SCHOOL OF ELECTRICAL AND COMPUTER ENGINEERING

PERFORMANCE ENHANCEMENT OF AC MACHINES AND
PERMANENT MAGNET GENERATORS FOR SUSTAINABLE
ENERGY APPLICATIONS

JIANYI CHEN

This thesis is presented as part of the requirements for
the award of the degree of Doctor of Philosophy
of the
Curtin University of Technology

December 1999



SYNOPSIS

Sustainable energy solutions are aimed to reduce the consumption of fossil fuels by
using renewable energy sources and energy efficiency techniques. This thesis

presents two new sustainable energy applications in the field of electrical machines.

Polyphase induction motors dominate the energy usage spectrum for industrial and
commercial applications. The conventional winding structure used in both
synchronous and induction machines has a basic unit of the winding with a 60 degree
phase belt and a three phase connection either in star or delta. A new winding
structure using an innovative Star-Delta Series Connection (SDSC) which has a high
winding coefficient and low harmonic content is presented in this thesis, The
principle of the SDSC winding is described. The Electro-Magnetic Belt and Electro-
Magnetic Space diagram are two important means to be used for optimization of the new
winding. Experimental results from two prototypes confirm the theoretical analysis.
The efficiency of the new machine at rated load increased by about 3.8% as

compared to the standard machine with a conventional winding structure.

Wind energy is one of the most attractive renewable energy options. Wind turbines
are designed to couple either synchronous or asynchronous generators with various
forms of direct or indirect connection with grid or diesel generators. Permanent
magnet (PM) generators using high energy Neodymium- Iron-Boron magnets offer
advantages such as direct coupling without gear box, absence of excitation winding
and slip rings, light weight and smaller size. This thesis presents the design and
development of an outer-rotor PM generator suitable for wind energy conversion.
The initial electromagnetic design followed by a Finite Element Analysis is
presented in detail. A 20 kW prototype machine was built and extensively tested. It
was found that the machine could maintain an efficiency of about 85% for a wide
operating range. Equivalent circuit models were developed. The results of the Finite

Element analysis matches closely with the experimental and the designed values.
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CHAPTER ONE

INTRODUCTION

Before the energy crisis was realized, electrical machine technology focus on
providing durable products with extended service life as economically as practical.
Then, the Arab oil embargo in 1970s and the ensuing awaking to a worldwide energy
shortage resulted in a new era for the electrical machinery industry. The impact of
these events on electrical machines is considerable. How to conserve the world
energy resources through optimum design and renewable energy application of

electrical machines is the subject of this thesis.

1.1 Efficiency Improvement in Electric Motors

A recent study [1.1] by US Department of Energy showed that the number of electric
motors in the 1 ~ 120-hp range was more than 125 million and 53-58% of the electric
energy generated is consumed by electric motor-driven systems. This study presents
us a great potential for energy saving by wisely designed energy-efficient electric
motors and the devices they drive. An electric motor is a device for converting
electrical energy to mechanical energy. The only power consumed by an electric
motor is the electrical and mechanical energy losses within the motor, and the
balance of the electrical energy is transferred as mechanical energy to driven devices
such as machine tools, pumps, fans or conveyors. It is estimated that the motor losses

are 5-25% of the input power, depending on the power rating of the motor.



Since energy shortage problem emerged in 1970’s and the increasing cost of electric
power, motor manufacturers have been facing the challenge to improve electric
motor efficiencies to levels that would represent significant savings in energy.
Statistics shows that the majority of the motors used in industry around the world are
three-phase AC electric motors and most of them are AC polyphase induction
motors. Synchronous machines account for less than 1% of the motor-drive energy
used in the USA [1.2], and the AC polyphase induction motors dominate the energy
usage spectrum insofar as electric motors are concerned. The energy usage of these
category ratings of 5 hp and above, is 93% of the total electric motor usage.
Induction motor rated and lower, including the fractional horsepower category,
account for approximately 5% of the total motor energy utilization. It is seen that
even a small percent increase of efficiency, say 1%, from every three-phase electric
motor will result in a considerable energy saving in power supply. To achieve the
goal of energy efficiency a new dimension has been added to motor technology and

design of energy-efficient motor has become a trend in electrical machine industry.

Optimum design of electrical machine took the advantage of the availability of
computer-aided design, high-quality materials, and improved manufacturing
technology. It can be found that today’s motor provides longer service life in much
more severe environments than any of its predecessor designs. These actions have
been anti-inflationary and have contributed in a major way to world industrialization.
The relatively inexpensive energy conversion from electrical to mechanical form
provided by electric motors has made possible many of the advances in industrial
technology that we enjoy today. For many years, the trend was toward smaller and

lighter motors in order to lower cost. Coincident with the trend toward smaller



motors, many users and original equipment manufacturers have been choosing to
purchase the low-first-cost motor without considering the power factor and
efficiency. Similarly, many books and handbooks on electric motors discuss in great
detail the design and performance characteristics of electric motors and the
characteristics of various types of motor loads and how to match the motor to the
load requirements. However, efficiency, the power factor, energy costs, and life-
cycle costing have not been considered as major factors in the design and selection of

an electric motor in most applications.

What is the efficiency of an electric motor? Generally speaking, it is the measure of
the ability of an electric motor to convert electrical energy to mechanical energy; i.e.,
kilowatts of electric power are supplied to the motor at its electrical terminals, and
the horsepower of mechanical energy is taken out of the motor at the rotating shaft.
Therefore, the only power absorbed by the electric motor is the losses incurred in

making the conversion from electrical to mechanical energy.

Now, it is quite clear that the task to achieve high efficient-operation of an electric
motor is how to reduce the power losses “consumed” by the motor at possible
maximum level. The main losses of an induction motor includes five components
below:

s Primary Pr

. Iron

. Secondary Fr

o Friction and windage

. Stray load



The primary F’r is the ohmic loss caused by current passing through the stator
winding. Most motors use copper conductors, except for some small-horsepower
machines with aluminum wire in stator. Where the copper windings are used, there is
little more that can be done, from a practical standpoint, to increase the winding
conductivity. Obviously, enlarging the cross-sectional area of copper to reduce the
primary resistance is an effective means of reducing primary Fr loss and this method
is used in nearly all energy-efficient motor designs. However, increasing copper

cross-sectional area results in higher cost of the motor.

Iron loss is caused by the combined effect of hysteresis and eddy current losses and
occurs in the stator laminated steel core. These losses are a result of the magnetic
field oscillating at fundamental and higher harmonic frequency. Iron losses vary as
some power of the magnetic flux density in the iron core. So, reducing flux density
can reduce iron losses and this can be achieved by decreasing length of the stator
core. Thus, more silicon-steel sheet and copper will be used in such a motor than a
standard motor of the same rating. As known, the silicon content and processing of
the steel during manufacturing affects the quality of magnetic steel relative to its loss
production for a given flux density. Using a better grade of steel for the lamination is
also an effective means to reduce iron losses and the thickness of the lamination.
Increasing silicon content, up to some practical limit, reduces the watts per kilogram
loss, as does annealing the steel. Reducing the thickness of the lamination effects a

reduction in the eddy current component of loss.



Similar to the primary Fr losses, the secondary I’r losses are the ohmic losses in the
rotor conductors. But the same scenario used on the stator does not tum out to be
applicable to the rotor, since the secondary Fr losses are not so easy to be controlled
by simply adding more conductor material to the cage structure. The motor starting
torque is proportional to its secondary resistance. As the secondary resistance can be
varied within a limited range the motor must meet some minimum specified value of
starting torque. Additionally, fundamental frequency iron losses are not present in the
rotor laminations because the rotor magnetic field oscillates at slip frequency, only a
few hertz. Iron losses at low frequency are normally considered to be negligible. But
some high-frequency flux pulsations appear in the rotor, particularly near the surface

at the air gap. The losses caused by these harmonic fluxes are usually classified as

stray load loss.

The friction and windage losses are caused by the friction in the bearings of the
motor and the windage loss of the ventilation fan and other rotating elements of the
motor. In this thesis, the author is going to discuss the reduction of these mechanical

losses.

The difference between total motor losses and the sum of the other four losses is
defined as the stray-load loss. They are residual losses in the motor that are difficult
to determine by direct measurement and or calculation. These losses are load-related
and arc generally assumed to vary as the square of the output torque. The nature of
this loss is very complex. It is a function of several different factors associated with
the design and manufacturing process. The stator winding design has a significant

influence to the stray-load loss.



The air-gap flux density is usually considered to be sinusoidal. In fact, it contains
other harmonic contents related to saturation effects and slotting of the stator and
rotor. These harmonic MMFs result in high-frequency currents in the rotor bar and
high-frequency loss in the rotor and stator teeth near the air gap. Although the rotor
harmonic current provides a little useful torque, it causes an ohmic loss in the rotor
bar. Iron parts such as baffles located close to the magnetic field of coil end turns can
be responsible for additional iron losses, which are also classified as stray-load loss.
To control the stray-load losses one must take account of both design and careful

manufacturing practice.

Owning to the rapidly developed power semiconductor technology, the utilization of
power electronic components in variable frequency inverters and soft-starters has
provided an economic means for the control of electric motors [1.3-1.5]. However,
these external electronic components are bound to increase the first-cost of operation
systems and not economic for motors ranging from small to medium sizes. As
manufacturers and users still concern about the cost of motors while they are seeking
energy-efficient motor, it is quite attractive to increase efficiency by improving

motor itself with some novel design.

In chapter two, a novel principle is presented to direct the design of 3-phase winding
of AC electrical machine. The winding of an electrical machine designed in
accordance with this principle can have higher winding coefficient and lower
harmonic content. This principle is applicable to both induction and synchronous

machines where the neutral is not necessary. Due to the higher fundamental spread



factor of the new winding motor, the load current can be lower than the conventional
winding motor. Correspondingly, the primary Pr loss, iron loss, the secondary Fr

losses and stray-load loss are reduced.

Mathematical analysis in chapter three verifies that the new winding designed is able
to reduce a great amount of the amplitude of harmonic contents in induction motors,
especially those troublesome components such as fifth and seventh, etc. The
efficiency of the new winding motor is expected to increase by more than 3%. The
experimental investigation has been included to confirm the predicted results. Also,

the torque of the new winding motor is higher than its conventional counterpart.

1.2 Generators for Wind Turbine Applications

The worldwide energy shortage has prompted the research and development of the
renewable energy, including wind energy, wave energy, direct solar radiation, tidal
energy and geothermal energy. Many countries have consequently allocated
substantial funds to the study of alternative energy resources over the last two
decades. Wind energy has emerged as one of the most promising renewable energy
technologies since then, although it was not initially regarded as having any

particular promise.

Since the power output from wind turbines varies considerably from one day to the
next due to changing wind speeds, careful consideration must be given to how it is
used. Modem wind turbines have found their major applications producing

electricity, and operating either in parallel with conventional power stations, or in



smaller more isolated communities, diesel engines. The coal and oil bumt in the
power plants and diesel engines provides continuously reliable power to meet the
demand while the wind turbines contribute energy to the system, as the wind blows,

so that the overall fuel consumption can be significantly reduced.

A site with average wind speed of 15 MPH is considered an ideal place for setting up
wind generator [1.6]. But this does not mean that a site with less than a 15-MPH
average is not a potential site. When a designer estimates the potential output from
wind energy conversion, even working at average speeds of 9-10 MPH, wind
generators can be more cost effective than solar modules over similar production
periods, especially since wind generators can produce over a broader range of time —

as in the day and night.

1.2.1 Wind Turbine Generators Connected to Grid

Wind turbines may be designed to couple either synchronous or asynchronous
generators, and with various forms of direct or indirect grid connection of the
generators. Direct grid connection means that the generator is connected directly to
the (usually 3-phase) alternating current grid. Indirect grid connection means that the
current from the turbine passes through a series of electric devices that adjust the
current to match that of the grid. An asynchronous generator can implement it
automatically. Wind turbine generator converts mechanical energy to electrical
energy. Compared to other generating units ordinarily attached to the electrical grid,
wind turbine generators are a bit different. The main reason is that the generator has
to work with a power source (wind turbine rotor) that supplies very fluctuating

mechanical power (torque). In order to operate at the standard utility frequency (50



or 60 Hz) gearboxes are used between wind turbines and generators to step up the

generator shaft speed in most wind conversion systems.

Being coupled to wind turbines, synchronous generators normally use
electromagnets in the rotor, which are fed by direct current from the electrical grid.
Since the grid supplies alternating current, they have to convert alternating current
into direct current before connecting the power to the excitation windings around
electromagnets on the rotor. This connection is implemented by using brushes and

slip rings on the shaft of the generator.

The synchronous generator has been the primary means getﬁng AC power since the
replacement of DC power generation. So, it has the most natural attraction because of
its long-term association with the power industry. In an AC system, it is required to
provide reactive power to loads and transmission network for voltage support and
regulation. A synchronous generator can produce the necessary reactive power for
both. Stability is one weakness existing in synchronous operation, particularly under
fault conditions. However, wind turbine driven generators raise new stability
questions. Rapid variation in mechanical input torque to a synchronous generator
causes the electrical output to follow closely causing a potential loss of synchronism
with the system. The investigation of these stability questions is the focus of other
studies. Some possible special stability may be required in the control system, such
as a power stabilizer. The addition of such equipment would increase the cost of

synchronous operation.



Most of generators for wind turbine applications are three phase asynchronous
generators, or induction generators. This type of generator is not widely used outside
the wind turbine industry and in small hydropower units. But three-phase induction
machine is the most popular electrical machine, which can be run either as a
generator or a motor. Today, one third of the world’s electrical energy is consumed
by induction motors to drive a variety of machinery in factories, such as purmnps, fans,
compressors, elevators, machine tools and other applications where electrical energy
is needed to be converted to mechanical energy. The advantage éf the induction
generator is that it is very reliable, and tends to be comparatively inexpensive. It also
has some useful mechanical properties for wind turbine applications, like generator
slip and certain overload capacity. So, most of the grid connected wind turbine

generators (rated typically between 200 — 750 kW) use induction machines.

It should be aware that the induction generator has two disadvantages in operation,
First, a reactive source is required for both the generator and the remainder of the
system since an induction generator consumes reactive power, Furthermore, voltage
stability problems are known to exist for induction generator operation. Both of these
problems must be addressed to answer satisfactorily the usefulness of induction

generators for wind power generation.

