efficiency of the DSWIM, as high as 10%, over
the 3-¢ single machine due to former’s optimized electrical and magnetic loadings pursued

in this research.
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Figure 5.43: Comparison of Power Factor versus Speed for Dual and 3-¢ Induction Machine
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Figure 5.44: Comparison of Efficiency versus Speed for Dual and 3-¢ Induction Machine
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Figure 5.45: Comparison of Torque versus Speed for Dual and 3-¢ Induction Machine
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Figure 5.46: Comparison of Mechanical Power versus Speed for Dual and 3-¢ Induction
Machine
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Figure 5.47: Comparison of Current versus Speed for Dual and 3-¢ Induction Machine
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Figure 5.49: Key Performance Characteristics of the Dual Stator Machine
5.4.6 DSWIM circle diagram results
It is instructive to construct a representative circle diagram for DSWIM using parameters
derived from its no-load and locked rotor tests. The import of circle diagram construction is

to enable fairly accurate segregations of DSWIM losses at any given operating point.
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Actually, the procedure for the construction of the circle diagram is not new with its salient
constructional steps outlined in Appendix H; even though it was briefly introduced in
Chapter Two as a tool embraced in the analysis of asynchronous machines. Relying on the
locked and no-load test results presented in subsection 5.4.2, a circle diagram shown in
Figure 5.50 has been constructed for the DSWIM prototype to aid its loss segregation
determinations that will be tackled in the next subsection. It is noteworthy that the circle
diagram so constructed, apply to both dual stator windings operating in steady state motoring
mode. The foregoing is, of course, made possible due to the identical architecture of the two
winding sets housed in the DSWIM case study. However, this is not applicable to the

dissimilar pole DSWIM having different winding configuration where one winding is

utilized as power winding and the other as control winding.
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Figure 5.50: Constructed Circle Diagram for DSWIM Prototype
5.4.7 DSWIM loss segregation results
Figure 5.50 portrays in 3-D pie diagram in respect of the loss segregation analysis for the

DSWIM prototype at full load. Due to measurement accuracy limitations, we have applied
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loss percentage error applicable to the DSWIM rating recommended by IEEE, IEC, etc. and
conveniently abridged in (Hsu, et al. 1998; Daut, et al. 2009). Table 5.17 presents summary
of the computed losses at some selected DSWIM loading scenarios that made extensive use
of the constructed DSWIM circle diagram of the preceding subsection. A cursory look at this
table reveals that the stator and rotor copper losses decrease proportionately as should be
expected and in conformity with the earlier experimental results of DSWIM prototype test

rig; whilst the stray, core, windage and frictional losses remain constant.

DSWIM Loss Segregation at Full Load

B Output power
[ stray losses
@ Core+F+W losses

@Rotor copper loss

D Stator losses

2%
1% 2%

Figure 5.51: Full Load Loss Segregation Analysis for the Prototype DWSIM

Table 5.17: Summary of the computed losses at some selected DSWIM loading Scenarios

Segregated Loss DWSIM Loading Scenarios (Specified as percentage of full load

Components current) and at rated speed

(Watts) 20 |30 40 50 60 | 70 80 90 100
Stray Losses 89.2 | 89.2 | 89.2 | 89.2 |89.2|89.2 | 89.2 | 89.2 | 89.2
(Harmonic)

Core + Frictional + 89.2 | 89.2 | 89.2 | 89.2 | 89.2|89.2 | 89.2 | 89.2 | 89.2
Windage Losses

Rotor Copper Loss 178 | 401 | 714 | 11.2 | 161 | 21.8 | 28.5 | 36.1 | 446
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Stator copper Loss 10.74 | 10.7 | 43.0 | 67.3 | 96.7 | 132 | 172 | 217. | 268.6

55  Analyses of Experimental Results

The various far reaching experimental results obtained from the DSWIM prototype test rig
were presented in the preceding subsections as found in Tables 5.11-5.17 and Figures 5.42-
5.51.  This section seeks to further deepen and broaden the scope of analysis of some key
results. Against this backdrop, empirical relations are developed which, even though
emanated from the DWSIM prototype test rig results, are fundamentally valid with respect to
induction machine motoring mode behavior in the neighbor of synchronous speed. More
precisely, Figures 5.43-5.48 have clearly revealed higher operational performances of
DSWIM prototype over standard 3-¢p IM of the same rating. The various curves in Figures
5.43-5.47 corresponding to DSWIM have been fitted with polynomial functions using least
squares techniques. The final describing equations recommended by the best R? — factor are
summarized in Table 5.18. Similar exercise has also been done with respect to Figure 5.49
and the equations developed are presented in Table 5.19. It is imperative to state that the
various equations developed are valid within the range of values specified in Tables 5.18 and
5.19 respectively. In the subsequent subsections, some key features are revisited to shed
light on their respective impacts on the operations of asynchronous machine family to which
DSWIM belongs.

Table 5.18: Fitted Polynomial Equations for DSWIM Quantities Plotted in Figures 5.43-5.47

DSWIM Dependent Model Equation with rotor speed (n,) as Coefficient

variable Independent variable of fitness R
Power factor (PF< 1) PF = —0.01n3 + 0.098n2 + 0.386n, + 0.06 0.993
Efficiency M<1) | n = 0.014n} — 0.15n3 + 0.5n2 + 0.74n, + 0.64 0.993
Torque (T p.u.) T = 0.01n3 — 0.099n2% + 0.163n, + 0.49 0.995
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Mechanical (Pm p.U.) | P, = 0.001n* — 0.021n3 + 0.12n2 — 0.31n, 0.993
+0.71

Current (I p.u.) [ = —0.001n; — 0.036n3 + 0.23n2 — 0.42n, 0.997
+ 0.56

Table 5.19: Fitted Polynomial Equations for DSWIM Quantities Plotted in Figure 5.48

DSWIM Dependent

Model Equation with Power Output (P,) as

Coefficient of

variable Independent variable fitness R
Power factor (PF< 1) PF = —0.015P? + 0.232P, + 0.026 0.977
Efficiency (N <1) n = —0.009P7 + 0.155P, + 0.309 0.957
Current (I p.u.) I = 0.006P? — 0.031P, + 0.671 0.993
Torque (T p.u.) T = 0.01P2 — 0.028P, + 0.385 0.960

5.5.1 Rotor starting torque characterization

If the rotor is at rest, mechanical inertia prevents rotation at the instant voltage is applied to
the stator; in effect, the motor behaves as though the rotor is locked. The torque developed at
the locked rotor stage is the turning moment produced by the interaction of the rotor current
and the stator flux when the shaft is at rest and a voltage applied to the stator winding. Recall
that this torque was referred to as induction machine starting torque in Chapter 2 and it
occurs at a slip s = 1.0. For the DSWIM prototype, its starting torque has been found to be
105N-m and identified by circled ‘1’ in Figure 5.42. As a matter of fact, if the load torque on
the shaft is greater or equal the starting torque, the motor will not start. Should this occur, and
protective devices do not disconnect the machine from the line, the motor could suffer from

insulation failure. One of the cardinal advantages of DSWIM is its fault tolerant feature.

221




Thus if the insulation failure affects only one winding set, the machine can still run on the
healthy winding set but at reduced mechanical power output.

5.5.2 Acceleration of DSWIM from standstill

Assuming the load torque on the shaft of DSWIM is less than the starting torque, the rotor
will accelerate. As the machine accelerates from its standstill position, the slip decreases
causing the magnitude and phase angle of rotor current to decrease. Consequently, the active
component of rotor current I.cos8, will increase from its low value at DSWIM standstill to
its maximum value referred to as breakdown value, and will decrease again with further
acceleration. There is an observable correlation between developed torque (T;) and I, cos 6,
which can be deduced from the DSWIM torque speed characteristics and its circle diagram of

Figures 5.42 and 5.50 respectively.

5.5.3 Behavior of DSWIM near synchronous speed

If the DSWIM is lightly loaded, the rotor speed approaches that of the rotating flux. The
current becomes quite small, and even though it is almost in phase with the induced e.m. f,
the very low value of I, cos @, results in a very low Tp. If there is no load on the shaft, the
rotor may sometimes lock in synchronism with the rotating flux. This becomes possible
when the relative motion between the two is so small that the rotor iron becomes magnetized
along some axis of minimum reluctance, and locks in synchronism with the rotating flux.
This phenomenon is referred to reluctance motor action. Under such conditions, the machine
no longer develops induction-motor torque; the slip is zero and no current appears in the
rotor. The reluctance torque is very small, however, and a light load on the shaft will pull it

out of synchronism.