The new AC winding principle proposed by the author can result in performance
improvements of induction machines in both motor and generator modes. The
proposed method is particularly attractive for induction generators used in wind

power applications.
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1.2.2 Wind Generators for Stand-Alone Power System

Currently most of the wind turbine generators are connected to large utility grids. It
is not cost effective to extend the grid to remote and isolated locations. For example,
Australia is a large country with an area of 7.5 million Km? and has a small
population of about 18 million. State power grid systems supply electricity to
approximately 95% of the population living in the state capitals and industrial centres
[1.7]. The electric utility companies find it highly uneconomical to extend the grid
into sparsely populated regions of the country [1.8]. Thus, many small remote
communities have to depend on stand-alone electrical supply systems. These
locations represent a significant potential market for stand-alone energy systems
usuafly categorized as Remote Area Power Supplies (RAPS). Traditionally,
electricity energy for remote areas has been supplied by diesel driven alternators,
characterized by high reliability, high running cost, low efficiency and high

maintenance.

It is widely recognized that wind energy is likely to be economically viable in many
parts in the world where electricity is generated using diesel fuel. In RAPS systems,
the cost of producing electric energy is very high; hence these may be the economic
advantages of using renewable energy. In isolated windy location, wind powered
generators with battery storage are becoming cost-effective. Nevertheless, for such
schemes to be viable and worthwhile, the saved diesel fuel must be significant, and
this can be achieved by employing wind turbine generator with rating comparable to

or larger than the total demand of the system.
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Recent investigations show that there is increasing demand for higher rating wind
generators for battery charging in small isolated wind/diesel hybrid power systems.
These stand-along systems usually supply power to household appliances, water
pumping, water desalination, remote communication equipment, catholic protection

for buried pipelines, etc.

The wind turbine generators used in the systems have been small in size, usually less
than 5 kW. The three most common electric generators used for isolated wind power
generation are DC generators, generators with field wound or permanent magnet and
capacitor-excited induction generators. The DC generator and the field wound
generator have maintenance problems associated with commutators and brush gear.
Permanent magnet generator and induction generator are receiving increasing
attention because of the qualities like ruggedness, low cost, manufacturing simplicity

and low maintenance requirements.

Stimulated by the increasing availability of high-energy permanent magnet materials,
there has recently been much interest and activity in wind-driven generators with
permanent magnet excitation [1.9-1.12]. Alternating current generators with
permanent-magnet rotors can offer obvious advantages such as the absence of
brushes, slip rings, excitation windings, DC supplies, and field circuits losses. This
sort of generators are required to be as compact and light as possible so that the
machines can be conveniently transported to remote locations and installed at the top
of the towers. Permanent magnet generator can work efficiently, and is simple and
robust in construction. These obvious merits and the application of new permanent

magnetic materials like Nd-Fe-B, have made this type of machines play an important
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role in the electrical generation industry, particularly in the areas of wind energy

conversion in stand-alone generation.

In chapter four of the thesis, the author presents the design of a permanent magnet
generator using Neodymium-Iron-Boron magnets for directly coupled wind turbine
applications. To accomplish the goal of small size and lightweight with an extra-low
speed for direct coupling, the outer rotor structure is applied to suit the multi-pole
construction. Important design principles associated with the outer rotor structure are
discussed along with the critical design constraints. A direct-design method is used
for the initial electromagnetic design. In the chapter five, finite element method will

be applied to analyze the details of the design.

1.3 Finite Element Analysis for Machine Design

During the last two decades numerical techniques particularly the finite element
method, have been proven valuable in the design, performance evaluation, and
optimization of electrical machinery. In modem power systems, electrical machines
such as generators and motors usually operate in parallel, connected to a source with
a known voltage. Short-circuits, system transients and other abnormalities on the
power system affect the integrity and efficient performance of all the connected
devices. An electrical machine is not completely modeled until its interaction with

the rest of the power system is taken into account.

Based on the assumption that the sources are unaffected by the finite element
solution and external circuitry, the modeling approach has most-commonly involved

two-dimensional finite element boundary-value problems with specified current
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sources for the conductors. Voltages at the terminals of the machine under evaluation
are derived a posteriori by calculating flux linkages and their products with angular
velocity. Alternatively, the voltage can be obtained by computing electrical field and
integrating over a prescribed path. However, electrical machines in practical
application are connected to voltage sources instead of ideal current sources. One
should be aware that the connection of the windings and the presence of active or

passive external circuits might complicate the problem.

Numerical techniques have long been regarded as practical and accurate methods of
field computation in the design of electrical machines. Prior to the finite element
method, finite differential and integral equation methods were used in
electromagnetic calculation. Although all these methods have been used and continue
to be used either directly or in combination with others for design, finite elements
have emerged as appropriate techniques for low frequency application. Early real
finite element sclution of the scalar Helmholz equation appeared in late sixties
[1.13]. Two-dimensional nonlinear magnetostatic techniques for electrical machines
were first put forth in the early seventies [1.14-1.17]. Since then, a variety of other
applications of the steady state and transient eddy current methods soon followed

[1.18,1.19], which included rotating machinery and power conditioners.

Field models of devices are usually based on some sort of discretized geometry. The
device and the space surrounding it are first divided into small, nearly regular pieces,
called elements. Then the elements are used to obtain solutions to the field equations
in the modeled volume. Chapter five is concerned with the finite element method

relying on a discretization of two-dimensional space.
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Both finite elements and circnit techniques are often used to model devices. A
current or current density is usually adopted as the natural excitation for finite
element models. If the current is supplied by an external circuit and is unknown, then

some means of coupling the circuit to the finite element model must be developed.

The formulation adopted for combined circuit and field analysis should meet two
requirements. First, the formulation should be general. It must be represent all classes
of field behavior, including electrostatics, eddy currents and wave propagation. If the
formulation is general it follows that circuit behavior must be described as a subset
of the same formulation. The second requirement is that the separation between
circuit behavior and field behavior be relatively straightforward, and involve only a
few assumptions. A simple connection without awkward constructs helps to maintain

generality, and make the capability easier to implement and use.

The formulation begins with Maxwell’s equations in their general form and derives
an equivalent variational principle. An equivalent matrix equation is then derived for
discrete finite element solution variables. Variables that satisfy the matrix equation,
also minimize the energy of the system and, therefore satisfy Maxwell’s equations.
As both the integral and differential forms of the equations are related to the energy

or energy density, they are given the term functional.

In the finite element method, the analytic functional of vector potential A(r,t) and
scalar potential y(r,t) are expressed as the product of shape functions. The functions

vary only with position and discrete values at predetermined grid point locations. The
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space integrals are evaluated once, ahead of time, leaving on the time-dependence of
the degree-of-freedom to be determined in the actual finite element method
calculation. The solution volume is subdivided up intc small, semi-regular regions
called finite elements. Within each element, the spatial integrals are performed
numerically, and assembled together into large matrices representing the entire
model. The resulting matrices embody the geometric and material properties of the
model, but do not depend on time. Two-dimensional elements are cbtained by
assuming that all components of the potentials only vary within the plane of the
element, and not through its thickness. These elements are useful for modeling thin,

conducting sheets and thin air gaps.

In chapter five, the two-dimensional finite element method is used for the analysis,
performance evaluation and optimization of electromagnetic calculation of the
permanent magnet generator. The variational formulation has its attractiveness that
the functional relates to the physical concept energy. However, the weakness of the
approach is that for every equation to be solved, a functional needs to be identified at
its minimum to satisfy the differential equation being solved. The Galerkin approach
can overcome this difficulty of identifying a convenient functional [1.20]. Newton-
Raphson method has been adopted to deal with the non-linear problems of
electromagnetic field where magnetic permeability is a function of the local magnetic
field [1.21]. Although the designed generator has a different construction from
normal synchronous machines, it is reasonable to use a standard method of mesh
generation to produce triangular elements within the domain. The increments 84; of
vector potential 4; can be obtained by solving the matrix equation. Calculating flux

linkages and their products with angular velocity derives the terminal voltages of the
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generator to be evaluated at no-load and load conditions. The method is suited for
used with two-dimensional magnetic vector potential models for the analysis of
magnetic fields under no-load and load conditions of the outer-rotor machine. The
Maxwell stress method is one of the most popular methods used to calculate global
force and torque in finite element method. The simulation of force and torque sﬁows
well-behaved results by employing the Maxwell stress method. The derivation of the
Maxwell stress expressions is presented in chapter five. Some of the drawbacks of
the B’ method can be overcome by the Maxwell stress method for computing forces.
The simulation of the electromagnetic torque and power capability are given
following the computation of the globe forces. The discussion includes some
suggested improvements for performance prediction of the outer-rotor permanent

magnet generator.
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CHAPTER TWO

DESIGN PRINCIPLE OF A NEW THREE-PHASE

WINDING

Abstract

It has been established that a greater output can be achieved from a induction machine with a
given frame size by increasing the number of phase in the winding and therefore reducing
the phase spread as well as increasing the fundamental spread factor. One of the
improvements that have been suggested is to employ a star-delta series connection (SDSC)

winding.

A new 3-phase winding designing principle is described in this chapter. There are two
components, star and delta, in one of three phase windings and the two components of the
three-phase winding are connected in series to a 3-phase supply. Theoretically, the new
principle is applicable to both induction and synchronous machines where the neutral is not
necessary. With this configuration, the circulating currents between two winding

components, which are easily to appear in parallel connection, can be completely prevented.

Flexible selection of the Electro-Magnetic Belt (EMB) is another feature of the new winding.
Generally, optimization of the EMB leads to a higher fundamental spread factor than for a
conventional three-phase winding. The Electro-Magnetic Space (EMS) diagram is a very
useful tool in designing a new winding, The arrangement of the 3-phase winding and

connection of coils can be directly derived from this diagram.
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Being manufactured in single-layer, the chord factor of the new winding is always unity. The
technically shorter coil-span results in lower DC resistance of the SDSC winding. The
design procedure of this winding is demonstrated with two detailed examples. The winding
of an electrical machine designed in accordance with this principle can have higher winding

coefficient and lower harmonic content.
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2.1 Introduction

The conventional winding structure of 3-phase AC electric machines has been used
in industrial manufacture for over half-century. This type of winding structure has

following features:

(1) The basic unit of the winding has a coil or coil-group span forming 60° phase-

belt, namely 60° electrical angle distribution per pole per phase.

(2) The connection between the individual phase windings in a three-phase winding
is in either single-star or single-delta form. This winding structure has dominated
the manufacture of electric machines for a long period. It is true that this kind of
winding structure has many merits: Since it came out in electrical machine
industry a considerable progress has been made on performance improvement of

electrical machines,

However, it is the above two features that the conventional 60° phase-belt winding is
limited to give better play to the potential capacity. Further improvement of the
power output and efficiency is difficult, the M.M.F. harmonic content and
electromagnetic noise are still higher than desired and the starting performance is not

smooth enough.

It is known, from previous research [2.1][2.2], that a greater output can be achieved

from an induction machine with a given frame size by increasing the number of
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phases in the winding and therefore reducing the phase spread as well as increasing
fundamental spread factor. Much of the effort in past years was in refining designs in
response to requirements for particular applications, e.g. pole changing by pole
amplitude modulation (PAM) [2.1][2.8][2.9] by using a monotonous delta-star
winding configuration. The essence of the delta-star mixture winding lies in the
subdivision of a conventional 3-phase 60-spread winding into a delta component and
a star component. The two components must occupy 30° electrical angle for each and
can then be connected in either parallel or series across the same supply. In those
practices, either the delta and star components must contain half of the total number
of slots with coils made up of two different numbers of turns, or delta component
must occupy as V3 times of slots as star component does with identical coils.
Nevertheless, due to this design criterion, the delta-star mixture winding is seriously

impeded for wider application in industry.

Based on the summary of the previous research works [2.1-2.7], a new principle is
presented to direct the design of AC electric machine winding. The new winding
designed using fhis principle is not bound to the basic unit of 60°-phase belt and can
have diversified forms. Instead of single-star or single-delta form, the connection of
novel 3-phase winding has more flexible and free choice. The distribution of star and
delta components of the new winding is not necessary to be restricted by 30 electrical
degree for each. In manufacture, the new winding can definitely be arranged in
single-layer. Additionally, a shorter coil span than full-pitch may be used in practice
to reduce the mean length of the coils. With these features, the new winding can
overcome the shortcomings existed in the conventional winding and further improve

the whole performances of AC machines. Two detailed design examples following
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the principle are given in this chapter. This new 3-phase winding technique can be
applied to both three-phase induction machines and synchronous machines that do
not need neutral terminal to be brought out. It means that the new type of winding
can be used by wind generators for charging battery and synchronous motors. For
example, it can be definitely adopted for the armature of a permanent magnet

generator for wind energy conversion such as the one to be described in chapter IV.

2.2 Technical Terms [2.5]

There are two technical terms used in the design and analysis of the new winding.
Since the terms are seldom used in conventional winding structure, they are defined

in this section.

2.2.1 Electro-Magnetic Belt (EMB)

In conventional electrical machines, the winding under each pole is divided into three
parts, each part consisting of a coil-group and occupying 60 electrical degrees. This
winding width per pole per phase is the basic unit of the winding and is called ‘phase
belt’ for corresponding with one of the three phases of power supply. Because the
new winding is made in single-layer, the term of coil-group is not used and is
replaced by the Coil-Side-Group (CSG). The basic unit of new winding, as stated
previously, is diversified and no longer constrained by the CSG of 60° electrical.
Hence, the term of ‘phase belt’ is not suitable here. As soon as the current fed into
the new winding of an electrical machine produces an electromagnetic field and
operates via electromagnetic induction, the basic Unit-Coil-Side-Group (UCSG) of

the new winding sets up a basic unit of electromagnetic field. Therefore, the
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clectromagnetic space occupied by an UCSG is defined as an Electro-Magnetic Belt
(EMB), expressed in electrical degree, so as to distinguish from the ‘phase belt’ of

the conventional winding.