5.5.4 DSWIM behavior during loading and breakdown
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Consider DSWIM is operating at no load and for this condition; the load torque is essentially
windage and friction. As shaft load is applied, the load torque becomes greater than the
developed torque, and the motor slows down; the resultant increase in slip causes an increase
in I.Cos@,, which in turn causes an increase in the developed torque. If rated load torque is
applied to the shaft, the motor will decelerate until the increase in developed torque caused
by the increase in slip equals the load torque on the shaft plus windage, friction and stay load.
The motor will then operate at the steady-state speed identified by ‘circled 3’ of Figure 5.42.
Further increase in shaft load (overload) causes additional deceleration, accompanied by
increase in I, cos 6,., leading to increase in developed torque. If, however, the load torque on
the shaft is increased to a value greater than the maximum torque that the machine can
develop (circled 2), the machine will breakdown. This will be accompanied by increase in
slip, due to increase in shaft load above the breakdown value; thereby causing rapid decrease
in I, cos 6, and attendant rapid decrease in developed torque. The machine will suffer a sharp
drop in speed and could attract unintended braking action. The very high current associated
with a high slip will burn out the motor windings, unless protective devices remove the
machine from the line. The breakdown torque is defined as the maximum torque that a motor
can developed while being loaded (at rated voltage and rated frequency) without suffering an
abrupt drop in speed. A maximum torque of approximately 280N-m developed by DSWIM
prototype was determined from Figure 5.42. Although an induction motor can be operated
momentarily at overloads up to the breakdown point, it cannot do so continuously without
overheating and causing severe damage to both the stator dual winding sets and squirrel cage
rotor.

5.6  Summary

This chapter has provided an in-depth documentation of the numerous results generated and

discussed them comprehensively in order to illuminate the far reaching accomplishments of
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this research work. The results set forth encompass, first and foremost, the outcome of
optimized design of dual stator winding induction machine involving improved classical
design approach hybridized with GA tuning technique. The results of DSWIM parameter
calculations based on improved design winding function and finite element techniques were
then presented and discussed at length. In particular, Finite Element Analysis was used to
analyze the field distribution pattern within the core and the air gap of the dual-stator
winding machine. As a result of this analysis, the various windings inductances were
calculated and some of the performance indices of the machine were predicted. The
MATLAB/Simulink model developed for the DSWIM was successfully implemented with
wide ranging results obtained. The DSWIM performance characteristics plotted were found
to be in agreement with or superior to those published in the relevant literature.

Finally, the experimental DSWIM prototype was tested in the laboratory in order to validate
the predicted results. The parameters of the experimental machine were then compared with
the results of other techniques and found to be close within error bounds of + 5%. The
experimentally measured speed torque characteristics were found to be in close agreement
with the MATLAB/Simulink model simulation results thus validating the efficacy of the
model. More importantly, several performance characteristics plots based on experimental
data obtained from the DSWIM prototype test rig and those of the original three phase
machine were also established to be in agreement. Most interestingly, the DSWIM prototype
returned 93.4% efficiency measurement at rated load compared with 87% obtained with
respect to the standard three phase induction machine at full load and of the same rating.
Indeed, at light loads the dual-stator winding machine exhibited superior characteristics. This
could be attributed to the fact that, at light loads, the dual stator machine can be operated

with only one winding set on. This is referred to as power segmentation. Power segmentation
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brings about redundancy of the machine part, as a result of which the reliability of the

machine increases.
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CHAPTER SIX

SUMMARY, CONCLUSIONS AND RECOMMENDATIONS

6.1 Introduction

This chapter provides summary of tangible goals accomplished in this research work.
Comprehensive conclusions are then drawn that essentially highlight the key findings
reported in this dissertation. The contributions of this research work to the advancement of
the existing knowledge base on dual stator winding induction machine are also included in
this chapter. Finally, far-reaching recommendations and further research areas identified are
also set forth to serve as dissertation’s closure.

6.3 Summary

An improved re-design philosophy and detailed simulation model development for, as well
as prototype realization of a dual-stator three phase induction machine constituted the main
thrusts of the research work reported in this dissertation. Starting from its standard 3-¢ stator
frame and squirrel cage, a dual stator winding induction machine having similar pole ratio
was designed using the developed hybrid improved design methodology and GA tuning
scheme. The similar pole ratio DSWIM design philosophy and prototype realization were
undertaken for the prime objective of investigating its operational superiorities over its three
phase conventional machine of the same rating. The compendium of the overall research
work is presented in the subsequent paragraphs that follow.

As a critical step to situating the main thrusts of this dissertation correctly, enjoined the need
to provide the underlying theoretical characterization of induction machines based on
winding function approach and extensive literature review on the extant development of dual
stator winding induction machines. This has led to the pursuit of research in the design of
dual stator winding induction machine with similar pole ratio and of its prototype realization.

This arose chiefly from global trend towards efficient energy utilisation based on the
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recognition that induction machines are the workhorses in modern industrial drive systems.
For this reason, attention has been focused herein on the design philosophy of the new class
of induction machines due to some advantages they possess over other machines. Such
advantages include flexibility, ease of control, ruggedness and capability of generating mode
at negative slip (s < 0).

The proposed analytical framework anchored on hybrid improved classical design (ICD) and
genetic algorithm (GA) optimization process has been comprehensively outlined in
accordance with its functional representation of Figure 3.1. Its efficacy has been
demonstrated with respect to the design of two winding sets (‘a-b-¢c’ and ‘x-y-z’) having
similar 8/8 pole ratio. More specifically, attention is focused on efficient calculations of its
electric and magnetic loadings to meet imposed constraints by the a priori selected stator
frame and squirrel cage rotor configuration. The paramount interest concerned efficient
calculations of mmfs in various magnetic paths of the DSWIM that enabled its modelling
parameter determinations. The GA optimization process then secured optimum efficiency
and operating power factor of DSWIM via parameter selections without violating any
imposed magnetic and electric loading constraints. The winding diagram has also been
developed specifically for a single layer implementation of 8/8 similar pole ratio two winding
sets displaced electrically by 30° to be housed in 48-slot stator frame.

The extensive simulation DSWIM has been made possible via its detailed modelling in
MATLAB/Simulink environment using d-g-0 arbitrary reference frame. Additionally, 2-D
finite element method has been employed to model DSWIM for the purpose of its steady
state inductance calculations. The numerous results obtained are classified thus: Results of
DSWIM design parameters using classical approach (Tables 5.1-5.7); Results of computed
DSWIM inductance values using winding function and FEM modelling techniques (Tables

5.8-5.10 and Figures 5.8, 5.9 & 5.10-5.13); Results of wide ranging MATLAB/Simulink
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simulations (Figures5.14-5.38) and finally results of in-depth experimental investigations on
the DSWIM prototype test rig are to be found in Figures 5.42-5.49. Of noteworthy is the
application of classical design approach in conjunction with GA tuning process, which has
successfully optimized the efficiency and power factor of similar pole ratio dual stator
winding induction machine. In support of the foregoing, Table 5.7 reveals optimized values
of efficiency and power factor whilst Figures 5.45 and 5.46 are their respective
experimentally measured values. Finally, this research work has therefore evolved a versatile
multi-phase induction machine architecture that emerged from a new design concept and
improved modelling strategy.

6.3  Conclusion

This research work has pursued rigorously an improved design philosophy and detailed
mathematical modelling of a dual stator winding induction machine equipped with similar
pole ratio. The following constitute the tangible goals achieved and concisely documented in
this dissertation.

1. Implementation of pragmatic induction machine redesign philosophy to facilitate
conversion of conventional induction machine into dual wound stator induction
machine of identical or similar pole ratio has been accomplished. In this regard, an
improved classical design approach hybridized with GA technique has been
developed and successfully applied to design 8/8 pole ratio DSWIM with optimum
efficiency of 93.4% and operating power factor of 0.88 at full load.

2.  Generalized mathematical model in arbitrary d-gq-0 reference frame and necessary
equivalent circuit inductances to underpin performance analyses of dual stator
winding induction machine have been calculated using winding function, improved
classical design approach and 2D-FEM analysis. The various inductance values

calculated by each method were then compared. It was conclusively established that
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improved classical design approach inductance values agreed fairly well with those
obtained from 2D-FEM values.

3. Investigation of redesigned dual stator wound induction machine model via
simulations in MATLAB/Simulink software and validating such simulation results
against equivalent experimental results for accuracy verifications. The torque-
speed characteristics generated from DSWIM simulation model compared
favourably with the experimentally measured torques from the 8/8 pole ratio
DSWIM test rig.

4. A standard experimental test rig has been configured around the redesigned 8/8 pole
ratio dual stator wound induction machine prototype as well as a conventional three
phase induction machine of the same rating for comparative evaluations of key
performance indices. The experimental results obtained have confirmed the 8/8
similar pole ratio DSWIM prototype operational superiorities over its equivalent
standard 3-¢ IM from the standpoints of torque output, efficiency and power factor
variational studies.

Due to the rapidly growing demand for high power drive system and more flexible operation,
multiphase machines will continue to attract serious research investigations. This research
work has therefore laid sound foundation for further development of similar pole ratio dual
stator winding induction machine so as to quicken its maturity and industrial drive
penetration. The improvement in efficiency of similar pole ratio DSWIM over conventional
3-¢ IM is particularly attractive as potential energy conversation strategy if and when widely
adopted as rapidly penetrating new workhorses in ever expanding high power drive systems.

6.4  Contributions to Knowledge
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This research work has made the following contributions to the existing knowledge base in
the area of dual stator winding induction machine with special focus on the similar pole ratio
dual machine induction machine.
1. Developed generalized design algorithm for DSWIM
A generalized method of designing the dual stator winding machine has been
developed. The proposed design concept is a premised on improved classical design
approach hybridized with genetic algorithm (GA). Firstly, the improved classical
design approach is employed to calculate the leading design parameters of DSWIM
without violating the imposed electrical and magnetic loading constraints. Secondly,
the GA is applied to tune the DSWIM design parameters with maximization of its
efficiency and power factor as objective function. The effectiveness of proposed
improved classical design approach has been demonstrated with respect to the design
of 8/8 pole ratio DSWIM starting a proiri selected stator frame and squirrel cage
rotor.
2. Evolved accurate technique for DSWIM modelling parameter estimations
This research work has provided algorithmic procedures for computing critical
inductance values associated with the two stator winding sets (‘a-b-¢” and ‘x-y-z’
windings), rotor winding (‘a,-b,-C,” rotor winding) inductance values, mutual and
leakage inductances. In addition, stator winding and rotor winding resistances are
also estimated accurately by relying on physical geometries of the stator and rotor
configurations.
3. Detailed mathematical modelling of DSWIM in arbitrary d-g-0 reference frame
A detailed mathematical model for dual stator winding has been developed in
arbitrary d-g-0 reference frame considering the effects mutual leakage inductances

between d and g axis. The dynamic simulation models of DSWIM that are available
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6.5

in the literature have neglected such mutual leakage inductances. The incorporation

of the leakage inductance has been shown to elongate starting times of the simulation

by as much as 50% even though its effect on the peak torques produced by each

winding is insignificant. The consideration of saturation can be taken care of in

straight forward manner by introducing a saturation factor in the appropriate mutual

inductances.

List of publications

The following publications emerged from this research work so far as evidence of the

contribution to knowledge dissemination in the subject area.

(2011). “FEMM- based Analysis of the Magnetic Field Distribution
Pattern of the Dual Stator Winding of an Induction Machine”. Zaria
Journal of Electrical Engineering Technology, A.B.U., Zaria, 1(1)|85-
93.

(2010), “Calculation of Inductances of a Dual-Stator Winding
Induction machine using the finite element approach”, Nigerian
Journal of Engineering (NJE), A.B.U., Zaria, 16(2)|83-89.

(2010), “Development of an equivalent circuit of a Dual-Stator
Winding Induction machine”, Nigerian Journal of Engineering (NJE),
A.B.U., Zaria, 16(2)|90-97.

(2010) “Operation of a Dual-Stator Winding Induction Generator at
Unity Power Factor”, 1° International Conference IEEE NIGERCON
2010 (Emerging and Sustainable Technologies for Power and ICT in a
Developing Society), Abuja, Nigeria, 17" — 19"June|207-212.

(2009), “Modelling and Simulation of a Dual-Stator Winding
Induction Machine”, 3" International Conference on Power Systems
and Telecommunications, University of Lagos, Lagos, Nigeria, 22"
24" |71-78.

Recommendations

231



Although research activities in the area of dual stator winding induction machine are
expanding rapidly in most industrialized countries, the same cannot be claimed in the
developing countries. Indeed we are not aware, based on available literature survey at our
disposal, of any on-going research work on the development of dual stator winding induction
machine in Nigeria. Against this backdrop, the following recommendations are advanced to
encourage sustainable research activities in this new class of induction machines to support
the growth of its envisioned diverse applications in Nigeria’s future industrial revolution road
map.

a. There is need to introduce dual stator induction machine drive system in advanced ac
machines courses at undergraduate and postgraduate levels to provoke students’
research interests in high powered drive systems.

b. Research grants should be made available to researchers in institutions of higher
learning to pursue research activities in advanced design and applications of dual
stator winding induction machines in electric transportation system, wind energy
harvest systems, electric hoist systems, etc.

c. Due to very large numbers of 3-¢ induction machines currently in operations in
Nigeria, call for programmed conversions of critical ones into dual stator winding
induction machines so as to benefit maximally from their fault tolerance, ruggedness
and energy saving attributes.

d. Technologists should be trained in the conversion of the existing standard 3-¢
induction machines into their equivalent dual stator winding induction machines on
the platform of the proposed design approach addressed in this dissertation.

6.6  Suggestions for further work
The following are suggested areas for further work to build on the foundation already laid in

this research work:
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ii)

The detailed modelling of dual stator winding induction machine developed in this
research work should consider incorporating magnetic saturation, rotor eccentricity
and harmonic effects to investigate their separate and combined influences on its
overall dynamic and steady state performances. In particular third harmonic current
injection has been reported to improve torque density and thus deserves investigation
with respect to similar pole ratio DSWIM. The investigation should be extended to
the possibility of reducing harmonic contents of inverter-fed multiphase machine
drive system as well as high frequency core loss calculations.

Although detailed mathematical formulation of the design of multiphase machine as a
multi-objective function problem has been carried out in this dissertation, the
pragmatic solution sought considered magnetic and electric loading constraints with
maximization of efficiency and power factor as objective function. Assumed from on-
set is the availability of a standard stator frame to house the two winding sets
designed and squirrel cage rotor. As a follow up to this research work, the optimum
solution to the multi-objective function should be pursued via application of meta-
heuristic technique. This will essentially yield complete design specifications for the
dual stator winding induction machine that include new stator frame and rotor leading
dimension specifications. Herein, all the constraints must be met and also secure
overall design cost minimization.

The 2-D FEM modelling of DSWIM in this research work was restricted to magneto
static problem formulation that facilitated computations of DSWIM leading
parameters using FEMM software. Such restriction should be removed by adopting
2-D FEM modelling of DSWIM that allows transient magnetic analysis anchored on
the solution of time varying Maxwell equations to enable high frequency core loss

calculations and to achieve more accurate parameter determination for DSWIM.
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APPENDIX A
Specific permeance

The reactance (or leakage inductance) of a coil is proportional to the square of the number of
turns, and the specific permeance. Knowledge of permeance is necessary in the calculation of
leakage fluxes mentioned above (or their leakage inductances). Thus the next step in this
design is the calculation of permeances associated with the leakage fluxes.

(i) slot leakage permeance

It is necessary to know the various dimensions of the slot so as to be able to calculate the slot

leakage permeance. Fig.Alshows the type of slot used in the machine under consideration.

. _»Ibn .
0 T/ \\ 1 a
< T 4z
d-
T 4 4
dy
e ; b
b

Figure Al : Semi-closed slot with parallel sides (semi-closed slot) with by as the slot opening.

The lengths do, d», and d,4 are potions along the depth of the slot covered by insulation while

ds is the actual space covered by the conductors.
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As shown in fig.Al the permeance of the flux paths can be found by summing up all tubes of
flux of cross-sectional area Il dx (le being the effective core length).if a flux line 1 and 2
having a constant value of H within the slot shown in fig. A2 is considered then Ampere's

law states

flz H.dl = n(x)I Al

d,
ds
d 2
-1 0
el o] L
/ \ X
[ |
| |
| |
v : :
da | | Y >y
iy .
\\\ bs //l

—_———— e —

Figure A2: Flux path used in applying Ampere’s law
Where n(x) is the number of conductors carrying current | enclosed within the path of

integration. Since H is constant along the path 1-2 then;

Hyy=n(x) I A2
Or in terms of flux density

Byy _

M_O = n(X) | A3

An incremental flux dg passing through an incremental area |, dx within the path 1-2 is;
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n(x) I ledx

do =By le dX = Mo Ad
Then the flux linkage enclosed by the incremental flux is

d=n(x)do=po[n(x)]? |% A5
Or

dh= po nszl[%‘)]z% A6

Where ns is the total number of conductors in the slot. The incremental inductance associated

with the path under consideration is

dL = 5= o n 21 AT

ns <y
Since inductance by definition is the product of number of conductors ns carryingl and the
permeance then
dL = ndP A8
then the incremental permeance dP is found by combining the above two equations.
4P = po [A 1 A9
Equation A9 reveals that the calculation of permeance is a three dimensional problem.
However the problem can be reduced to a two dimensional one if instead of permeance the

term specific permeance is used. Since the permeance does not change along Z-axis(in the

direction of l¢) then equation A9 is divided by I to get the specific permeance. Hence

dx
y

— n(x)q2
When equation A10 is integrated over the entire slot depth (i.e in the x direction) the value

for the total specific slot permeance is obtained. Thus;

= pugf [REp2d
p = 515 ALl
Equation A1l is used to determine the specific permeance of the various sections shown in
figure 1.16.
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Hence, for

0 <x<d,

The specific permeance for this section is zero since no current is enclosed in the space
below the conductors. Thus;

Ps=0

(i)dy < x < (ds +dy)

The specific permeance in this section is found as

f(d3+d4) xX— d4d_x —UOE A12
d3 bs bs

(i) (dg + d3) <x < (dg4 +d3 +dy)
The value of specific permeance in this case is;

f(d4+d3+d2) [x—(d4+d3)] dx_ = d2 A13

d4+d3 a3 bs FVbs
(iV) (d4 +ds +d2) <X< (d4 + ds +d, +d1)
Owing to the slanting nature of this section, an empirical relationship is used in getting the

specific permeance. Thus;

odi1
Pl = H

loge (5) Al4

(v) Finally, for the slot opening section the specific permeance is;

P, = uo@ Al5

Using the actual dimensions of the slot all the four permeances can be found. Since they are
all connected in parallel the total specific slot permeance is the sum of all the individual

permeances. Hence;

Ps=Po+pP1+p2+tps Al6
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APPENDIX B
Estimation of stator resistance
The average length of a coil is found as;

LC = 21(: + 4lC2 + 4lC3 Bl

Where, I is the effective length of the stator conductor, I¢; and Ic; are as shown in fig. B1.
These two lengths represent the dimension of overhang. With reference to the figure, Ics is

found as;

l..= Pp@ve) pTs(ave) a7
e 2 JpTp(ave)?—(bc+te)?
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Where all the symbols used are as indicated on the figure.

ptp{'“'e: Tilave)

Figure B1. The stator end winding arrangement.