2.2.2 Electro-Magnetic Space (EMS) Diagram

This term refers to the distribution diagram of coil-sides positioned in
electromagnetic space. Consider a stator core with 36 slots which is visualized to be
spreaded as a straight belt, as shown in Fig. 2.1. The straight belt is divided into 36

equivalent parts, each containing a slot. The origin is set at the centre of the 36th slot,
which occupies the 0° of space position. Then, the 1st slot is at 10°, the 2nd at 20°,

and so on. The 36th slot is at 360° and returns to the origin.

| 102]3]415(6]7{8]9 101112 13]14|15{16]17} 18] 1920[21]22) 23| 24}25|26)| 27| 2629|130 [31]32{33 |34 | 353p

0 80 180 210 360

Fig. 2.1 Mechanical space position of spread stator

Once current flows through the machine winding, an electromagnetic field is built up
in the space around the electrical machine. The stator and its winding are surrounded

by this field. It is obvious that the relation between the slots is no more in mechanical
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space degrees, but in electrical angle according to the state of the Electro-Magnetic

Space (EMS). Let the number of the poles, p = 4, and the magnetic field distribution

at a given instant is as shown in Fig. 2.2(a) where the origin is at the centre of the

36th slot. But, as the field in Fig. 2.1 changes to that in Fig. 2.2, the 1st slot is at 20°,

the 2nd 40°, and so on. According to the electromagnetic effect, the 1st and the 19th

slot, embracing coil side 1 and 19, are situated at the same EMS position. In view of

the electromagnetic effect, Fig. 2.2(a) can be further developed into Fig. 2.2(b}).
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Fig. 2.2(a) and (b) show the magnetic position of the stator slots at a given instant. If
the spread out stator is restored to its circular shape, an EMS diagram can be
obtained as shown in Fig. 2.3. As the space distribution of the rotating magnetic field
varies with time, it is not necessary to designate the polarity of ‘N’ and °S’. Since the
origin can be set at will, it is not necessary to label it in the EMS diagram, nor the

corresponding electrical degrees of every coil-side.

Hyp

3 15

3 U

31

Fig. 2.3 EMS diagram of a winding, with Z=36, p=4

Another characteristic of the EMS diagram is that not only are the corresponding
coil-sides of same polarity situated at the same EMS position, but also are the
corresponding coil-sides of opposing polarity, when their connections are reversed

through 180°, For distinguishing, the reversed coil-sides are denoted by a negative
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note “-” sign. For example in Fig. 2.3, the coil-side 10 and 28, after connections have
been reversed by 180°, can be shifted to the EMS position of coil-side 1 and 19. This

regulation is useful for winding arrangement.

2.3 Principle of the New AC Winding

The new winding breaks through the restrictions of the conventional windings. Its
three-phase winding connection is not the single-star or single-delta, and the basic
unit of its winding is not bonded by the ‘60° phase belt’ range. In particular, the sum
of EMB of star and delta components does not need to equal 60°. This feature is

significant to improve the performance of AC electrical machine.

2.3.1 Type of Connections for The New 3-Phase Winding

In stead of the conventional 60°-belt single-star or single-delta winding, a star-delta
mixture connection is adopted in the new winding. Two types of winding in mixture

connection are proposed:

¢ Star-delta in parallel connection {(SDPC);

o Star-delta in series connection (SDSC).

The SDPC configuration shown in Fig. 2.4 is not easy to implement in practice

because of the following drawbacks:

1) The converted effective number of turns in series of the star and delta

component windings must be exactly equal.
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i) The converted cross section of the conductors in the star and delta component

windings should be exactly equal.

To ensure that the parameters of the two components, such as resistance and
inductance are equal, the space geometry occupied by the two component windings
should be strictly equal, including tooth width, slot width, slot depth, slot pitch, slot
opening, air gap, etc. This is difficult to achieve with the present design and
manufacturing technology. If any of the above requirements are not satisfied some or
even seriously unwanted circulating current will occur in the three closed circuits 1,
2 and 3 shown in Fig.2.4. Therefore, this type of connection is seldom used in the

new winding.

Fig. 2.4 Star-delta mixture connection in parallel

Generally, two types of star-delta mixture series connection are favorable forms: the
single-star, single-delta connection shown in Fig. 2.5a and the double-star, single-

delta connection shown in Fig. 2.5b. It can be seen that the drawbacks existing in the
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SDPC winding disappear in these two configurations. Firstly, there is no circulating
current between the two component windings at all. Secondly, it is easier to
determine the number of turns in the two components. The ratio of effective number
of turns between the star and delta components is not necessary to be equal to 1:4/3.
This brings much convenience to the design of winding. An important design rule is
that the two component windings must have an EMS displacement of 30° electrical
angle with respect to the fundamental. Also, there must be a displacement of 120

electrical degrees between three phase windings for balanced 3-phase operation.

In the connection of Fig. 2.5a, the star and delta component winding should have the
cross-section of conductors in the ratio of -»/3 /1 and the number of coil tums in the

ratio of 1/4/3. With this constitution, the winding consists of the so called *non-
uniform-constitution’ due to the different cross section of conductor and different

number of turns of coils.

In the connection of Fig. 2.5b, there are two branches in the star component and one
in the delta. In this configuration, the coils of the both components can be made up
using the same number of turns and the same size of conductor. Thus the term

‘uniform-constitution’ is used to describe this type of winding configuration.

The new winding has two advantages. Firstly, as every phase winding is subdivided
into two components with optimized EMB, a higher spread factor can be obtained.
Secondly, as the two component windings have a space displacement of 30°
electrical angle, the harmonic content of the magnetic field can be effectively

reduced. It is seen that the star-delta mixture connection winding has advantage over
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the conventional winding. Also, the star-delta series connection overcomes the
shortcomings in star-delta parallel connection. Hence, the star-delta mixture series

connection is an important principle of the new winding.

l
/\

PAVAERVAN
SN

Fig. 2.5 Star-delta mixture connection in series
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2.3.2 Optimization of EMB

Because the winding arrangement is not limited by the 60° phase-belt, the new

winding allows a flexible choice of basic unit EMB. Depending upon number of

poles and total number of slots, a variety of EMBs can be selected, such as 20°, 24°,

30° and 40° etc. It is the flexible EMB that allows the new winding to have optional

combinations of star and delta components, which leads to certain advantages.

Hence, the flexible selection of the EMB is another one of the important principles of

the new winding.

Three basic rules are presented here to permit the selection of EMB.

(a)

(b)

(c)

To obtain a high spread factor, narrow EMB is preferred while taking account

of a synthetic affection over the whole performance.

The total peripheral electrical angle must be three times the EMB so that the
total number of EMBs can be evenly distributed in between the three phases,

namely

px180° _

3k 2.1)
EMB

Where, k is a positive integer except zero.

Once all of the EMBs are put together to make up a complete three-phase
winding, a displacement of 30° electrical angle must be between the star and

deita components per phase.
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2.3.3 Coil-Pitch and Winding Type
Usually, double-layer winding is used in the conventional electrical machines. With
this arrangement, it is possible to ensure an appropriate short-pitch chord factor to

reduce harmonic content of M.M.F.

In the new winding, most of M.M.F. harmonic content can be reduced to a low level,
some even get cancelled. Therefore the double-layer winding is no longer necessary,
and single-layer winding is used. Theoretically, a full-pitch is employed for the coil-
span so as to acquire a higher winding coefficient. If possible, a shorter coil-span can
be applied to the new winding to reduce the mean length of the coil, which in theory
behaves as full-pitch. Compared with the conventional winding, the new winding has

following features;

a) higher winding coefficient.

b) lower harmonic content, some are even varnished except the tooth ripple.
c) single-layer winding can be used.
d) the new winding may employ shorter coil-span.

Although the uniform-constitution of the new winding consists of two different coils
and the end connections are slightly more complex than a conventional winding, it is

not expected to cause big increase in labor costs.
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2.4 Construction of the New Winding

Two examples are given to illustrate the design procedure:

A
9 b}
2
)\17
FANY
20 } Ayl
A1
Fig. 2.6 EMS diagram of the winding with p=4 and Z=24

2.4.1 4-Pole Winding in 24 Slots

Example 1: To design a winding with p =4 and Z = 24;

Step 1: The EMS diagram is shown in Fig. 2.6. As the slot-pitch is 30° electrical

angle, the narrowest EMB that may be selected is 30° electrical angle. One coil-side

per group is used to form the basic unit of the new winding.
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Step 2: Every coil-side is given the attribute of star ()\) or delta (A), as shown in
Fig. 2.6. The UCSG-A (1,13) belongs to the star group, and the UCSG-/\ (2,14) to
the delta group. There is a displacement of 30° between the two UCSG. Similarly,

other UCSG belong to star or delta alternately.

Fig. 2.7 Star-delta component diagram with EM.B.=30°, p=4 and Z=24

Step_3: All coil-sides belonging to star or delta component winding in the same
phase are connected together. Note that all reverse-connected coil-sides are now
located at the opposite position, i.e. 180° displacement from their original. For
example, coil-sides 7 and 19, afier reverse-connection, have the same space position
as } and 13, expressed as -7 and -19. It is seen, in Fig. 2.7, that there is an exact

displacement of 30° between the star and delta components of the same phase and
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three star or three delta component windings have a displacement of 120° between

each other. Thus, a completely symmetrical three-phase winding has been formed.

& 5
5 4 -6 4 210 17 1t
2
(2)
-7 -19
1 13
21 5
-15 -1
\ <16 -4 2 10
9 17
-3 -23
(b)

Fig. 2.8 Star-delta mixture series connection of a 3-phase winding

EMB=30°, p=4 and Z=24
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Based on the above, two types of star-delta mixture connection winding can be
formed, as shown in Fig. 2.8. Fig. 8(a) shows non-uniform-constitution and Fig.

2.8(b) shows uniform-constitution. Now, the slot distribution can be directly found
) cg 24 . . s . e .
from Fig. 2.8. The pole pitch is T =T =6, Since it is full-pitch winding the coil

span has the same slot distance 6. It is seen that star and delta components under one
pole have the equivalent winding width of 30 electrical degree respectively, or 1 coil
side. So, CSG of each component under two pair-poles contains two coils. Keeping a

phase sequence ABC, the slots allotted to the three phases are listed in Table 2.1.

Table 2.1 Slot distribution for 4-pole, 24-slot

Star Delta
Phase A 1-7, 13-19 2-8, 14-20
Phase B 5-11,17-23 6-12, 18-24
Phase C 9-3,21-15 10-4, 22-16

Starting phase-A star-component in slot 1, coil side 1 is connected to coil side
(1+6)=7 to form the 1st coil and the 2nd coil consists of coil side 13 and 19. Then
phase-A delta-component has the 1st coil consisting of coil side 2 and 8 and the 2nd
coil owning coil side 14 and 20. So, phase A winding can be obtained by connecting
the 4 coils in order. Similarly, coil sides 6-12, 18-24, 5-11 and 17-23 are connected
to form phase B winding, and coil sides 10-4, 22-16, 9-3 and 21-15 are connected to
form phase C winding. It should be noticed that the difference between the

connection of star component for Fig. 2.8(a) and Fig. 2.8(b).
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2.4.2 4-Pole Winding in 36 Slots

Example 2: To design a winding with p =4 and Z = 36.

Following the procedure of the previous example, the EMS diagram to give every

coil-side the attribute of star ()\) or delta (A) is drawn as shown in Fig. 2.9.

Fig.2.9 EMS diagram of a winding with p=4 and Z=36

As the slot-pitch is 20° electrical angle, the possible narrowest EMB is 20° electrical
angle. Thus, one UCSG consists of a coil-side. To satisfy the condition of
displacement of 30° electrical angle between star and delta components, the atiribute
is arranged as PAWAN: A_)\,,L shown in brackets. Further modification of the

EMS diagram, the Fig. 2.9 can be transferred to a final Star-delta component diagram
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as shown in Fig. 2.10. Fig. 2.10 is useful to deduce the connection configuration of
the new winding. By checking the arrangement of Fig. 2.10 in accordance with the
rule mentioned in 2.3.1, it is seen that an exact displacement of 30° between the star
and delta component of the same phase and a displacement of 120° exists between
the three star and delta component windings respectively. Thus, a completely

symmetrical 3-phase winding has been formed for this design.

Fig. 2.10 Star-delta component diagram with EMB=20°, p=4 and Z=36

Using a derivation similar to that in the former example, four types of SDSC winding
can be formed as shown in Fig. 2.11 and Fig. 2.12. Out of that, the Fig. 2.11(a) and
Fig. 2.12(a) are called the non-uniform-constitution and the Fig. 2.10(b) and Fig.

2.11 {b) are the uniform-constitution.
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Fig. 2.11 Star-delta mixture series connection of a 3-phase winding

EMB=20°, p=4 and Z=36

(a) ®)

Fig. 2.12 Star-delta mixture series connection of a 3-phase winding

EMB=20°, p=4 and Z=36
In this case of Fig. 2.11, the delta component windings contain twice the number of

coils as the star component windings. But in the case of Fig. 2.12, the arrangement is

reversed.
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Take the Fig. 2.11(a) and (b) as the examples to deduce the slot distribution. Since

the full-pitch is the pole pitch: © = % =9, The coil span has the slot distance 6. In

this case the star and delta components have the different winding width. Under one
pole, the star occupies 20 electrical degree or 1 coil side, and the delta 40 electrical
degree or 2 coil sides. So, the CSG of star component in one phase has two coils
cross two pair-poles, and the CSG of delta component in one phase four coils cross
two pair-poles. Three phases are symmetrical. Keeping a phase sequence ABC, the

slots allotted to the three phases are listed in Table 2.2.

Table 2.2 Slot distribution for 4-pole; 36-slot

Star component Delta component
Phase A 1-10, 19-28 2-11, 3-12, 20-29, 21-30
Phase B 7-16, 25-34 8-17, 9-18, 26-35, 27-36
Phase C 13-4, 31-22 14-5, 15-6, 32-23, 33-24

Starting phase-A star-component in slot 1, coil side 1 is connected to coil side
(1+9)=10 to form the 1st coil, and the 2nd coil consists of coil side 19 and 28. Then
phase-A delta-component has the 1st coil consisting of coil side 2 and 11, the 2nd
coil consisting of coil side 3 and 12, the 3rd coil consisting of coil side 20 and 29,
and the 4th coil consisting of coil side 21 and 30. So, phase A winding can be
obtained by connecting the 6 coils in order. Similarly, phase B and phase C windings

can be obtained. One should pay attention to that the two coils of star component are

connected in series in Fig. 2.11(a), and in parallel in Fig. 2.11(b).
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2.5 Conclusion

As it interpreted in this chapter, a conventional 3-phase winding has, in effect, a 6-
phase distribution. Every one sixth of the total electrical spacing is occupied by each
phase, i.e. 60 electrical degrees. By means of Star-Delta mixture in series connection,
a standard, 60°-spread winding can be converted to a quasi-12-phase winding
operating from a normal three-phase supply. It will be shown in chapter three that a
higher spread factor and lower M.M.F. harmonic can be achieved through the

increase of the effective number of phases.

The new winding has two advantages. Firstly, as every phase winding is subdivided
into two components with optimized EMB, a higher spread factor can be obtained.
Secondly, as the two component windings have a space displacement of 30°
electrical angle, the harmonic content of the magnetic field can be effectively
reduced. It is seen that the star-delta mixture connection winding has advantage over
the conventional winding. Also, the star-delta series connection overcomes the
shortcomings in star-delta parallel connection. Hence, the star-delta mixture series

connection is an important principle of the new winding.

The new winding principle and the design procedures have been illustrated by two
examples. Flexible selection of EMB and appropriate arrangement of EMS diagram
are two important means to realize the optimization of the new winding. Usually a
narrow EMB is preferred. Although it is required that the delta component should
contain V3 times as many effective turns per phase as star component, a slight

difference is allowed in practice because of discretization of wire sizes. This does not
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cause any significant problem in the new machines due to the advantage of star-delta
series connection. The new winding can be manufactured as a single layer, and it is
easy to determine slot combination. Employing this full-pitch coil can increase the
utilization coefficient of slot area. The shorter coil-span may reduce the DC

resistance of the winding.

The new winding has two different types; one is non uniform-constitution and the
other uniform-constitution. Both these methods are suited for the mass production.
So far as the winding connections are concerned, the new winding is quite
straightforward. Although the uniform-constitution consists of two different coils and
the end connections are slightly more complex than conventional one, it is expected

to cause increase in labor costs.
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Appendix II-1

An Example of a Conventional Winding Configuration with 4

Poles and 36 Slots

In this Appendix, a conventional three-phase AC winding with 4 poles and 36 slots is
presented. It is assured that winding is laid out in single layer, wave winding with

full-pitch coils.

Fig. A2.1.1  Slot EMF star for pole=4 and slot =36

The slot EMF star diagram is shown in Fig. A2.1.1. Every number from 1 to 36
represents an EMF of one coil side in one slot. The phase displacement of the slots

can be noted in Fig. A2.1.1. With the help of this diagram, all of the coil sides are
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assigned to the three phases A, B, and C. The resultant EMFs of the 3-phase winding

must be symmetrical and the phase shift between the three phase windings must be

120°.

The pole pitch is 1 = §£T6 =9. Since it is a full-pitch winding, the coil span has the

same slot distance 9. The number of slots per pole per phase is g = % =3.850,a
) x

coil-group under one pair-pole contains three coils. Keeping a phase spread = 60°
and a phase sequence ABC, the slots allotted to the three phases are listed in Table

A2.1.1.

Table A2.1.1 Slots distribution

Phase A 1,2,3 -10,-11,-12 19,20,21 -28,-29,-30
Phase B 7,8,9, -16,-17,-18 25,26,27 -34,-35,-36
Phase C -4,-5,-6 13,14,15 -22,-23,-24 31,32,33

Starting phase A in slot 1, coil side 1 is connected to coil side (1+9)=10 to form the
1st coil. Then the 2nd coil consists of coil side 2 and 11, and the 3rd coil side 3 and
12. So, one coil-group under one pair-pole in phase A can be obtained by connecting
the three coils in order. Similarly, coil sides 19, 20, 21, 28, 29 and 30 are connected
to form another coil-group of phase A. Thus, the phase A winding can be completed
by connecting the two coil-groups to obtain the maximum EMF, with two terminals

A and X as shown in Fig. A2.1.2.
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Following the similar procedure phase B and C windings can be completed with our

terminal B-Y and C-Z. Fig. A2.1.2 shows the whole three-phase winding diagram.

4x180

Angle between slot o = = 20°. Thus the start of phase B lies 120/20=6 slots

away from that of phase A i.e., in slot 7 and that of phase C lies in slot 13.

Fig. A2.2 Three-phase winding diagram for P=4 and slot=36
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Appendix II-2

An example of a Conventional Winding Configuration with 4

Poles and 24 Siots

The design of the counterpart of conventional winding is given here.

Slots per pole per phase g =32—44=2. The slot EMF star diagram is shown in
X

Fig.A2.2.1.

w4 18 C

Fig. A2.2.1 Slot EMF star for pole=4 and slot =24
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Pole pitch t = %—f— = 6. As a full-pitch winding the coil span take the same number of

slot. This is an even number and hence winding is not possible with a coil span of 6

slots. A coil span of 5 slots is an alternative.

The slots allotted to three phases are list in Table A 2.2.1.

Table A2.2.1 Slots distribution

Phase A 1,2 -7,-8 13,14 -19,-20
Phase B 5,6 -11,-12 17,18 -23,-24
Phase C -3,-4 9,10 -15,-16 21,22

The whole winding is connected in mush armature. Fig. A2.2.2 shows the winding

diagram for phase A only. The winding for other two phases may be similarly

completed.

20

ﬂ-«

RN

m
|

v

l<g

X

Fig. A2.2.2 Three-phase winding diagram for P=4 and slot=24
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CHAPTER THREE

MATHEMATICAL ANALYSIS AND EXPERIMENTAL

INVESTIGATION OF THE NEW WINDING MACHINES

Abstract

This chapter presents a mathematical analysis to verify that the new star-delta in
series connection (SDSC) winding designed in accordance with the EMS principle is
able to reduce considerably MMF harmonic contents in three-phase induction
motors, especially those troublesome ones such as fifth and seventh and so on. Two
prototype electric motors were constructed borne on the winding presented in the last
chapter. Theoretical analysis shows that the new SDSC winding has a higher
fundamental spread factor than a similar conventional winding. Experimental
investigation conducted on the prototype induction motor with 36 slots and 4 poles
proved that it has higher efficiency and torque compared to a standard motor. The
second prototype machine with 24 slots and 4 poles results in an almost the same
level of performance of its conventional counterpart, but, with a rotor 15% shorter in
size. The two prototype machines aim at achieving different benefits. No-load and
load tests were carried out to investigate the effect of the circulating current in the
delta component winding of the new winding, mainly caused by third harmonic
current. The test results show that the new SDSC winding machine does not cause
overheating problem at normal operating condition although the circulating current is

inversely proportional to number of turns in the delta winding, which is only a
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fraction of the whole winding. However, caution should be paid to no-load operation

at excessive voltage.
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3.1 Introduction

There is a trend towards increasing flux density in the designing modern induction
machines. As the permissible temperature of insulating materials used for both the
windings and laminations go up, the operating flux and current density of
contemporary induction machines also become progressively higher. A variety of
methods [3.1-3.4] have been used for analyzing magnetic field of induction
machines. The most noticeable harmonic contents in the magnetic field are the third,
fifth and seventh harmonics that usually cause troublesome to electrical machines
operation. These harmonics degrade starting torque and output power of machines,
and result in higher iron loss and stray loss. The shapes of flux distributions in
various sections of an induction machine are interrelated. The most saturated section
normally has a flattened shape of flux density distribution. Saturation in an induction
machine has two main impacts: a) the proportion of the total available M.M.F.
consumed in the iron of the rotor, stator cores and teeth is increased. It results in
decreasing the effective fundamental magnetizing reactance. b) when saturation
occurs in the teeth but not the core, the previous sinusoidal air-gap flux presents a
flattening tendency. As a consequence, an additional flux harmonic appears in the air
gap. A similar situation arises when the iron of the stator core, but not the teeth, is

saturated, the air gap flux assumes a peak shape.

By reducing the harmonic contents in AC machines, it is possible to increase their

efficiency and output. The new SDSC winding configuration is aimed at to achieve

lower harmonic content in three-phase AC electrical machines.
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As it interpreted in the last chapter, a conventional 3-phase winding has, in effect, a
6-phase distribution. Every one sixth of the total electrical spacing is occupied by
each phase, i.e. 60 electrical degrees. The new SDSC 3-phase winding enable to
obtain almost twice the spread, each component occupying much smaller part of the
total electrical degrees. The new winding is considerable superior to the conventional
120° spread winding both in terms of its ‘effectiveness’ as measured by the
distribution factor and in terms of its harmonic content. The star-delta arrangement is
a good improvement on the 60° spread winding. It is, in effect, a 12-phase winding.
In the theoretical analysis [3.5], the comparison of M.M.F. harmonic produced by the
new winding and conventional winding shows that the star-delta winding has a
substantially lower harmonic content. The experimental results [3.5][3.6] of the

prototype also prove that.

There are several factors can influence the magnetic field distribution in the air gap
of an electric machine. In order to facilitate a survey of the relations that follow, and
to avoid unnecessary mathematical complexity, certain simplifying assumptions have
been made. The assumption of infinite relative permeability of iron (y; = ) is the
main simplifying condition throughout the entire work. However, the relative
permeability of iron is considered to be finite if the effect of iron saturation is dealt
with for accurate analysis. All harmonics are referred to the entire bore of the

machine, i.e. the fundamental harmonic of the order v =1 forms one pair-pole
corresponding to the periphery angle 2x. If the machine has p par-poles the harmonic

producing a magnetic field with p pair-poles is called the working harmonic. This
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harmonic is always of the order v =p. An arbitrary harmonic of the vth order forms v

pair-poles. To one pair-pole of this harmonic corresponds the periphery angle 2n/v.

In this chapter all magnetic field calculation performance as for two-dimensional

field without considering boundary and end effects.

3.2 Analysis of Harmonic Content of M.M.F.

A general expression for the magnetic field produced by a three-phase SDSC
winding is derived in this section and followed by comparison of amplitudes of

MMF harmonics between the SDSC and standard windings.

3.2.1 Harmonic Content of The New Winding

The amplitude of the vth harmonic M.M.F. produced by a symmetrical 3-phase

winding is given by [3.8]:

F, = 62 WK K 1 Alpole (3.1)
T vp
where,
v = harmonic order
p = number of poles

K4, = spread factor of vth harmonic
Kpv = chord factor of vth harmonic
W = number of turns in series per parallel branch per phase

I = phase current
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Equation (3.1) can be modified for the new SDSC winding. The parameters or

variables of SDSC winding should be considered for the star and delta two different
components. So, the subscripts Y and A stand for the star and delta components
respectively. The item W becomes Wy and W, in the modified equations, referred to
the number of turns in series in each parallel branch per phase for star and delta
components respectively. I is changed into fy and I, for the phase current in the two
components. Kg.y and Kga,.» express the vth-harmonic spread factor of the two
components. As the new winding can be laid out as a single-layer winding, its chord

factor is always equal to 1. Thus, K, can be omitted from the equations.

From the equation (3.1), the amplitude of the vth harmonic M.M.F. produced by the

delta component of mixed winding is given by

— 6+/2 WiKua
T vp

F

vh

1,

cI,

WK, A A/pole 5.2)

where,

_6v2

np

The amplitude of vth harmonic M.M.F. produced by star component of the winding

is given by
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cI,

£y = Wl v A/pole (3.3)
Vv

When current flows through the SDSC winding, both delta and star winding
components produce a series of vth harmonic M.M.F. Where, v = 6k+1 and k is a
positive integer such as 1, 2, 3, .... But 3rd-harmonic M.M.F. does not appear in these

harmonic series.

Let the current in the two winding components be expressed as

i, =+2Isinot (3.4a)
and
iy = 2~/3sin(ot -7 /6) (3.4b)

According to equation (3.2) and (3.4a), the equation for the v(=6k=+1)th harmonic

MMF preduced by the delta-connected winding is:

I ; S
F(sm)a = @Wé‘[{d\r—.ﬁ sin[(6k £ l)t—“ Fou] (3.5)

where,
T = pole-pitch of the winding

X = position in space
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To obtain the (6k+1)th harmonic M.M.F. produced by the star-connected winding, it
must take account of the displacement between the two winding components, and the

time-phase shift of current. Thus, the equation is given by

Flossy = ]S'I \[-W yK 4y sin[(6k £ 1)("“ = _) ¥ (07— _)]

o 1‘/_ W,K,,_ ,,sm[(6k+1)—n For-kn] (3.6)

Optimization of E.M.B. and arrangement of coil-sides in star-delta series connection
are important means to reduce harmonic content. Four factors, from equation (3.5)

and (3.6), can be considered:

(a) The item "-kn* in the right side of equation (3.6) is just a phase displacement
of kx between the (6k+1)th harmonic M.M.F.s produced by the star and delta

component winding. When k is odd, the two harmonic components of
M.M.F. weaken each other. When k is even, they enhance each other. So, half

of the (6kx1)th harmonic M.M.F.s can be reduced considerably.

(b) The spread factor Ky, is used to reduce the other half of (6k+1)th harmonic
M.M.F.. By optimizing E.M.B. and its distribution in space, when k is even, a
special spread factor is obtained so that the other half of (6k+1)th harmonic
M.M.F.s produced by the two components winding is reduced instead of

enhancing each other,
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(¢)  Being in cooperation with the factor (a) and (b), optimization of the number
of turns in series per phase of the two components of the winding, W, and

Wy, reduces the (6k+1)th harmonic M.M.F.

(d) By use of different values of phase current /, and Iy, a reasonable
arrangement for all coil-sides and their combinations can also effectively
weaken all orders of harmonics, irrespective of whether it is non-uniform-

constitution or uniform-constitution.

3.2.2 Harmonics Calculation and Comparison

To analyze harmonic content of the new winding, the two detailed examples

previously described in last chapter are employed.

3.2.2.1 30°-E.M.B. winding

In the example 1 of 2.4.1, slot-pitch is a = 30 electrical degrees and the number of
coil-side per group is g5 = gy = 1. Thus, the spread factors of vth harmonic of the

delta and star components winding are

) o
sinvqg, — . .
Kgooa = i = Sfm'ls. =1 (3.72)
g, sinv = sinv15
2
and
ky y=k, ,=1 (3.7b)
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As it is single-layer winding, the total number of coil-side per phase is 8. The number

of coil-side of each component is thus 4, so that both have 2 coils per phase. This is
single-A. and single-/\ non-uniform-constitution, which corresponds to the one
shown in Fig. 2.8a. Let the number of turns for each coil in delta component winding

be W.a = W, and in star component W,y = W,/ 3= WZ/JE . Thus, Wa =2 W, and

Wy=2 W,/-Ji . Also, suppose that the current I, = /.