The resistance of one coil is therefore

nel
r. = Plcc B3

Where p is the resistivity of the conductor and A. is the cross-sectional area of a conductor in
the coil. Since C, conductor is used, pe,= 2.1 X 1076Qcm. The resistance per phase of all the

coils connected in series within a pole pitch is;

’rp = _rC B4
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Where Q; is the number of slots in the stator and P is the total number of poles. The

resistance of one parallel path for ac parallel path machine is;

=T, B5

The net resistance per phase is then the resistance of the C circuit connected in parallel. Thus;

Q1 _Ns I
3¢r2 ¢ ¢V

B6

APPENDIX C
DETERMINATION OF ROTOR PARAMETERS

Structurally, the rotor of induction machines are of two types: the wound rotor and the
squirrel cage rotor. The difference is basically due to the architectural design of the rotor
windings. In wound rotor machines the winding is designed in the same way as the stator
winding and thus the parameter determination in such winding will be similar to that
explained in section 3.10.

However, the squirrel cage induction machine has its rotor made up of conducting bars which
run axially in the rotor slots. The bars are effectively shorted at both ends by another
conducting material called end-rings. The portion of the end-ring between two bars is termed
end ring segment. The physical connections between the bars and the end-rings are as shown

in fig. C1.
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Figure C1: Schematic Representation of Rotor cage of induction motor

The parameter determination is set forth in this section.
Figure C2 represents the meshes formed by the squirrel cage rotor. Where;
Ry ,Lp, are the resistance and inductance of each bar respectively;
Re, Le are the resistance and inductance of each end ring segment;
ibn is the current flowing in the n™ bar;
Ien IS the current flowing in the n" end ring segment;

eon is the induced voltage in the n™ bar;
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Figure C2: Meshes Formed by a Squirrel Cage Rotor

Applying KVL to the mesh formed by bar 1, end ring segment, bar 2 and the other end ring

segment we get;

) ) d,. ) , d ..
ep1 — ep2 = Ry (ips — ip2) + Ly x (ip1 — ip2) + 2Rpieq + 2L, n (ie1) Cl
And by KCL;
ibl + ieo = iel C2

The induced voltages and currents can as well be represented in phasor form as;

(mp)

Ebz = Eble Q2 C3
(jrp)
IbZ = Ible Q2 C4
(jﬂp)/
Iel = Ieoe Q2 C5
Combining equation C2 and C5 yields;
L. = Ipy C6
el — (J'ﬂp)/
1-e Q2
Also from C3 and C4 we get;
(jﬂp)/
Ebl - Ebz = Ebl (1 —e Q2> C7
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And,;
(J'TL'P)/
Ipr — Ipz = Ip1 (1 —-e QZ) C8
Putting equations C3 to C7 in the equivalent vector form of equation C1 yields;

_ (]T[p)/Q _ _ (]T[p)/Q i 2Ipq i
Ep(1—e 2) =1 (1—e 2| (R, +jwLy) + —(jﬂp)/ (R, + jwL,) C9
1-e Q2

Where o denotes the angular frequency induced in the rotor meshes (slip frequency);
W = SW, C10
Where w,the angular frequency of the stator current and s is the slip.

Making Ep; the subject of equation C9 yields;

21b1

Ebl = Ibl(Rb +]wLb) + (jn:p)/ (—jn:p)/ (Re +](‘)Le) Cl1
<1—e Q2>(1—e QZ>
From the identity,
(1-e/)(1—e7*) =e/*(e /™ — /) (e /¥)(e/* — /%) = 4sin’a C12

The denominator of equation C11 reduces to  4sin? (:—p)

2

Equation C9 thus becomes

. Re+jwL
Ebl = Ibl(Rb +_](1)Lb) + Ibl l#(a;_;)l C13
2Q2

From equation C13, it can be deduced that the equivalent bar resistance and inductance

respectively are;

Re

Rpe = Rp + W(ng_pz) Cl4
And
Ly, =L, +—=2—— C15
be — &b Zsinz(%)
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Where, L, and Ry, are found as follows:
The bar is assumed to be confined within the rotor slot as such the specific rotor slot
permeance can be computed using the relationship similar to that of the stator slot (Appendix

A). Thus;

Prg = o [:b + Gt —log, {;’—} + ‘;—] C16
With reference to equation 3.45, the slot leakage/rotor bar is
Ly = nfslerPrsi Cl7
Where all dimensions are as defined in Appendix A.
The bar resistance R, can be computed from the known dimensions of the bar. Let;
Actual bar length be Iy,
Effective stator and rotor length be les= ler,
Bar width b; Bar depth d,
End ring width tye; End ring depth dye
Rotor bar extension Iy,

Average rotor pole pitch tp,

The resistance of one rotor bar is

l
T, = % C18

The resistance of the end ring portion over one rotor slot pitch is

,re _ Tr2Pcu Clg

- tbedbe
The effective bar resistance is thus

The = Tp + ZSmZﬁ C20

2Q2

The resistance per rotor mesh is
T = 2Tpe C21
The rotor resistance referred to the stator is obtained from
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, _ 12k2NZ
rr - QZ T

C22

Appendix D
Estimation of Iron Losses

Corresponding to flux density in tooth B N determine iron loss per Kg from the graph
t—
3

shown in Figure D1. Thus

Blh1 = p; W/Kg

t=
3

D1
Iron loss in teeth
= pi™ density * volume of iron in teeth

= pic™ 7600 * volume of iron in teeth
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Total iron losses  Pj=Iron loss in teeth + Iron loss in yoke

So lc = i
Mo
D2
SOr I
&40
=25
l—-
'-p.
= 20 —
g 10 /
ol_
08 12 16 20 _24
FLUX DENSITY ,Wb/m?2
Figure D1:

Based on the design data of the stator and rotor of an induction motor, performance of the
machine has to be evaluated. The parameters for performance evaluation are iron losses, no
load current, no load power factor, leakage reactance etc. Based on the values of these
parameters design values of stator and rotor can be justified.

Iron losses: Iron losses are occurring in all the iron parts due to the varying magnetic field of
the machine. Iron loss has two components, hysteresis and eddy current losses occurring in the
iron parts depend upon the frequency of the applied voltage. The frequency of the induced
voltage in rotor is equal to the slip frequency which is very low and hence the iron losses
occurring in the rotor is negligibly small. Hence the iron losses occurring in the induction
motor is mainly due to the losses in the stator alone. Iron losses occurring in the stator can be
computed as given below.
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(a) Losses in stator teeth:

The following steps explain the calculation of iron loss in the stator teeth

(1) Calculate the area of cross section of stator tooth based on the width of the tooth at
. . ~ 2
1/3% height and iron length of the core as A'tx=b's X i m”
(11) Calculate the volume all the teeth in stator Vs = A'ts X hes X Sq m’

(iii)  Compute the weight of all the teeth based on volume and density of the material as
Wi = Vi x density. ( density of the material can be found in DDH) (7.8 x 107
kg/m?)

(iv) Corresponding to the operating flux density in the stator teeth of the machine iron
loss per kg of the material can be found by referring to the graph on ppl79 of
DDH.

(v) Total iron losses in teeth= Iron loss /kg x weight of all teeth Wy ie result of (iii) x
(iv)

(c) Losses in stator core

Similar to the above calculation of iron loss in teeth, iron loss in stator core can be
estimated.

(i) Calculate the area of cross section of the core as A, =d. X [ m?
(11) Calculate the mean diameter of the stator core below the slots as Dyes= D + 2 hys +
des m

(1i1) Compute the volume of stator core as Vg = Agg X T Dpyes m’
(iv) Calculate the weight of the stator core as We = Vo X density

(v) Corresponding to the operating flux density in the stator core of the machine iron
loss per kg of the material can be found by referring to the graph on pp 179 of
DDH.

(vi) Total iron losses in core = Iron loss /kg x weight of core W, ie result of (iv) X (v)
Total iron losses in induction motor = Iron 10ss in stator core + iron losses in stator teeth.

In addition friction and windage loss can be taken into account by assuming it as 1- 2 % of
the out put of the motor.

Hence total no load losses = Total iron losses + Friction and windage loss.