Substituting the above values into equation (3.5) and (3.6), the amplitude of vth

harmonic M.M.F. produced by the whole winding is obtained as

i

F;skﬂ)mr = @(Wakd\'—a +‘J§Wkav—Y)

5 (2W,+2W=J§)x1

6k +1 V3
= zil_f;‘ A/pole (k = even) (3.8)

and

Ccl W,
F(ﬁk;tl)mr = @(ZW; -2 \E ‘\/3) x1

=0 Alpole (k = odd) (3.9)

If this winding is delta connected in a conventional 60° phase belt (also single-layer)

its spread factor of vth harmonic M.M.F. is given by

.o
SIVES sinv30°
Kooy = .o 2sinvls’
gsinv =
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As the total coils of this winding is 12, the number of coils per phase is 4. Let the
number of turns for each coil be W,. Thus, the total number of turns in series per
phase is 4W,. Also, it is supposed that the phase current of 60°-phase belt winding is
equal to the phase current of the delta component of the new winding. Thus, the

amplitude of (6k+1)th harmonic M.M.F. of this winding is:

. T
cr . sin(6k +1)30 < AW

F , = A/pole 3.10
06 "G 1 2sin(6k £1)15° : (3-10)

From equation (3.8), (3.9} and (3.10), the ratio of amplitudes of (6k+1)th harmonic

M.M.F. produced by the new and conventional windings, expressed in ‘Kesy’, can be

obtained as
_ 2sin(6k £ 1)15° _
K iy = Sin(6k £ 1)30° (k = even) (3.11a)
and
Kefm(ﬁ.l::tl) =0 (k = odd) (3.12a)

Because | sin(6k +1)30° | = 0.5 and | 2sin(6k £1)15° | = 0.51764, the equation

(3.11a) and (3.12a) are identical to the equations below,

K = 10353 (k = even) (3.11b)

e/m{6k+1}

and
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K rworny =0 (k = odd) (3.12b)

The above is the form of 30° E.M.B. winding, namely the delta and star components
occupy half of the original 60° phase belt. The equation (3.11b) and (3.12b) show the
ratio of the amplitude of (6k+1)th harmonic M.M.F. between this type of winding
and 60° phase belt winding. It is seen, from the Ke/m, that when k is odd the (6k+1)th
harmonics are vanished and when k is even the (6k+l)th harmonics M.M.F.s
produced by the new winding are 3.53% larger than by 60° phase belt winding. This

is the feature of 30° E.M.B. winding.

3.2.2.2 20° -E.M.B. winding
In the example 2, p =4, Z = 36 and E.M.B. = 20°, It is supposed that the winding be

connected in series of single—)\ and single-A, as shown in Fig. 2.11a. It is non-
uniform-constitution and single-layer winding. So, @ =20°, ga =2, gyr=1.Let Wy =

AW, Wy =2W,/ V3 and Ip = I. The spread factor can be obtained

Kay.a = cosviOP

Kavy =1 (3.13)
and the resultant amplitude of (6k+1)th harmonic is

7 2W,
Flarsnaer = C_(4sz cosv10°+ —

6k +1 3

x+/3x1)
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= g(f_fi{z cos(6k £ 1)10° 1] A/pole (3.149)

If the above winding is designed in 60° phase belt and connected in delta, its spread

factor of (6k+t1)th harmonic is given by

.o
SIVES sinv30°

Ka = o 3sinv10°
gsinv I

It is provided that this conventional winding is in single layer and its phase current is
equal to the current of the delta component of new winding. Thus, the amplitude of

harmonic M.M.F. of it is given by

_ 6CIW, sin(6k £1)30°
(6k£1)60°  er 4 3sin(6k 1)100

_2CIw, sin(6k £1)30°
6k +1 sin(6k £1)10°

Afpole (3.15)

From the equation (3.14) and (3.15), the ratio of the amplitude of harmonic M.M.F.

produced by new and conventional winding is obtained

@ _ [2cos(6k £ 1)10° £ 1]sin(6k  1)10°
Rk) sin(6k £1)30°

as | sin(6k £1)30°| = 0.5
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K ymiseasy = 2[5in(6k £1)20° £ sin(6k + 1)10°] (3.16)

€

So far as the note of “+” before the “1” in the right hand of the equation (3.16); “+” is
used when k is even, and “-” is used when k is odd. This is another ratio form of

harmonic M.M.F. between the two windings.

Table 3.1 Comparison of harmonic M.M.F.s for motors; p=4, slot=36.

Harmonic New star-delta | Conventional winding [ Ratio Kym
order winding
1 2.9696155 2.8793852 1.031337
5 0.0571150 0.1305407 0.437527
7 -0.0451371 -0.0760127 0.593810
11 0.0287236 -0.0483717 -0.593810
13 -0.0219673 0.0502080 -0.437527
17 -0.1746833 0.1693756 -1.031337
19 -0.1562956 0.1515466 -1.031337
23 -0.0124163 0.0283784 -0.437527
25 0.0126384 -0.0212836 -0.593810
29 -0.0108952 -0.0183479 0.593810
31 0.0092121 0.0210550 0.437527
35 0.0848462 0.0822681 1.031337
37 0.0802599 0.0778212 1.031337
41 0.0069652 0.0159196 0.437527
43 -0.0073479 -0.0123742 0.593810
47 0.0067225 -0.0113210 -0.593810
49 -0.0058281 0.0133205 -0.437527

Let the constant 2CIW; in equation (3.14) and (3.15) be a unity. The computed

amplitude of harmonic M.M.F.s up to 49th produced by the new and conventional
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windings and the ratio of the amplitude of the two windings are listed in Table 3.1.
As the amplitude of those higher-order harmonic M.M.F. are quite lower compared
with the fundamental M.MLF., they could be neglected in the magnetic-field analysis
of the machines without any significant impact.

Take the most serious harmonic contents for a survey,

Whenk =0,

Ke/mfundamentay = 1.0313
Whenk=1,

Kefngsny = 0.4375

Keimrmy = 0.5938
Whenk =2,

Ke/mgi1my = 0.5938

Kermiam) = 0.4375
Whenk =3,

Kemgizmy = 1.0313

Kemgiomy = 1.0313 (tooth-ripple)

It is noticeable, from this case of 20°-E.M.B. winding, that the main harmonic
contents such as fifth, seventh, eleventh and thirteenth harmonics, which normally
cause disadvantages in electrical machines, have been reduced a great of deal by the

new winding. These harmonic-M.M.F.s are respectively reduced to 43.75% and
59.38% of the corresponding M.M.F.s of the conventional 60°-phase belt winding.

Instead of being weakened, the seventeenth and nineteenth harmonic M.M.F.s are
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increased by the same percentages as the fundamental. These tooth ripples can be

reduced by using the usual strategy of skew.

3.2.3 Spread Factor of Fundamental M.M.F.

In the above two cases, the spread factors or winding factors of fundamental M.M.F.

have been greatly increased.
In the example 1,

for the new winding; Kin=Kgy=1

for the conventional winding; Kase = 0.9659
The spread factor has been increased by 3.53%.

In the example 2,

for the new winding; Kir=09848 and Ky y=1

W, xK, ,+W,xK, ,
W, +W,

= (0.98987

resultant Kyan =

for the conventional winding Kase = 0.9598

The spread factor has been increased by 3.13%. Experimental results will show that
the higher spread factor dedicates to the higher efficiency and torque of the SDSC

winding machines.
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3.3 Experimental Investigation

Prototype AC induction machines with the new winding were built to test their
performance. These prototype machines include non-uniform-constitution of single-
star single-delta series connection and uniform-constitution of double-star single-
delta series connection, as well as the winding types of single-layer full-pitch,
double-layer full-pitch and double-layer short-pitch. Fig. 3.1 and 3.2 show the

photographs of a 3 kW prototype and its counterpart.

3.3.1 3 KW Induction Motor With 4-Pole and 36 Slots

The main purpose of making this type of motor is to show that motors with the new
windings have potential to increase efficiency without reducing the power factor.
The prototype machine, based on the original 4AP100L-4 induction motor (product
of a local factory in Western Australia), retained all the original geometrical shapes
and sizes (including the plinth, shell, core, rotor and slot, etc) except that the stator

winding was re-designed. The new motor is designated as 4AP¢100L-4.

The main dimensions and performance specifications for the two motors are listed in
the Table 3.2. It is seen that the new motor has better performances than original one.
In particular the efficiency at rated load of 3 kW was increased by 3.76%, from 82.65

% to 85.76%. It is a considerable improvement for saving power energy.
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All the test data were acquired from direct-measurement tests on the same
dynamometer. Enough points of sample were collected through each test of no-load,
full-load and locked-rotor tests. Temperature rise was determined only after the

tested machine operated at rated output power for at least 1 hour,
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Fig. 3.1 3 kW prototype of 4AP.y, on the test bench

Fig. 3.2 New winding motor and its conventional counterpart




Table 3.2 : Dimensions and performance

measured data.

Machine 4AP100L-4 4AP,,;100L-4
Stator core OD 149 mm 149 mm
Stator core ID 97 mm 97 mm
Core axial thickness 135 mm 135 mm
Poles 4 4
Number of slots 36 36
Alir gap length 0.25 mm 0.25 mm
3-phase winding /A\
connection type A
Phase belt / E.M.B. 60° phase belt 20° EM.B.
Winding layers 1 1
Winding layout Full-pitch, concentric  Full-pitch, rhombus
Phases 3 3
Frequency 50 Hz 50 Hz
Power output IkW 3kW
Voltage line-line 420 v 420 v
No-load current 3.77A 3.64 A
Rated current 621 A 6.06 A
Winding DC resistance®*  6.08 2 (at 75°C) 5.02 2 (at 75°C)
Efficiency 82.65% 85.76%
Power factor 80.87% 80.88%
Starting current 42,02 A 4395 A
Starting torque 49.6 N-m 62.13 N-m
Maximum torque 72.064 N-m 73.03 N-m
Temperature rise 60.87 C 55.53C
* DC resistance was measured across 2 of 3 output terminals by average of 3
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Fig. 3.12 shows a comparison of characteristics (efficiency, power factor) versus
output power for the new and conventional machines. It is seen that the motor with
the new SDSC winding has a higher efficiency than the conventional motor through
the output power, while the two power factor curves do not show any significant

difference. These results are identical with the theoretical design data.

Efficiency and power factor

0 0.5 1 15 2 25 3 35 4
Output power, kW

—®—Efficiency of the new winding motor
—X=Power factor of the new winding motor
—— Efficiency of the conventional motor
~O— Power factor of the conventional motor

Fig. 3.12 Qutput characteristics

Also, the load current drawn by the SDSC winding motor is lower than the
conventional motor throughout the variation of the shaft-load, as shown in Fig. 3.13.
It shows that the new winding motor requires lower input power while working at the
same load conditicn. The saved power comes from those lower dissipated losses that
include iron loss, copper loss and stray loss. The reduced harmonic contents

contribute to this result,
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To explore the variation of magnetic field with the output load, a full-pitch single
coil is separately inserted in the stator core of the new winding motor and the
conventional motor. The varied terminal voltages of the coil were recorded
throughout the load tests. To make a comparison between them, the two curves are
drawn in the same figure as shown in Fig. 3.14b. It is found that the voltage induced
in the single coil of the conventional motor dropped down faster along with the load
increasing than the new winding motor. When shaft load increased from 50 W to 3.6
kW, single coil voltage of the conventional motor reduced by 129 mV and new
winding motor by 112 mV, the ratio of the two being 1.15. As the induced voltage is
proportional to the M.M.F. strength, the results display that new winding can

produce stronger M.M.F. at the same load. .

0 0.5 1 15 2 25 3 35 4

—0—New winding motor
—&— Conventional motor

Fig. 3.14b  Single coil characteristic
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3.3.2 1.5 KW Induction Motor With 4-Pole and 24 Slots

When this prototype machine was designed, the project aimed at that the new
winding motor could save appropriate raw materials while maintaining the motor
performance as the same level as the conventional motor. This was requested by the

manufacturer to reduce the production cost.

Based on the original Y90L-4 induction motor (Y-series product of a local factory in
Shanghai, China), the prototype machine was designed with the original thickness of
the core cut down by 15%, while the other original geometrical shape and sizes were
keep the same. The stator winding was redesigned and manufactured in accordance
with the new winding principle. The new motor was given the new nameplate as
Yems?0L-4. All the test data were acquired from direct-measurement tests made by an

authorized examination institute.

A comparison of the main dimensions and performance between the two motors is
detailed in Table 3.3. It is shown that the improved motor maintains an output
performance at the same level as the original, although its stator and rotor core are
15% shorter than the original. With the 85% length of original iron core, it is
estimated that a variety of effective raw materials were saved as following; 15% of

silicon steel; 7~10% of copper; 10% aluminum and 10~13% of insulation material.
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Table 3.3 : Comparison of dimensions and performance

Machine YS0L-4 Y ems90L-4
Stator core OD 130 mm 130 mm
Stator core ID 80 mm 80 mm
Core axial thickness 120 mm 120x0.85=103 mm
Poles 4 4

Number of slots 24 24

Air gap length 0.25 mm 0.25 mm
3-phase winding /I\ A
Phase belt / E.M.B. 60° phase belt 30° EM.B.
Winding layers 1 1

Winding layout Full-pitch, Full-pitch,
Phases 3 3
Frequency 50Hz 50 Hz
Power output 1.5 kW 1.5 kW
Voltage line-line 380V 380V
Stray loss 2w 14 W
No-load current 2.04 A 2308A
Rated current 365A 369 A
Efficiency 78.74% 79.82%
Power factor 0.793 0.791

I/ In 5.34 5.57

Mg / My 2.87 297

Mmax / My 3.27 3.19

Mmin / M 1.7 231
Temperature rise 579C 61.5C
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The test data show that all of the output performance of the new winding motor has
reached the expected results. It is interesting to notice that the new motor had only 14
W of stray loss, whereas the original one had 32 W. The ratio of the two is 43.75%.
The reduction in the machine loss is due to lower harmonic content as expected from

the theoretical analysis.
3.4 3rd-Harmonic Circulating Current

Like a normal 3-phase winding, the SDSC winding does not produce third harmonic
M.M.F. in the air gap in the lincar operating region. But, modern indﬁction motors
are designed to operate close to the saturation region. Recent years, there is a trend
towards increasing the flux density. As the permissible temperatures of insulating
materials used for both the windings and laminations go up, the operating flux and
current density of contemporary induction motors also become progressively higher.
The higher flux densities cause magnetic saturation that produces third-harmonic
flux in the magnetic field. This 3rd-harmonic component exists in the air gap flux
and causes the flux density waveform to flatten in the top. This results in 3rd-
harmonic E.M.F. being induced in each phase winding. These E.M.F.s are co-phase
in 3-phase winding and may interact each other to form a threefold 3rd-harmonic
E.M.F. in the delta-connected winding component. So that a 3rd-harmonic
circulating current is produced to balance out the original 3rd-harmonic M.M.F.
Hence, 3rd-harmonic current can always exist in the delta-connected winding. The
possible trouble is that the delta-connected winding component is only a fraction of
the new winding, while it must induce currents larger enough to substantially wipe

out the 3rd-harmonic flux in air gap. This 3rd-harmonic current in delta winding
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component may lead to winding temperature rise beyond the normal range. This

problem was discussed by the previous research [3.5].