APPENDIX E
DEERMINATION OF THE INDUCTION MACHINE PARAMETERS
Normally, all induction machines come with their parameters readily available from the
manufacturers. However, the dual stator winding machine is modification of an existing three
phase induction machine. It is therefore mandatory to determine its parameters before any
analysis can be carried out on it. The parameters to be determined are: stator and rotor
resistances, magnetizing, stator and rotor reactances. Three tests are usually performed for

this purpose. They are DC resistance, no-load and blocked rotor tests (Stephen, 1991).
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E.1 DC resistance Test

The purpose of the DC resistance test is to determine the stator resistance per phase, r;. This
is accomplished by connecting any two stator leads, belonging to one winding set to a
variable voltage DC source as shown in Figure E1. The DC source is adjusted to provide
approximately rated stator current, and the resistance between the two stator leads is

determined from voltmeter and ammeter readings.

r

O ©

Figure E1.  Circuit Diagram for DC Resistance Test

Thus from figure E1,
Rpe = 22¢ El
Ipc

Since the stator is wye connected,

ry =2 E2
E.2 Blocked- Rotor Test

The blocked- rotor test is used to determine X; and X,. When combined with data from the
DC test, it also determines r.

The test is performed by blocking the rotor so that it cannot turn and measuring the line
voltages, line currents and three phase power inputs to ‘a-b-c’ stator winding set. The voltage
is increased from zero in steps up to a value that gives rated currents in the stator windings. A
voltmeter is also connected to the open ‘x-y-z’ winding set to measure the induced voltage in

the winding. The procedure is repeated with xyz winding set connected to the supply and ‘a-

b-c¢’ winding set left open.
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Since the no-load current (l,) at blocked rotor is considerably less than the rotor current (1),
the no-load current may be neglected, enabling a simplification of the equivalent circuit. This

is shown in Figure E2, where Xy, and ry+. are drawn with dotted lines and omitted when

making blocked rotor calculations.

ry/s

n X jX =
o W —— W B
Ier X IOl
- - - =
I :
VER X—
Z— rh+e % é JX
— I :
P— e
___> .
5 .
Figure E2:  Equivalent Circuits per Phase for Blocked Rotor Test

Thus referring to Figure E2 where all values are per phase.

Tl + rz = RBR E3
Zp = 728 E4

P
RBR = IZBB}; E5

Resistance r, is obtained from Rgr by substituting r; from the DC resistance test into

equation E3 Hence,

TZ = RBR - 'r]_ E6
From Figure E2,

Using NEMA design letter, the blocked rotor reactance can be divided into its stator and

rotor components X; and X;

4.3.3 No- Load Test
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The no-load test is used to determine the magnetizing reactance Xy, and the combine core,
friction, and windage losses. These losses are essentially constant for all load conditions
(Stephen, 1991).

The connections for the no-load test are identical to those shown in Figure E3 for the
blocked-rotor test the only difference is in the operation of the test. For the no-load test, the
rotor is unblocked and allowed to run unloaded at rated voltage and frequency.

Rated voltage is applied and then reduced gradually until the slip is becoming high.

Figure E3:  Connection for No-Load Test

As one ‘a-b-¢’ winding set is connected to the supply a voltmeter, V3 iS connected across
two phases of the other ‘x-y-z’ winding set. Thus V3 measures an induced voltage due to
transformer action. On no-load, the operating speed is very close to synchronous speed; the
slip is very close to zero, causing the current in the ro/s branch to be very small. For this
reason, the r,/s branch is drawn with dotted lines, as shown in Figure E3, and omitted from
the no-load current calculations. Furthermore, since 1, is by far greater than Iy, then 1, will
approximately be the same as Iy, thus, the ry.. branch is also drawn with dotted lines, as in

figure 4.6, and omitted from the no-load current calculations.
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Figure E3: Equivalent circuits per phase for no-load test.

Referring to the approximate equivalent circuit shown in figure 4.6 for the no-load test, the
apparent power input per phase is

St = Vi * Iy E8
The reactive power per phase is determined from

Sni = \/m E9
Expressing the reactive power in terms of current and reactance, and solving for the

equivalent reactance at no-load, yields:

X = %
E10
Where, as indicated in Figure E3
Xu=X1+X,
Ell

Substituting X; as determined from the blocked-rotor test, into equation E11 permits the

determination of X,,.

The input power per phase at no-load includes the core loss, stator copper loss, windage loss,
and friction loss. That is,
Pnl=1£l*(r1+rc)+pr E12
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Separation of friction and windage losses from the no-load may be accomplished by plotting
the no-load power versus voltage squared for low values of voltage and then extrapolating to

zero voltage (Stephen, 1991).

APPENDIX F

MATLAB CODES FOR G.A OPTIMIZATION
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999900

0000 °

Title: Multi-objective Genetic Algorithm Optimization of Power
Factor and Power Efficiency

000000 0. 0 0 QO 0. 0 0 QO 0. 0 O 0. 0 0 QO 0. 0 O 0. 0 0 QO 0. 0 O 0. 0 O 0. 0 0 QO 0. 0 O 0. 0 0 QO 0. 0 O 0. 0 0 QO

Program Code of the Power Efficiency Objective function
function y = P _Eff (x)
Dis = 0.15; %

Le = 0.1;

Kl = 0.96;
Ws = 25*pi;
Ks = 3*le4;
Bg = 0.63;

Pmechl = 3.0*1le4;
L = 0.00673;

Im =0.276;

f = 50;

xXr = 2*pi*f*L;

xm = 2*pi*f*Lm;
xt = (xr + xm)"2;
y(:,1) =

(Pmechl/ (((sgrt(2)*pi~2)/120) *Ws*K1* (Dis”2) *Le*Bg*Ks*x (:,1) /sqgrt (xt
+ x(:,1)72)));
end

Program Code of the Power Factor Objective function
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function y = P_factor (x)
L =0.00673;

ILm =0.276;

f = 50;

xr = 2*pi*f*L;

xm = 2*pi*f*Lm;

Xt = (xr + xm)"2;

y(:,1) = (x(:,1)/sqgrt(xt + x(:,1)"2));

end

S5 5555555555555 55%5 5555555555555 %5%5%5%55%555%555%555%55%5%55%5%5%5%5%5%5%5%%%%

Main Program Code of the Multi-objective functions

clc

fl = @(x) P _factor(x); %Power Factor as the first Objective Function
f2 = @(x) P Eff(x);% Power Factor as the second Objective

Function

[ [

% % Combine two objectives 'fl' and 'f2'
combfun = @(x) [fl(x) f2(x)];:

% Bound constraints on X
1lb = [100 100]; ub = [200 200];

% % Specify the initial range for population
options = gaoptimset ('PopInitRange', [1lb;ubl);
% % Minimize using GAMULTIOBJ

[x,fval] = gamultiobj (combfun,2,[]1,[]1,[],[]1,1b,ub,options)

oe

oe

Display Pareto fronts and rank of individuals while GAMULTIOBJ
minimizes
options = gaoptimset ('PopInitRange’', [1b;ub]);
options = gaoptimset (options, 'PlotFcns', {@gaplotpareto});
[x,fval,exitflag,output] =
gamultiobj (combfun, 2, []1,[],[]1,[],1b,ub,options)

oe

o\°
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APPENDIX G

Lua-Script for FEM

[Format] = 3.3
[Frequency] = 0
[Precision] = 1.000000119209296e-08
[Depth] = 100
[LengthUnits] = millimeters
[ProblemType] = planar
[Coordinates] = cartesian
[Comment] = "Motor for test in Padova"
[PointProps] =0
[BdryProps] =5
<BeginBdry>
<BdryName> ="Az0"
<BdryType>=0
<A 0>=0
<A 1>=0
<A 2>=0
<Phi>=0
<c0>=0
<cl>=0
<Mu_ssd>=0
<Sigma_ssd>=0
<EndBdry>
<BeginBdry>
<BdryName> = "AntiPeriodical"
<BdryType> =4
<A 0>=0
<A_1>=0
<A _2>=0
<Phi>=0
<c0>=0
<cl>=0
<Mu_ssd>=0
<Sigma_ssd>=0
<EndBdry>
<BeginBdry>
<BdryName> = "AntiPeriodica2"
<BdryType>=14
<A 0>=0
<A 1>=0
<A 2>=0
<Phi>=0
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<c0>=0
<cl>=0
<Mu_ssd>=0
<Sigma_ssd>=0
<EndBdry>
<BeginBdry>
<BdryName> = "AntiPeriodica3"
<BdryType> =4
<A _0>=0
<A_1>=0
<A 2>=0
<Phi>=0
<c0>=0
<cl>=0
<Mu_ssd>=0
<Sigma_ssd>=0
<EndBdry>
<BeginBdry>
<BdryName> = "AntiPeriodica4"
<BdryType> = 4
<A 0>=0
<A 1>=0
<A 2>=0
<Phi>=0
<c0>=0
<cl>=0
<Mu_ssd>=0
<Sigma_ssd>=0
<EndBdry>
[BlockProps] =51
<BeginBlock>
<BlockName> = "Copperl"