3.4.1 3rd-Harmonic Current at No-Load Condition

The theoretical analysis and experimental results have shown that 3rd-harmonic
circulating current in the SDSC winding does not significantly affect the machine

performance when the machine operates at normal voltage.

No-load tests were made for the induction motors 4AP.,100L-4 and 4AP100L-4.
The no-load test data showed that the phase current I4 in delta part winding of both
motors contained a strong 3rd-harmonic current. The waveforms of the two currents
in delta component windings are shown in Fig. 3.15 and the corresponding data is
summarized in Table 3.4. It is seen that both currents have a shape of flat top which
means motors are operated at saturation condition. Also, it is evident that the new
winding can yield a little bit higher 3rd-harmonic current in delta winding
component than the conventional one when the motors operate at normal voltage and
no-load condition, since there is a hollow at the top of the wave in Fig. 3.15(a). In
spite of having a nearly 3% lower input current, the motor 4APs100L-4 had its I,
0.91% higher than the original motor 4AP100L-4. However, this minor difference
does not lead to significant deterioration to the machine performance. The 3-phase
windings of the conventional machines are usually connected in single-delja for
those induction motors with rated output power above 3 kW. It is seldom to find any
noticeable problem due to the high temperature rise since this winding connection

was applied in industrial product.
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Fig. 3.15 Current waveform in delta part winding at no-load

Table 3.4: No-load test data at rated voltage

Motor tested

Voltage input

Current input

Current in delta part

4AP»100L-4

420V

3663 A

222 A

4AP100L-4

420V

3776 A

220A
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When the motor operates at no-load condition, the input current contains mainly the
magnetizing component. The active component is a quite small part of the input VA
to meet friction, windage and iron losses. At the moment, the air gap flux is high, the
core is deeply saturated and the 3rd-harmonic current in the delta part winding

increases in a large amount. Table 3.5 shows those concerned currents data at
different voltages in no-load test for motor 4AP.m100L-4. Where, 153 is calculated
by RMS method. It is supposed that input line current I;, is sinusoidal. Thus, there

are only fundamental and 3rd-harmonic components presented in I,

I =12 +1, (G.17)

because of Iy; =L / /3, 1a3 is given by

Ty z\/IA2 _(I:n/‘/g)z (3.18)
So, I3 can be calculated by the equation (3.17) and (3.18).
To find out how the I3 possibly cause high temperature rise in the new winding,

three indices are employed here; vy = Ias / Loy %, ¥2 = (In - 1a1) / Ia1 % and the (1 +

}'2)2 means the heat loss rate.
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Table 3.5: No-load currents for motor 4AP.n,;1001L-4

Itern Test and calculated data

Vin --- input voltage, V | 300 350 400 420 460

Iiy --- input current, A | 1.966 2.464 3.205 3.663 4.879
In, A 1.147 1.451 1.919 2221 3.251
Ia1, A 1.135 1.423 1.85 2.115 2.817
Ins, A 0. 166 0.284 0.507 0.678 1.623
11 =1a3/In1 % 14.65 19.99 27.38 32.05 57.616
Y2=(a-1a)/Ta1 % 1.067 1.978 3.68 5.01 15.41
(1 +7y,)° 1.021 1.04 1.075 1.103 1.332

It is found that when the motor 4AP,,100L-4 is operated at rated voltage 420 V, the
value of 3rd-harmonic current 143 is 32.06% of the fundamental, The waveform of I,
presents a saturated shape, somewhat similar to a trapezium as shown in Fig. 3.15
(2), with an obvious hollow part at the top of the current waveform. This is caused by
a serious 3rd-harmonic current I,3. Due to the Ia3, the heat loss of the delta part
windings increased by 15.2%, a not negligible increment. Fortunately, the no-load
current [;, and delta component winding current I, are not so high to result in

excessive temperature rise, in spite of a large ;.

From Table 3.5, it is seen that when the supply line voltage was increased by 9.52%
from 420 V to 460 V, the input current [, increased by 34.4% from 3.63 A to 4.879
A, I, by 45.6%, and I3 by 104.5%. Due to the enlarged I3, the heat loss of the delta
part winding jumped to 1.353 while the temperature rise produced by the delta part

winding was a considerable value.
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Fig. 3.16 No-load test performance for 4APem:100L-4

Fig. 3.16 shows the curves of no-load currents varying with input voltage in per unit.
It is displayed that the curve of I3/ 15,=fVi,) grows more rapidly and I, increased
faster than I, when supply voltage was over the rated value (420 V). Therefore, the
winding insulation has a high probability to be damaged while the motor is oper‘ating
at over voltage range at no-load operation condition. With the same reason, this
situation should be taken care of for the conventional 60°-phase belt winding in delta
connection. Generally speaking, a proper attention should be paid to the situation

when machines are operating at no-load and excessive-voltage conditions.

3.4.2 3rd-Harmonic Current at Load Condition

When the machines are working at load condition, the saturation in the core is
distinctly reduced due to the reaction of active load through air gap flux. To

investigate this changing tendency load tests were made for the induction motors

4APs100L-4 and 4AP100L-4. Fig. 3.17 shows the waveform of phase current I, in

80



delta part winding of the two motors. It is found that the waveform of Ix was no more
a flat top but changed to a nearly-triangle shape, indicating a greatly reduced fraction
of 3rd-harmonic circulating current in delta component winding current I. It is
shown that the new star-delta series connection winding is impossible to be overheat
due to the existence of the 3rd-harmonic current in the delta component winding

when the machine operates at load, especially at full-load condition.

(2) Motor 4AP.100L-4

..4..4...‘...{..4......4.«

(b) Motor 4AP100L-4

Fig. 3.17 3rd-harmonic current at full-load test
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Further quantitative analysis proves the same results. Load tests were carried out for
the two induction motors 4AP100L-4 and 4AP.ns100L-4 to operate at the point very
closed to the rated output power of 3 kW. The tested and calculated data related to
the currents are listed in Table 3.6. It is seen that the coefficients of y; and y, are
8.66% and 0.3749% for the conventional winding motor, and 12.99% and 0.84% for
the new winding motor. As the 3-phase winding connection is changed from single-
delta (/\) to star-delta series connection (A), the reduction of the number of series
turns in the delta component winding results in a larger 3rd-harmonic current I3 in
the new winding so that the phase current I, in delta part of the new winding
increased more rapidly due to I;3. The conventional winding had increment of heat
loss of 0.75%, and the new winding 1.69%. This is because that the delta component
winding of the conventional winding contains the whole coils. But the delta
component winding of the new winding only occupies a fraction of 2/3 of the whole
coils. In view of the entire winding, the increment of heat loss was 0.75%x1 = 0.75%
for the conventional winding, and 1.69% x2/3 = 1.127% for the new winding. The
two values can be regarded as the same level. Naturally, the temperature rise in the
new winding is not well distributed. The delta component has a higher temperature
rise than the star component. However, the two components winding are packed
together by varnished insulation and the thermal conduction is good. Thus, the

difference of temperature between the two parts of winding is not significant.
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Table 3.6: Comparison of load currents between 4AP100L-4 and 4AP,,;100L-4

Machines 4AP100L-4 4AP ms100L-4

3-phase winding /A\
connection type A

Vin --- input voltage, V. 419.6663 418.6667

Iin --- input current, A 3.070541 3.093573

I, A 6.33 6.183333

Ia1, A 3.6684 3.6

Ins, A 0.3165 0.4638

y1=Ta3/ a1 % 8.66 12.99

Y2 =(a-Ia}/ Ia1 % 0.3749 0.84

(1 +7v2)? 1.0075 1.0169

3.5 Conclusions

The essential principles concerning the design of a new three-phase winding have
been described with detailed examples. The new star-delta series connection winding
has been shown to have obvious advantages comparing with the normal 60° phase-
belt winding. With its narrow E.M.B., full-pitch coil and flexible arrangement of
coil-side-group for phase winding, the new winding has a higher winding factor and
it is possible to reduce harmonic content to a quite low level. Although the ratio of
turns between star and delta components should be in 1:4/3, it is allowed to be
adjustable somewhat to suit the discrete sizes of conductors in commercial products
without significant impact to the machine performance. Nevertheless, it is very

restricted in the delta-star parallel connection winding.

83



As it interpreted in the last chapter, a conventional 3-phase winding has, in effect, a
6-phase distribution. Every one sixth of the total electrical spacing is occupied by
each phase, i.e. 60 electrical degrees. The new SDSC 3-phase winding enable to
obtain almost twice the spread, each component occupying much smaller part of the
total electrical degrees. The new winding is considerable superior to the conventional
120° spread winding both in terms of its ‘effectiveness’ as measured by the
distribution factor and in terms of its harmonic content. The star-delta arrangement is
a good improvement on the 60° spread winding. It is, in effect, a 12-phase winding.
In the theoretical analysis [3.5], the comparison of M.M.F. harmonic produced by the
new winding and conventional winding shows that the star-delta winding has a
substantially lower harmonic content. The theoretical analysis shows that most
salient harmonic contents can be reduced to quite low values. In the case with p = 4

and slot = 24, when k = odd the (6k £1) th harmonic is eliminated. The experimental

results [3.5][3.6] of the prototype also prove that.

The circulating current yielded in the delta-connected winding was considerably
concerned by the previous research [3.7]. Saturation harmonics rotate in the air gap
at the synchronous speed with respect to the fundamental flux waveform. Voltages
are induced in the stator and rotor windings with frequencies at values of multiples of
the stator supply and rotor-slip frequency respectively. These push harmonic current
into the supply and can give rise to circulating current in the delta-connected
windings, which may occasionally be sufficient to damage the windings. They are
responsible for additional noise and core losses that assume greater importance in
large machines because of power involved. It has been found in a series of tests that

the 3rd harmonic current in the delta component winding could reach a level about
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27 percent of the fundamental one at no-load operation. Even though, there was no
overheat happened in the test. This was due to the lower no-load current of the new
winding motor. When the new motor operated at full-load or higher load condition
the 3rd harmonic circulating current dropped down to about 10 percent of the
fundamental current. The test results show that the new winding motors do not have
high temperature rise caused by 3rd harmonic current when working at normal load

range. An attention should be paid to operation at excessive-high voltage condition.

The experimental results of the two different prototype machines demonstrate the
new winding merits; either the new winding machine can increase efficiency by
more than 3% with respect to the conventional machine, or can save considerable
raw materials such as silicon steel sheet by about 15% without worsening
performance of the conventional one. The result of lower stray loss displays the
lower harmonic contents of new winding contains. The experimental results show
that there was no overheat problem caused by the 3rd-harmonic circulating current at

normal operation.

The non-uniform-constitution and uniform-constitution of the new winding are not
complicated in technology. Especially, the uniform-constitution has almost the same

technical procedure in manufacture as the conventional winding.

The design principle and procedure are described through two detailed cases. The
new winding can employ either non uniform-constitution or uniform-constitution,

but non uniform-constitution should take account of the ratio of cross-section of coil
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between star and delta components and uniform-constitution should not. The
utilization coefficient of slot area is increased by definitely using single-layer, and
the technical shori-pitch has mean length of coil shorter than usual one. Although
this new winding has been applied mainly to induction motors, it can also be applied

to other three-phase AC machines such as synchronous machines.
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Appendix ITI-1

The Magnetic Field of a group of turns

The resultant magnetic field intensity of a coil with one turn referred to the circular

coordinate at the axis of the coil is a periodic function and can be expressed as [3.8]:

H (a) =£leinv O%”cosvon (A3.1.1)

v =]

where H, is the magnetic field intensity of a coil, & the air gap, o the position of the
winding expressed in radian, v the order number of the harmonics and a, the

periphery angle of the coil pitch in radian.

The resultant magnetic field of a group of turns consisting of N tums with equal
current { mutually displaced by a constant angle o; is determined most conveniently
by superposition as the sum of the fields of the individual tums. According to

equation (A3.1.1), the field intensity of the individual tumns is obtained:

2i 1 o}
H (o)=—")» —sinv—ZLcosva
@) o Zv 2

2i 1 o .
H a)=— _sinv _y,c —
2 (@) 5 ;v 5 osv(x —-a,)

2i 1 o
H.(a)=—)>» —sinv—Lcosv(a - 20 A3.1.2
»(@) — 2\» > ( 1) ( )

2i 1 o
H, {a)=—>) —sinv—Lcosvia —(N -1
va) nBZv ) [oo = ]
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The resultant field given by the sum of the above components is:

2 Ymod a
Ho) = 1r2_é; Zésinv —2"~{cosva[1 +cosvaL, +...+cosv (N -1, ]
v=] :

+sinva(sinva, +sinva, +...+sinv(¥ -1, )}

(A3.1.3)

Adding the series in square brackets and rewriting equation (A3.1.3), obtain

sinvN la
- ¥ =¢0 o A
H) =ﬁzisinv >
by

cosvia —-(N-Dra,]  (A3.14)
vet V N'si 2
sSinv Eal

Moving the origin of the coordinates by the angle (N -1)%{1, toward the centre of

the group of turns, a new coordinate system is obtained with the transformation

equation:
: 1
o =0L—(N—1)Ea, (A3.1.5)

In the new coordinate system the magnetic field intensity of the group of turns is

converted to the form:
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vew SINVN loc1
H@)=NY —-—21H; @) (A3.1.6)
v=l Nsinv Eal

where
H @) =2 Lsine 22 cosvar (A3.1.7)
ndv 2

is the magnetic field intensity of the turns, symmetrical with respect to the axis of the

group.