<Mu x>=1
<Mu_y>=1
<H ¢>=0
<H_cAngle>=0
<Jre>=0
<J im>=0
<Sigma>=0
<d_lam>=0
<Phi_h>=0
<Phi_hx>=0
<Phi_hy>=0

<LamType>=10
<LamFill>=0
<BHPoints>=0
<EndBlock>
<BeginBlock>
<BlockName> = "Copper2"
<Mu x>=1
<Mu y>=1
<H_c>=0
<H_cAngle>=0
<Jre>=0
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<J im>=0
<Sigma>=0
<d_lam>=0
<Phi_h>=0
<Phi_hx>=0
<Phi_hy>=0
<LamType>=0
<LamFill>=0
<BHPoints> =0
<EndBlock>
<BeginBlock>
<BlockName> = "Copper3"
<Mu_ x>=1
<Mu_y>=1
<H c>=0
<H_cAngle>=0
<Jre>=0
<J im>=0
<Sigma>=0
<d_lam>=0
<Phi_ h>=0
<Phi_hx>=0
<Phi_hy>=0
<LamType>=10
<LamFill>=0
<BHPoints>=0
<EndBlock>
<BeginBlock>
<BlockName> = "Copper4"
<Mu x>=1

<Mu y>=1

<H c>=0
<H_cAngle>=0
<Jre>=0

<J im>=0
<Sigma>=0
<d_lam>=0
<Phi_h>=0
<Phi_hx>=0
<Phi_hy>=0

<LamType>=0
<LamFill>=0
<BHPoints>=0
<EndBlock>
<BeginBlock>
<BlockName> = "Copper5"
<Mu x>=1
<Mu_y>=1
<H_c¢>=0
<H_cAngle>=0
<Jre>=0
<J im>=0
<Sigma>=0
<d _lam>=0
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<Phi_h>=0
<Phi_hx>=0
<Phi_hy>=0
<LamType>=10
<LamFill>=0
<BHPoints> =0
<EndBlock>
<BeginBlock>
<BlockName> = "Copper6"
<Mu_ x>=1
<Mu_y>=1
<H ¢>=0
<H_cAngle>=0
<Jre>=0
<J im>=0
<Sigma>=0
<d_lam>=0
<Phi_h>=0
<Phi_hx>=0
<Phi_hy>=0
<LamType>=10
<LamFill>=0
<BHPoints>=0
<EndBlock>
<BeginBlock>
<BlockName> = "Copper7"
<Mu x>=1

<Mu y>=1
<H_c>=0
<H_cAngle>=0
<Jre>=0

<J im>=0
<Sigma>=0
<d_lam>=0
<Phi_h>=0
<Phi_hx>=0
<Phi_hy>=0

<LamType>=0
<LamFill>=0
<BHPoints> =0
<EndBlock>
<BeginBlock>
<BlockName> = "Copper8"
<Mu x>=1

<Mu_y>=1
<H_c¢>=0
<H_cAngle>=0
<Jre>=0

<J im>=0
<Sigma>=0
<d_lam>=0
<Phi_h>=0
<Phi_hx>=0
<Phi_hy>=0
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<LamType>=10
<LamFill>=0
<BHPoints> =0
<EndBlock>
<BeginBlock>
<BlockName> = "Copper9"
<Mu_x>=1

<Mu_y>=1
<H_c>=0
<H_cAngle>=0
<Jre>=0

<J im>=0
<Sigma>=0
<d_lam>=0
<Phi_h>=0
<Phi_hx>=0
<Phi_hy>=0

<LamType>=10
<LamFill>=0
<BHPoints> =0
<EndBlock>
<BeginBlock>
<BlockName> = "Copper10"
<Mu_x>=1

<|\/|u_y> =1

<H c>=0
<H_cAngle>=0
<Jre>=0

<J im>=0
<Sigma>=0

<d lam>=0
<Phi_h>=0
<Phi_hx>=0
<Phi_hy>=0

<LamType>=0
<LamFill>=0
<BHPoints> =0
<EndBlock>
<BeginBlock>
<BlockName> = "Copper11"
<Mu_x>=1

<Mu_y>=1
<H_c¢>=0
<H_cAngle>=0
<Jre>=0

<J im>=0
<Sigma>=0
<d_lam>=0
<Phi_h>=0
<Phi_hx>=0
<Phi_hy>=0

<LamType>=0
<LamFill>=0
<BHPoints>=0

269



<EndBlock>

<BeginBlock>
<BlockName> = "Copper12"
<Mu x>=1

<Mu_y>=1
<H_¢>=0
<H_cAngle>=0
<Jre>=0

<J im>=0
<Sigma>=0
<d_lam>=0
<Phi_h>=0
<Phi_hx>=0
<Phi_hy>=0

<LamType>=0
<LamFill>=0
<BHPoints> =0
<EndBlock>
<BeginBlock>
<BlockName> = "Copper13"
<Mu_x>=1

<Mu_y>=1
<H_c¢>=0
<H_cAngle>=0
<Jre>=0

<J im>=0
<Sigma>=0

<d lam>=0
<Phi_h>=0
<Phi_hx>=0
<Phi_hy>=0

<LamType>=0
<LamFill>=0
<BHPoints> =0
<EndBlock>
<BeginBlock>
<BlockName> = "Copper14"
<Mu_x>=1

<Mu_y>=1
<H_c¢>=0
<H_cAngle>=0
<Jre>=0

<J im>=0
<Sigma>=0
<d_lam>=0
<Phi_h>=0
<Phi_hx>=0
<Phi_hy>=0

<LamType>=0
<LamFill>=0
<BHPoints> =0
<EndBlock>
<BeginBlock>
<BlockName> = "Copper15"
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<Mu x>=1

<Mu_y>=1
<H_c>=0
<H_cAngle>=0
<Jre>=0

<J im>=0
<Sigma>=0
<d_lam>=0
<Phi_h>=0
<Phi_hx>=0
<Phi_hy>=0

<LamType>=0
<LamFill>=0
<BHPoints> =0
<EndBlock>
<BeginBlock>
<BlockName> = "Copper16"
<Mu_x>=1

<Mu_y>=1
<H_c¢>=0
<H_cAngle>=0
<Jre>=0

<J im>=0
<Sigma>=0
<d_lam>=0
<Phi_h>=0
<Phi_hx>=0
<Phi_hy>=0

<LamType>=0
<LamFill>=0
<BHPoints> =0
<EndBlock>
<BeginBlock>
<BlockName> = "Copperl7"
<Mu_x>=1

<Mu_y>=1
<H_c>=0
<H_cAngle>=0
<Jre>=0

<J im>=0
<Sigma>=0
<d_lam>=0
<Phi_h>=0
<Phi_hx>=0
<Phi_hy>=0

<LamType>=10
<LamFill>=0
<BHPoints> =0
<EndBlock>
<BeginBlock>
<BlockName> = "Copper18"
<Mu_ x>=1
<Mu_y>=1
<H_c>=0
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<H_cAngle>=0

<Jre>=0
<J im>=0
<Sigma>=0
<d_lam>=0
<Phi_h>=0
<Phi_hx>=0
<Phi_hy>=0

<LamType>=0
<LamFill>=0
<BHPoints> =0
<EndBlock>
<BeginBlock>
<BlockName> = "Copper19"
<Mu_x>=1

<Mu_y>=1
<H_c¢>=0
<H_cAngle>=0
<Jre>=0

<J im>=0
<Sigma>=0
<d_lam>=0
<Phi_h>=0
<Phi_hx>=0
<Phi_hy>=0

<LamType>=0
<LamFill>=0
<BHPoints> =0
<EndBlock>
<BeginBlock>
<BlockName> = "Copper20"
<Mu_x>=1

<Mu_y>=1

<H c>=0
<H_cAngle>=0
<Jre>=0

<J im>=0
<Sigma>=0
<d_lam>=0
<Phi_h>=0
<Phi_hx>=0
<Phi_hy>=0

<LamType>=10
<LamFill>=0
<BHPoints> =0
<EndBlock>
<BeginBlock>
<BlockName> = "Copper21"
<Mu_x>=1
<Mu_y>=1
<H_c¢>=0
<H_cAngle>=0
<J_re>=0
<J im>=0
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<Sigma>=0
<d_lam>=0
<Phi_h>=0
<Phi_hx>=0
<Phi_hy>=0
<LamType>=0
<LamFill>=0
<BHPoints> =0
<EndBlock>
<BeginBlock>
<BlockName> = "Copper22"
<Mu_ x>=1
<Mu_y>=1
<H_¢>=0
<H_cAngle>=0
<Jre>=0
<J im>=0
<Sigma>=0
<d_lam>=0
<Phi_h>=0
<Phi_hx>=0
<Phi_hy>=0
<LamType>=0
<LamFill>=0
<BHPoints> =0
<EndBlock>
<BeginBlock>
<BlockName> = "Copper23"
<Mu x>=1

<Mu_y>=1

<H c>=0
<H_cAngle>=0
<Jre>=0

<J im>=0
<Sigma>=0
<d_lam>=0
<Phi_h>=0
<Phi_hx>=0
<Phi_hy>=0

<LamType>=10
<LamFill>=0
<BHPoints> =0
<EndBlock>
<BeginBlock>
<BlockName> = "Copper24"
<Mu_x>=1
<Mu_y>=1
<H_c>=0
<H_cAngle>=0
<Jre>=0
<J im>=0
<Sigma>=0
<d _lam>=0
<Phi_h>=0
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<Phi_hx>=0
<Phi_hy>=0
<LamType>=0
<LamFill>=0
<BHPoints> =0
<EndBlock>
<BeginBlock>
<BlockName> = "Copper25"
<Mu_x>=1
<Mu_y>=1
<H c>=0
<H_cAngle>=0
<Jre>=0
<J im>=0
<Sigma>=0
<d_lam>=0
<Phi_h>=0
<Phi_hx>=0
<Phi_hy>=0
<LamType>=0
<LamFill>=0
<BHPoints> =0
<EndBlock>
<BeginBlock>
<BlockName> = "Copper26"
<Mu x>=1

<Mu_y>=1

<H c>=0
<H_cAngle>=0
<Jre>=0

<J im>=0
<Sigma>=0
<d_lam>=0
<Phi_h>=0
<Phi_hx>=0
<Phi_hy>=0

<LamType>=0
<LamFill>=0
<BHPoints> =0
<EndBlock>
<BeginBlock>
<BlockName> = "Copper27"
<Mu x>=1

<Mu_y>=1
<H ¢c>=0
<H_cAngle>=0
<Jre>=0

<J im>=0
<Sigma>=0
<d_lam>=0
<Phi_h>=0
<Phi_hx>=0
<Phi_hy>=0

<LamType>=10
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<LamFill>=0
<BHPoints> =0
<EndBlock>
<BeginBlock>
<BlockName> = "Copper28"
<Mu_ x>=1
<Mu_y>=1
<H c>=0
<H_cAngle>=0
<Jre>=0
<J im>=0
<Sigma>=0
<d_lam>=0
<Phi_h>=0
<Phi_hx>=0
<Phi_hy>=0
<LamType>=0
<LamFill>=0
<BHPoints> =0
<EndBlock>
<BeginBlock>
<BlockName> = "Copper29"
<Mu x>=1

<Mu_y>=1
<H_¢>=0
<H_cAngle>=0
<Jre>=0

<J im>=0
<Sigma>=0
<d_lam>=0
<Phi_h>=0
<Phi_hx>=0
<Phi_hy>=0

<LamType>=10
<LamFill>=0
<BHPoints> =0
<EndBlock>
<BeginBlock>
<BlockName> = "Copper30"
<Mu x>=1

<Mu y>=1
<H_c¢>=0
<H_cAngle>=0
<Jre>=0

<J im>=0
<Sigma>=0
<d_lam>=0
<Phi_h>=0
<Phi_hx>=0
<Phi_hy>=0

<LamType>=0

<LamFill>=0

<BHPoints>=0
<EndBlock>
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<BeginBlock>
<BlockName> = "Copper31"
<Mu_ x>=1
<Mu_y>=1
<H_¢>=0
<H_cAngle>=0
<Jre>=0
<J im>=0
<Sigma>=0
<d_lam>=0
<Phi_h>=0
<Phi_hx>=0
<Phi_hy>=0
<LamType>=0
<LamFill>=0
<BHPoints>=0
<EndBlock>
<BeginBlock>
<BlockName> = "Copper32"
<Mu x>=1

<Mu_y>=1
<H_¢>=0
<H_cAngle>=0
<Jre>=0

<J im>=0
<Sigma>=0
<d_lam>=0
<Phi_h>=0
<Phi_hx>=0
<Phi_hy>=0

<LamType>=0
<LamFill>=0
<BHPoints>=0
<EndBlock>
<BeginBlock>
<BlockName> = "Copper33"
<Mu x>=1

<Mu y>=1
<H_c>=0
<H_cAngle>=0
<Jre>=0

<J im>=0
<Sigma>=0
<d_lam>=0
<Phi_h>=0
<Phi_hx>=0
<Phi_hy>=0

<LamType>=0
<LamFill>=0
<BHPoints> =0
<EndBlock>
<BeginBlock>
<BlockName> = "Copper34"
<Mu x>=1
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<Mu_y>=1

<H_c>=0
<H_cAngle>=0
<Jre>=0

<J im>=0
<Sigma>=0
<d_lam>=0
<Phi_h>=0
<Phi_hx>=0
<Phi_hy>=0

<LamType>=0
<LamFill>=0
<BHPoints> =0
<EndBlock>
<BeginBlock>
<BlockName> = "Copper35"
<Mu x>=1

<Mu_y>=1
<H_c¢>=0
<H_cAngle>=0
<Jre>=0

<J im>=0
<Sigma>=0
<d_lam>=0
<Phi_ h>=0
<Phi_hx>=0
<Phi_hy>=0

<LamType>=0
<LamFill>=0
<BHPoints> =0
<EndBlock>
<BeginBlock>
<BlockName> = "Copper36"
<Mu_x>=1

<Mu y>=1
<H_c>=0
<H_cAngle>=0
<Jre>=0

<J im>=0
<Sigma>=0
<d_lam>=0
<Phi_h>=0
<Phi_hx>=0
<Phi_hy>=0

<LamType>=0
<LamFill>=0
<BHPoints>=0
<EndBlock>
<BeginBlock>
<BlockName> = "Copper37"
<Mu_x>=1
<Mu_y>=1
<H_c>=0
<H_cAngle>=0
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<Jre>=0

<J im>=0
<Sigma>=0
<d _lam>=0
<Phi_h>=0
<Phi_hx>=0
<Phi_hy>=0

<LamType>=0
<LamFill>=0
<BHPoints> =0
<EndBlock>
<BeginBlock>
<BlockName> = "Copper38"
<Mu_x>=1

<Mu_y>=1
<H_c¢>=0
<H_cAngle>=0
<Jre>=0

<J im>=0
<Sigma>=0
<d_lam>=0
<Phi_h>=0
<Phi_hx>=0
<Phi_hy>=0

<LamType>=0
<LamFill>=0
<BHPoints>=0
<EndBlock>
<BeginBlock>
<BlockName> = "Copper39"
<Mu_x>=1

<Mu y>=1
<H_c¢>=0
<H_cAngle>=0
<Jre>=0

<J im>=0
<Sigma>=0

<d lam>=0
<Phi_h>=0
<Phi_hx>=0
<Phi_hy>=0

<LamType>=0
<LamFill>=0
<BHPoints>=0
<EndBlock>
<BeginBlock>
<BlockName> = "Copper40"
<Mu_x>=1
<Mu y>=1
<H_c¢>=0
<H_cAngle>=0
<J_re>=0
<J im>=0
<Sigma>=0
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<d _lam>=0

<Phi_h>=0
<Phi_hx>=0
<Phi_hy>=0

<LamType>=0
<LamFill>=0
<BHPoints> =0
<EndBlock>
<BeginBlock>
<BlockName> = "Copper41"
<Mu_x>=1

<Mu_y>=1
<H_c>=0
<H_cAngle>=0
<Jre>=0

<J im>=0
<Sigma>=0
<d_lam>=0
<Phi_h>=0
<Phi_hx>=0
<Phi_hy>=0

<LamType>=10
<LamFill>=0
<BHPoints> =0
<EndBlock>
<BeginBlock>
<BlockName> = "Copper42"
<Mu_x>=1

<Mu_y>=1

<H c¢>=0
<H_cAngle>=0
<Jre>=0

<J im>=0
<Sigma>=0

<d lam>=0
<Phi_h>=0
<Phi_hx>=0
<Phi_hy>=0

<LamType>=0
<LamFill>=0
<BHPoints> =0
<EndBlock>
<BeginBlock>
<BlockName> = "Copper43"
<Mu_x>=1

<Mu_y>=1
<H_c¢>=0
<H_cAngle>=0
<Jre>=0

<J im>=0
<Sigma>=0
<d_lam>=0
<Phi_h>=0
<Phi_hx>=0
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<Phi_hy>=0
<LamType>=0
<LamFill>=0
<BHPoints> =0
<EndBlock>
<BeginBlock>
<BlockName> = "Copper44"
<Mu_x>=1

<Mu_y>=1
<H_¢>=0
<H_cAngle>=0
<Jre>=0

<J im>=0
<Sigma>=0
<d_lam>=0
<Phi_h>=0
<Phi_hx>=0
<Phi_hy>=0

<LamType>=0
<LamFill>=0
<BHPoints> =0
<EndBlock>
<BeginBlock>
<BlockName> = "Copper45"
<Mu_x>=1

<Mu_y>=1
<H_c¢>=0
<H_cAngle>=0
<Jre>=0

<J im>=0
<Sigma>=0

<d lam>=0
<Phi_h>=0
<Phi_hx>=0
<Phi_hy>=0

<LamType>=0
<LamFill>=0
<BHPoints> =0
<EndBlock>
<BeginBlock>
<BlockName> = "Copper46"
<Mu_x>=1