Appendix I1I-2

The Magnetic Field of a Conventional M-Phase Winding

Considering m groups of N turns each, their axes are mutually displaced along the
circumference by the angle (2/m)n. In each group of N turns flows the current of one
phase of a symmetric m-phase system, i.e. the currents in the individual groups of
phase amplitude /42 and angular velocity o are shifted in time by the same angle
(2/m)n. According to equation (A3.1.6 - 7), the equation of the magnetic field

intensity can be written as:
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] 1
2JINI vaw 1 sin Nv —a,

H ()= [sinef ) —sinv -~ ———=—cosva
vV N i l
sinv—a,
2
. 1
q v sin Nv Ea, 1
+sin(@f - —2rt) ) —sinv - ——=—cosv x (o ——21)
v .1 m
Nsinv—a,
2
1
v a, sin Nv Ea, 1
+ oo+ sinfot — = 21t)Z—smv X £ cosvia ——2n)]
v=i ¥ N - 1 m
sinv—a,
2
(A3.2.1)
Using the product formula
sinccosfP = —12—[sin(a + () +sinfo - B) (A3.2.2)

Equation (A.3.2.1) can be further developed and transformed to the form below,

o1
vem sin Nv —q,
H, @)= ‘/_MZ in a——?{sin[((ot+voc)—(v +1)2on]
m

Y Nsinv—o,
2
+sinf(wt —vou) + (v —1)£2n]+sin[(o)t +va) - (v +1)—1-2n]
m m
+sin[{wf —va) — (v —1)—1—2n]+---+
m
m-—1

sin[(c@f +va) ~ (v +1)—1-21c]+sm[(03t—-va) -v-)—2r]}
m m

(A3.2.3)
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The expression in braces is similar to the sum of equation (A3.1.2) for

o =0t tva,o, =HE £1)2/mlr and N = m, so that the field intensity of the m-

phase winding can be written, according to equns. (A3.1.3) and (3.2.2), as follows:

. 1
_—— N1 @, SNV 20 i +
T ns Sy .1 sin[(v +1)/mlx
N’smv?ac1

xsin[(@f +va) —(v +1) _25:_] + . :[1(1\1’(\’_;) ?:1]1:

x sin[(wt —va )+ (v -1) —21]}
m

(A3.2.4)

Appendix ITI-3

The Magnetomotive Force of a M-Phase Winding

The distribution curve of magnetomotive force F(a) is defined by the relation

Flo)=8H, (A3.3.1)

With constant air gap & and p = co,
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F(o)=8H + f Afo)da (A33.2)

The distribution of the magnetomotive force F(a) cab, therefore, be derived from the
distn'bution of magnetic field intensity by multiplying it by the air gap length § .
According to equns. (A3.2.4) and (A3.3.1), the magnetomotive force distribution of

an m-phase winding for instance is given by:

. 1
NS .« Svafa‘ sin{v £ )n

F (a)=——) —sinv— -
T v sin[(v £1)/mln

. |
Nsin vaa, (A3.3.3)

x sin[(@f £va ) F (v £ 1) "21]}
m
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CHAPTER FOUR

PERMANENT MAGNET WIND GENERATOR DESIGN

Abstract

This chapter presents the design of a permanent magnet generator using Neodymium-Iron-
Boron magnets suitable to directly coupled wind turbine applications. To accomplish the
goal of small size and lightweight with an extra-low speed for direct coupling, an outer rotor
structure with multiple poles is employed. Important design principles associated with the
outer rotor structure are discussed along with the critical design constraints. The direct-
design method is used for initial electromagnetic design. In the chapter V, the finite element

method will be applied to analyze the details of the design.

In this chapter, a simple magnetic equivalent circuit approach is used for a quick and
iterative design and optimization, the lumped parameters of the generator are calculated, and
mathematical equations and phasor diagram are developed. Comprehensive experimental
tests were conducted to verify the characteristics of the prototype generator and investigate
the main machine parameters. A comparison between the theoretical values and
experimental results is presented to demonstrate the effectiveness of design principles and
methodologies. A good agreement has been obtained between the theoretically computed

values and experimental results.
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4.1 Introduction

Due to the increasing availability of high-energy permanent-magnet materials, there
has been much interest and studies in wind generators with permanent-magnet
excitation [4.1~4.4]. AC generators with permanent magnet rotors can offer
potentiality of a high efficiency in operation and a simple and robust structure in
construction because of the absence of DC field current and excitation winding.
Using the recently developed high-energy permanent-magnet material, Neodymium-

Iron-Boron, further enhances the reliability and effectiveness of the wind generators.

A recent study shows a great demand for small to medium rating wind generators
used in stand-alone generation-battery systems in remote area [4.15). This type of
generator incorporates usually either diesel generation or solar-diesel generation to
supply an isolated community. The type of generator for this application is required
to be compact and light so that the generators can be conveniently installed at the top
of the towers and directly coupled to the wind turbines. Compared to a conventional,
gearbox coupled wind turbine generator, directly coupled generators has a series of
advantages, such as a much reduced size of the overall system, a rather low
installation and maintenance cost, flexible control method, quick response to the
wind fluctuation and load variations, etc. However, a directly coupled generator
needs to have a very low-speed operation to match the wind turbine speed and, at the
same time to produces electricity in normal frequencies range (30-80 Hz).
According to the electric machine design principles, this implies a very bulky

generator with a very big pole number.
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In research, we present a novel PM generator design to fully explore the potentials of
high-energy PM machines in directly coupled wind energy applications. In
particular, an innovative outer-rotor structure is adopted to cope with various
difficulties in designing a directly coupled wind turbine generator. In a normally
designed inner rotor PM generator for gearbox coupled applications, the number of
poles is low and the magnets can be arranged on the rotor. In order to
produce normal frequencies at very low speeds for direct coupling to the wind
turbine, the PM generator needs a very large number of poles, resulting in a design of
substantially enlarged diameter and high cost. To be economically competitive, the
design of low-speed, large-diameter generators has to be optimized in terms of cost,
power density, and efficiency. As will be discussed behind, the structure of outer-

rotor displays uniqueness to meet such requirements.

Important design principles associated with the outer rotor structure are discussed
along with the critical design constraints. The simple magnetic equivalent circuit
approach is used for a quick and iterative design and optimization. the details of the
design will be analyzed by finite element method in the chapter V. The targets for
the generator are based on the attempting for low cost and high efficiency.
Comprehensive experimental tests were conducted to verify the characteristics of the
prototype generator. A comparison between the theoretical work and testing results

is presented to demonstrate the effectiveness of design principles and methodologies.
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4.2 Features of the Outer-Rotor Structure

The most salient feature of the newly designed PM wind generator is the outer-rotor

structure as shown in Fig. 4.1.
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otating generator
can (drum)
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hollow shaft

rear bearing

magnet
winding inner stator

Fig. 4.1 Axial cutaway view of the generator

In this machine, the wound stator is stationary, located in the center of the machine
while the magnets are mounted evenly along the inner circumference of the rotating
drum supported by the front and rear bearings. In fact, this rotating steel rotor drum

plays significant multi-functions such as:

1) supporting magnetic poles;

ii} forming part of magnetic path for the main flux;

ili)  providing a direct joint between wind turbine and the generator;

iv) forming a protective cover to prevent the generator from environmental

hazards.
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Several advantages can be identified easily from the illustrated outer-rotor structure:

a) The blades of the wind turbine can be conveniently bolted to the front face of
the drum to realize the direct coupling between the wind turbine and the PM
generator;

b) Because of the enlarged periphery of the out-rotor drum, the multi-pole
structure can be easily accommodated,;

c) Due to the multi-pole structure, the total length of the magnetic path is
reduced. This makes not only an effective utilization of the permanent
magnets but also a noticeable height reduction of the rotor yoke, resulting in a
significantly reduced total volume and weight. The coil pitch equals to the
slot pitch so that the end winding is shorter and correspondingly, copper loss

is lower than those in a long pole pitch machine.

Furthermore, with the ratio of the rotor diameter to the magnet width large enough, a
minor air gap between the inner arc of the drum and the flat magnet surface will not
be significant, resulting in a much simplified process of machining and mounting of
the permanent magnets. Therefore, a small pole pitch and larger pole number are
favorably accommodated by the outer-rotor structure and a cost-effective, directly
coupled PM generator can be made. In the actual design, all of the radially
magnetized magnets are squarely shaped and evenly placed to the inner periphery of
the rotor drum. While the generator is running, the centrifugal force of the magnets
applies a pressure to the bonding media. Thus, the reliability of the glued joints

becomes higher. As exposed to the natural wind flow, the outer-rotor has a much-
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reduced temperature rise than the stator. Additionally, the simple outer-rotor
structure makes the PM generator compact, light and rugged, and easy to be installed

at the top of a high tower.

4.3 Wind Energy Assessment

The power P, available from the wind with a density p through a cross-area A varies

with the cube of the wind speed v:
P,=— pAv3 (4.1)

A wind turbine, with this swept area in the air stream, will develop a power P, P/P,,

is the conversion efficiency and called the power coefficient C,, i.e.
I 3
C, = P/P,, =P/ 3 pAV) 4.2)
Assuming a circular cross sectional area with a radius R, equation (4.2} becomes
P.= L onr?y? 4.3

More detailed analysis of wind turbine performance [4.5] indicated that maximum
power from the wind is obtained when the final down wind velocity is one third of

the up wind velocity. The value of power coefficient is then 16/27 or 0.593.
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Generally, practical wind turbines for wind generation have C, value no more than
0.45. The power coefficient C, is a function of blade tip speed ratic B and
approximates to a parabola where C, reaches a maximum Cppar at B = Bopr, and is
zero at p = 0 and 2., Fig. 4.2 shows a Cp- curve of a typical fixed-pitch,

horizontal axis wind turbine.
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Fig. 4.2 Cp-p curve for a horizontal axis wind turbine

It can be seen that a single maximum C, g, occurs when the tip-speed ratio takes a
particular value B, Obviously, if the turbine is to extract maximum power from the

wind, the shaft speed will vary as,

@ = Bop V/R (4.4)
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When the turbine is running and keeping the tip speed ratio at Bop, the output power

from the turbine is,
Pi= (207 Crnas RV @5

The expression in the bracket is constant, and hence the output power varies as the
cube of the wind speed. Substituting equation (4.4) for v in equation {4.5), P, can be

alternatively expressed in terms of o as,
1
Pi= (5 P7 Cpomax RBop) @’ (4.6)

Fig. 4.3 shows an estimated annual energy output versus mean wind speed for a

horizontal axis wind turbine. It is assumed that wind speed follows a Weibull

distribution [4.6].
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Fig. 4.3 Predicted annual energy output versus mean wind speed
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The annual energy output is obtained from the Wind Energy Conversion output
power curve and wind speed distribution for the site. A Weibull distribution of wind
speed is often assumed for the assessment of energy output where detailed site
measurements over a long period are not available. Fig. 4.4 shows a Weibull
distribution with mean annual wind speed of 7.1m/s that is typical for a good site in
Western Australia. Mean annual wind speed less than 4.2m/s in a site is considered

uneconomic to set up a wind generator and greater than 9m/s is rarely available.
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Fig. 4.4 Weibull distribution of wind speed

The nominal speed of the PM generator, which largely determines the overall size of
the generator, can be determined from the wind energy assessment equation. A mean
annual wind speed of 7.1 m/s is used for the design of the generator, a rotating speed
of 170 rpm can be derived as the nominal speed for the wind turbine as well as the
outer-rotor PM generator. For the nominal frequency of 68 Hz, the permanent

magnet has to have 48 poles.
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4.4 Design Constraints

The critical factors affecting the main dimensions of the PM generator and the
special design constraints due to the outer rotor structure are discussed in this

section.

4.4.1 Temperature Rise

Since it is exposed to open-air conditions in remote locations, the generator is
required to be completely enclosed for protection against possible damages caused
by storm, sun radiation, dust, insects, chemical pollution, etc.. Therefore, there is
almost no direct ventilation between inside and outside of the rotor drum and the
only heat dissipation is through the outer surface of drum. Due to the multi-pole
structure, the iron loss is larger than a normally designed electric machine. So, the
heat generated by armature and other losses may cause a noticeable temperature rise.
A maximum ambient temperature of 50°C 1s assumed and the glue material binding
the magnets is able to withstand 120°C. Thus, a constraint of maximum temperature
rise of 70°C is imposed for the full load condition. All of the thermal sources must

be catered for the assumed condition.

4.4.2 Demagnetization

The magnets can be partially demagnetized by over current and/or excessive
temperatures. The PM generator has to be specified to suffer no more than a
tolerable demagnetization even at a possible maximum current and temperature. In
addition, the magnetic design should ensure that the magnets are safe with

demagnetization currents applied at all possible orientations.
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4.5 Electromagnetic Design

An iterative magnetic circuit method is employed to search for a proper operating
point of the magnet in no- and full- load conditions. The method involves
discretization of the magnetic flux loop path that is shown by the cross-section of the
generator in Fig. 4.8. The objective of the iteration is to produce an optimized
magnetic structure with a low cost. The calculation is based on a smooth, non-
slotted outer stator surface since the slot effect is taken accounted of by the

traditional Carter coefficient approach.

The permanent magnets establish the flux in the outer-rotor machine and the flux is
intended to link the coils of the phase windings on the inner-stator. All of the coils
are located as close as possible to the magnets to minimize the amount of magnet
flux that leaks poles of opposite polarity without linking any turns of the windings. A
flux guide is formed by the laminated steel core of the stator due to its high
permeability. The flux is drawn through the steel teeth radially across the narrow

airgap and the yoke.

Obviously, there is a concentration of flux in the teeth. The flux crossing the air gap
funnels into the teeth, which occupy approximately half of the periphery. This means
that the air gap flux density will be of the order of one-half the maximum flux
density in the teeth, i.e., at most, 0.8 T if it is kept below 1.6 T in the steel. The flux
density in the magnets in such a machine with surface-mounted magnet will be

comparable to the air gap flux density, or slightly higher. For this outer-rotor
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generator, only the high-energy magnets, e.g., Cobalt-Samarium and Neodymium-
Iron-Boron, are capable of operating at this high level of flux density. Machines with

ferrite magnets operate with lower flux density, but at less cost.

4.5.1 Nd-Fe-B Permanent Magnet

Much of the recent progress made in the development of permanent magnet
machines can be attributed to remarkable improvement of the properties of magnet
materials. Following the successful development of SmCos and then Sm;Coy7 in 70s,
there was some concern that the cost and availability of the principal constituents
might limit the commercial success of these magnets. Attention was drawn to find
new magnetic materials with properties superior to existed ferrite and alnico types.
Earlier investigations involved using iron in place of cobalt with a variety of rare
earth elements, but all the R,Fe)7 compounds have very low operating temperature
[4.16]. A technical term, ‘Curie temperature’ (7), is introduced here to describe
fundamental characteristic of magnetic materials. The term 7, expresses the
temperature above which spontaneous magnetization will not exist. The practical

operating temperature for a magnet is well below T, and yet T, itself is only around

125°C for szFen and around 60°C for Ndz FC|7.