<Mu_y>=1

<H c>=0
<H_cAngle>=0
<Jre>=0

<J im>=0
<Sigma>=0
<d_lam>=0
<Phi_h>=0
<Phi_hx>=0
<Phi_hy>=0

<LamType>=10
<LamFill>=0
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<BHPoints> =0
<EndBlock>
<BeginBlock>
<BlockName> = "Copper47"
<Mu_x>=1

<Mu_y>=1

<H c>=0
<H_cAngle>=0
<Jre>=0

<J im>=0
<Sigma>=0
<d_lam>=0
<Phi_h>=0
<Phi_hx>=0
<Phi_hy>=0

<LamType>=0
<LamFill>=0
<BHPoints> =0
<EndBlock>
<BeginBlock>
<BlockName> = "Copper48"
<Mu_x>=1

<Mu_y>=1
<H_¢>=0
<H_cAngle>=0
<Jre>=0

<J im>=0
<Sigma>=0
<d_lam>=0
<Phi_h>=0
<Phi_hx>=0
<Phi_hy>=0

<LamType>=0
<LamFill>=0
<BHPoints> =0
<EndBlock>
<BeginBlock>
<BlockName> = "Air"

<Mu x>=1
<Mu_y>=1
<H ¢>=0
<H_cAngle>=0
<Jre>=0
<J im>=0
<Sigma>=0
<d_lam>=0
<Phi_h>=0
<Phi_hx>=0
<Phi_hy>=0

<LamType>=0

<LamFill> =1

<BHPoints> =0
<EndBlock>
<BeginBlock>
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<BlockName> = "Aluminum"
<Mu_ x>=1
<Mu_y>=1
<H_c>=0
<H_cAngle>=0
<J_re>=0
<J im>=0
<Sigma> = 25
<d_lam>=0
<Phi_h>=0
<Phi_hx>=0
<Phi_hy>=0
<LamType>=0
<LamFill> =1
<BHPoints> =0
<EndBlock>
<BeginBlock>
<BlockName> = "1010 Steel"
<Mu_x> = 902.60000000000002
<Mu_y> = 902.60000000000002
<H c>=0
<H_cAngle>=0
<Jre>=0
<J im>=0
<Sigma>=0
<d_lam>=0
<Phi_h>=0
<Phi_hx>=0
<Phi_hy>=0
<LamType>=0
<LamFill> =1
<BHPoints> = 16
<EndBlock>
[CircuitProps] =2
<BeginCircuit>
<CircuitName> = "positive"
<VoltGradient_re>=0
<VoltGradient_im>=10
<TotalAmps_re> = 240
<TotalAmps_im>=0
<CircuitType>=0
<EndCircuit>
<BeginCircuit>
<CircuitName> = "negative"
<VoltGradient_re>=0
<VoltGradient_im>=10
<TotalAmps_re> = -240
<TotalAmps_im>=0
<CircuitType>=0
<EndCircuit>
[NumPoints] = 998
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-- Post computations

-- load the motor data
dofile('motordata.lua’)

--Lunghezza in metri
Lstk=Lstk/1000

-- inizializzo i flussi concatenati

flussoA_re=0
flussoB_re=0
flussoC _re=0
flussoA_im=0
flussoB_im=0
flussoC_im=0

flussoX_re=0
flussoY _re=0
flussoZ_re=0
flussoX_im=0
flussoY_im=0
flussoZ_im=0

groupselectblock(1001)
Sup = blockintegral(5)
clearblock()

forq=1, Qsim,1do

groupselectblock(1000+qg) -- le cave sono 1001, 1002, ...
Areal, Aimag = blockintegral(1)
clearblock()

Areal = Areal / Sup
Aimag = Aimag / Sup

flussoA_re = flussoA_re + Areal * ka[q]
flussoB_re = flussoB_re + Areal * kb[q]
flussoC_re = flussoC_re + Areal * kc[q]
flussoX_re = flussoX_re + Areal * kx[q]
flussoY_re = flussoY _re + Areal * ky[q]
flussoZ_re = flussoZ_re + Areal * kz[q]

flussoA_im = flussoA_im + Aimag * ka[q]
flussoB_im = flussoB_im + Aimag * kb[q]
flussoC_im = flussoC_im + Aimag * kc[q]
flussoX_im = flussoX_im + Aimag * kx[q]
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flussoY_im = flussoY_im + Aimag * ky[q]
flussoZ_im = flussoZ_im + Aimag * kz[q]

end

flussoA_re = flussoA_re * Lstk * nc
flussoB_re = flussoB_re * Lstk * nc
flussoC _re = flussoC_re * Lstk * nc
flussoX_re = flussoX_re * Lstk * nc
flussoY _re = flussoY _re * Lstk * nc
flussoZ_re = flussoZ_re * Lstk * nc

flussoA_im = flussoA_im * Lstk * nc
flussoB_im = flussoB_im * Lstk * nc
flussoC_im = flussoC_im * Lstk * nc
flussoX_im = flussoX_im * Lstk * nc
flussoY_im = flussoY _im * Lstk * nc
flussoZ_im = flussoZ_im * Lstk * nc

-- coppia e perdite

groupselectblock(10)
Torque = blockintegral(22)
RotLosses = blockintegral(6)
clearblock()

-- energia

groupselectblock()
Energy = blockintegral(2)
Coenergy = blockintegral(17)
Alintrg = blockintegral(0)

-- Callcolo il massimo modulo dell'induzione nei denti di statore
--Calcolo il modulo lungo un percorso e ne tengo il valore massimo
Bmaxs=0
fork=0, 360,1 do
x=Rs*cos(k)
y=Rs*sin(k)
Are, Aim, Blre, Blim, B2re, B2im, Sig, E, H1re, H1im, H2re, H2im, Jere, Jeim,Jsre,Jsim,
Mulre, Mulim, Mu2re, Mu2im, Pe, Ph = getpointvalues(x,y)
B=sqrt((B1re"2+Blim"2)+(B2re"2+B2im"2))
if B>Bmaxs then
Bmaxs=B
end
end

-- Callcolo il massimo modulo dell'induzione nei denti di rotore
--Calcolo il modulo lungo un percorso e ne tengo il valore massimo
Bmaxr=0
for k=0, 360 ,1 do
x=Rr*cos(k)
y=Rr*sin(Kk)
Are, Aim, Blre, Blim, B2re, B2im, Sig, E, Hlre, H1im, H2re, H2im, Jere, Jeim,Jsre,Jsim,
Mulre, Mulim, Mu2re, Mu2im, Pe, Ph = getpointvalues(x,y)
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B=sqrt((B1re"2+Blim"2)+(B2re"2+B2im"2))
if B>Bmaxr then

Bmaxr=B
end
end

-- Callcolo il massimo modulo dell'induzione nella corona di statore
--Calcolo il modulo lungo un percorso e ne tengo il valore massimo
Bmaxc=0
fork=0, 360,1 do
x=Rc*cos(k)
y=Rc*sin(k)
Are, Aim, Blre, Blim, B2re, B2im, Sig, E, H1re, H1lim, H2re, H2im, Jere, Jeim,Jsre,Jsim,
Mulre, Mulim, MuZ2re, Mu2im, Pe, Ph = getpointvalues(x,y)
B=sqrt((B1re"2+B1lim"2)+(B2re"2+B2im"2))
if B>Bmaxc then
Bmaxc=B
end
end

-- scrittura su file

handle=openfile('Result.txt',"a")
write(handle,
flussoA re, " ",

flussoA_im, " ",

flussoB re, " ",

flussoB_im, " ",

flussoC _re, " ",

flussoC_im, " ",

flussoX _re, " ",

flussoX_im, " ",

flussoY re, " ",
flussoY _im, " ",
flussoZ re, " ",

flussoZ_im, " ",
Torque, " ",
RotLosses, " ",

Energy, ,
Coenergy, " ",
Alintrg, " ",
Bmaxs, "\t",
Bmaxr, "\t",
Bmaxc, "\t",
"\n")
closefile(handle)

exitpost()

Appendix H.
Salient Steps for the Construction of a Circle Diagram.

Step 1: Obtain equivalent circuit parameters.
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Step 2: Obtain a short circuit Is. and open circuit I, currents and their corresponding
power factors cosdsc and cos, respectively.
Note: The above two steps can readily be obtained from no load and blocked rotor tests.

With reference to figure 5.50 on page 221, the remaining steps are as outlined below:

Step 3: Draw 2 vertical axes intersecting at point O.

Step 4: Draw OO’= |y at angle ¢, to the vertical axis.

Step 5: Draw O’E parallel to X-axis.

Step 6: Draw OB=lg at angle ¢ to the vertical axis.

Step 7: Join O’ with B.

Step 8: Construct the perpendicular bisector of O’B intersecting the line O°D at C.
point C is the center of the circle having radius O’C.

Step 9: Draw the circle O’BD.

Step 10: Draw a perpendicular line to O’D at point F from B.

Step 11: Draw a line from O’ to cut BF at G. such that:

BG rotor resistance refered to stator 1y

GF stator resistance Ty

Note: the line O’G is known as torque line and line O’B as output line. The diagram can be
used to determine the characteristics of the machine at any load current.
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