An important progress was made in early 1980s. R;Fe7 was modified to the ternary
compound R:;FevB, which has tetragonal crystal symmetry and a strong uniaxial

magnetocrystalline anisotropy. The Curie temperatures for RyFe 7B are some 200-
300°C higher than those of the corresponding RyFe;z compounds. Then,
Development quickly focussed on Nd,Fe|sB. This new alloy is enable to offer the

highest saturation magnetization, and its 7, is slightly over 300°C [4.7]. The most
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compelling attribute of this compound, however, is that neodymium is considerably
more abundant in the nature than samarium. It promises a significant saving in raw
materials cost by coupling neodymium with the use of iron as the transition metal.
Nd,Fe;7B is the basic compound for the modern family of permanent magnets known
as neodymium-iron-boron, but various partial substitutions and modifications are
commonly made to adjust the magnetic properties to suit practical applications.
Nowadays, considerable research worldwide is devoted to advancing the technical

capabilities and application of Nd-Fe-B.

It is known that the required magnet volume is inversely proportional to the energy
product, i.e. ByHy, for a given air gap volume being magnetized to a certain flux
density. Contours of constant energy product are rectangular hyperbolas, usually
drawn from property data sheet provided by magnet suppliers. The maximum energy
product or (BH)mx ©of a given magnet occurs where the demagnetization
characteristic is tangent to the BH hyperbola. If the recoil permeability is unity, this
occurs for a permeance coefficient of unity, provided that there is no externally
applied field from windings or other magnets. As Nd-Fe-B has a larger energy-
density than most of permanent materials, it has been widely used in various types of
electric machines. Fig. 4.5 shows the demagnetizing characteristic of Nd-Fe-B used
in this design. It is seen that Nd-Fe-B has comparatively higher remanence 8,
coercive force H, and maximum energy product (BH)max. According to supplier’s
data, the Curie temperature is 310°C, and working temperature can be up to 120°C.

All of these information are useful for detailed machine design.
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Fig. 4.5 Demagnetizing characteristic of Nd-Fe-B

4.5.2 Magnetic Circuits

In magnetic circuits, a permanent magnet can be represented either by a Thevenin
equivalent circuit comprising an M.M.F. source in serie§ with an internal reluctance
or by a Norton equivalent circuit comprising a flux source in parallel with an internal

permeance, as shown in Fig. 4.6 (a) and (b). Since they both represent the same
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thing, equivalent circuits are exactly equivalent and can not be distinguished from
each other by measurements at the terminals. Which one to use is a matter of

convenience,

(I)m R mo

Fy

(a) Thevenin

(b) Norton

Fig. 4.6 Equivalent magnetic circuits
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Analogous to the voltage/current of relationship of an electrical source at its
terminals, the characteristics of a permanent magnet can be expressed graphically in
terms of the flux/M.M.F. (®/F) relationship at the terminals or pole-faces as shown
in Fig. 4.7 [4.17]. The magnet can be “short-circuited” by connecting a soft iron
“keeper” across its poles. This ensures that the M.M.F. across the terminals is zero,

and the magnet is operating at the Short-Circuit point in Fig. 4.7.

Flux

Short-circuit l (DM
) (I)r

Open-circuit
MMF F,,

p\
FG
Fig. 4.7 @/F characteristic of a permanent magnet at given dimension

On the other hand, the “open-circuit” condition requires that the flux leaving the
magnet pole is zero. In order to achieve this, an external demagnetizing MMF must
be applied to suppress the flux. The internal MMF of the magnet must be exactly
balanced out by the applied external MMF when the flux emerging from the pole is
zero. It is only possible to do this in a magnetizing fixture with a separate DC excited
coil to provide the extemal MMF. The terminal MMF is negative so that it can

oppose the internal MMF of the magnet, F,, and is exactly equal to it. F is called the
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coercive MMF since it is the MMF required to coerce the magnet to produce zero

flux. It directly expresses the resistance of the magnet to demagnetization.

@, is called the remanent flux, This term is used to describe how much flux remains
in the magnet after it has been magnetized. The amount of flux @ that can be
produced into an infinitely permeable keeper expresses the maximum available flux
from the magnet. However, it should be careful to interpret the term because the
ability of a magnet to retain flux in a magnetic circuit depends on both 7, and @, at
the same level. It is better to regard @, as the flux retained by a keeper in the
magnetic short-circuit condition. However, there is no keeper in normal operation,
and the magnet operates at a flux below @,. This is because the MMF drop across the

air gap appears as a negative, demagnetizing MMF as seen from the magnet
terminals. Besides, the phase currents produce an additional demagnetizing MMF to

drive the operating point still further down the characteristic.

To describe properly the characteristics of magnets, the two parameters F, and ©;, are
necessarily used. Also, the slope of the magnet characteristic relates F, and d.. For a
given remanent flux @, it is desirable to have the flattest possible slope since this is
associated with a high value of F. and a high resistance to demagnetization.
Neodymium-Iron-Boron has an @/F characteristic whose slope is close to the
theoretical maximum and is classified as hard magnets due to its high resistance to

demagnetization.
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4.5.3 Open Circuit Operation

There are many important aspects of design to consider and it is not easy to define or
derive an optimum design in some simple closed forms. But, it is possible to make an
optimum choice of machine construction, keeping in mind the requirement to
achieve sufficient output power from given dimensions, and to be able to predict
performance at variable load. Because of the non-linearity, an iterative method is
used for determining the operating point of the magnets. The steps involve
discretization of magnetic circuit and integration of loop flux path. Repeated
calculation and optimized device aim at to obtain possible large output, good

performances and low cost of product.

To determine the dynamic operation point of the magnet, it is necessary to find the
resultant magnetic potential differences in the discrete sections along the flux path.
The leakage flux resulting from the polarization of the magnets affects the density in
critical parts of the magnetic circuit and main flux. It is necessary to set up a
simultaneous equation related with the balance between the MMF and the reluctance
drop throughout the entire path. Applying Maxwell’s integral equation in the

machine construction, an equation for electromagnet calculation can be obtained,

LHdl - _[Hdl ~ [Hdi - LHdI = LJdQ (4.7)

Where, subscript m, s, r, and g express the integral paths across magnet, stator, rotor,
and air gap respectively as shown in Fig. 4.8. Q is the integral area embraced by the
entire integral path and J is the current density. The first and last integrals in the

equation (4.7) are referred to MMF of magnet and armature reaction. The integral
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path is also shown in Fig. 4.8. In the subsequent calculation and analysis, it is
assumed that put forth that a smooth stator replaces the slotted stator. Carter’s
coefficient is then used to modify the air gap and a larger air gap length than actual

one is applied to the case.

Fig. 4.8 Cross section of the PM generator

One of the important tasks is to determine the main flux paths and assign reluctances
and permeances to the various branches of magnetic circuits. In Fig. 4.8, the main
flux 1.e. air gap flux @, cross the air gap and links the coils of the stator winding. @,
is the magnet flux actually produced from the magnet. The leakage flux @, expresses
the part of the magnet flux that fails to link the stator windings. These fluxes are all
defined on a per-pole basis and their units are Wb. For a calculation of lumped

parameters, the ratio of air gap flux to magnet flux is defined as leakage coefficient

@ ©

=% o £ 4.8
Jug ®, D, +P, (4.8)

m
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The leakage coefficient is always less than 1, and its value depends on the

configuration of the generator. The Norton magnetic equivalent circuit is shown in

‘—Fud

Fig. 4.9 Magnetic equivalent circuit of one pole

Fig. 4.9. where the magnet is represented by a flux source @, and an internal
permeance P,,. The leakage permeance P; is in parallel with the P,,,. The armature
reaction F,q is shown as an MMF in series with the air gap reluctance R,, but F,, is
initially assumed to be zero at open-circuit condition. Permeances P and reluctances
R are mixed freely in Fig. 4.9. This reflects that a leakage permeance diverts magnet
flux away from the windings while a reluctance, mainly air gap, presents a magnet
“resistance” to the flux. Provided that the steel has an infinite permeability compared
with air gap, the reluctance of the steel stator and rotor may be omitted for simplicity.

The magnet permeance is given by

Puo= Hrec Ko Am/Lm Wh/At (49)

113



Where A, is the magnet pole area and L,, is the magnet length in the direction of
magnetization. The magnet permeance Py, is a highly idealized concept. It is derived
from the radio ®©/F, and thus assumes a straight demagnetization characteristic as

well as uniform properties and magnetization throughout the magnet.

The air gap reluctance R, is given by

R =-"% -8 (4.10)

Where A, is the pole area of the air gap, Ly the stack length and 3, the width of
magnet. The air gap g’ used here is not the necessarily the physical air gap length g,
but an effective value modified by the Carter’s coefficient to allow for slotting.
However, for the machines with surface-mounted magnets the air gap modification
for slotting is mall because the magnet effectively acts as a large additional air gap,

and therefore it is acceptable to use g’=g for approximate calculation [4.18].

When the PM generator is working in no-load condition, the air gap flux is solely
contributed by the magnets. It is assumed that the demagnetization curve of the
permanent magnets is stable with a single valued relationship between B and .
Although the Nd-Fe-B permanent magnet has its demagnetization curve in the
second quadrant in B/H plane, H is treated as a positive value for convenience of
calculation. For a magnet with given geometry, it is more convenient to use ®/F

curve which can be directly derived from its B/H curve shown in Fig. 4.5 by using
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b= BAyand F = HL,, | (4.11)

The obtained ®/F characteristic is shown in Fig. 4.10. The remanent flux @, and the
coercive MMF F, depend not only on the material properties but also on the
dimension of the magnet, and this makes matters a little more complicated than the
simple magnetic equivalent circuit. The material property associated with @; is the
remanent flux-density B,, and the material property associated with F is the coercive

magnetizing force H.. Their relationship are respectively related to

@, =B,Ap and F, = H L, (4.12)

The magnet’s operating point generally moves reversibly up and down the straight
part of the characteristic in Fig. 4.10. The slope is the recoil permeance. Note that

the @/F demagnetizing curve is linear with intercepts. Hence,

® = -(Dy F)F + @, (4.13)

The ratio, ®/F, can be interpreted as the permeance of the magnet. If paths are
considered for both the main and leakage flux, a balance between the reluctance

drops and the magnet MMFs guarantees that

O =D + O
= Fu/(Rg+Rs+R;) + FyP,

= Fo(Py + P) (4.14)
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No-load operating
P, point with zero

Fig. 4.10 No-load operating point of magnet

where R+ Rs+R, is the total reluctance due to the gap, stator core and rotor yoke, and
Ps and P; are the permeances for the main flux and leakage flux respectively. The
main flux path within a pair of poles consists of rotor yoke, two magnets, two
sections of air gap, stator teeth and yoke. The total permeance P, of the entire

magnetic circuit can be expressed as

P.,, the total permeance of no-load magnetic circuit, represents the external effect to
the magnet. The operating point corresponding to the no-load condition is plotted as
the intersection O’ of the no-load line with the demagnetizing curve shown in Fig.
4.10. The coordinate @, on d-axis represents the total flux coming out from a

magnet face. The angle of the no-load line is
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O ox = arctan P, (4.16)

The two lines with the slopes of main permeance Py and leakage permeance P; are
also shown in the figure. The proper operating point can be adjusted by applying the
iterative method to change the dimensions of the permanent magnets, which
essentially changes the position of the PM demagnetization curve, and the geometry
of the stator and rotor lamination, which essentially determines the slope of no-load

line P,,.

Out of the total remanent flux shown in Fig. 9, only the fraction Pg/(Pp,+PrtPy)

cross the air gap and link the phase winding. Thus, with P,=1/R,, air gap flux is

o, e g (4.17)
1+ fu PR

mo- g

Considering ®=BA, and ®;=BgA,, and making use of equations (4.10-4.12}, the
expression in respective flux density for open-circuit can be derived. The air gap

flux-density is

B = £ B (4.18)

The corresponding flux-density B, in the magnet is given by
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A
B =B, (4.19)
Tkg “'m

Due to fy is less than 1, the magnet flux and flux-density are greater than they would

be if there were no flux leakage at a given air gap flux.

If the vertical axis of Fig. 4.10 is scaled by 1/4,, and the horizontal axis by 1/L,,
there results a relationship between the flux density B,, and magnetic field strength
H,.. The practical B/H characteristic of the commercial Nd-Fe-B product is shown in
Fig. 4.5 and a theoretical demagnetization characteristic is shown in Fig. 4.12 for
design illustration. The slopes in the figures are called recoil permeability p,...
Although it is convenient to determine the no-load (open-circuit) operating point by
using magnetic ®/F characteristic and permeance lines, it is very direct to use the
B/H curve to compute the magnetic structure without considering the effect of
different geometry of magnets. The operating point of the magnet can be determined
either graphically from Fig. 4.5; or by calculating H,, from the equation that describes

the demagnetization characteristic:

Bm = “.rgcl.lon + Br Bm > Bk (4.20)

The inequality B, > B; means the need to check that the operating point is must be

above the knee point. In the B/H domain, a relative parameter p.r can be defined to

replace P,,,

Mex = Pex (LudAn) (4.21)
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which is called the normalized permeability line in no-load operation. The concept
of normalized permeability will be used later to compute the operation point in full

load conditions.

Although Neodymium-Iron-Boron magnet has a straight demagnetization
characteristic at room temperature, it may develop a knee in the second quadrant at
higher temperatures. Generally, the remanent ﬂux-deﬁsity B, decreases with
temperature [4.17]. This effect is usually specified in terms of the reversible
temperature coefficient of B,, quoted in % per degree C. Let the symbol ag, express

the coefficient and the remanent flux-density at temperature is given by
B,—(]) = B,-(;g)[] +CCB,-(T-20)/I 00] (4.22)
Where B,z is the value of B, at 20°C.

The variation of coercivity with temperature is not so important as the variation of
the knee point. Unfortunately, the necessary information about the knee-point values
Hi and B, as well as their variation with temperature have not been found in the
given material data of the commercial product. A straight demagnetization
characteristic is assumed at the beginning of the electromagnetic design, but after
magnetic calculation it should be checked if the magnet flux-density B,, is greater
than B; by referring to the actual magnetization curve (Fig. 4.5) at the appropriate
temperature. This procedure is safe and simple. The temperature coefficient of H, is

not used, since it does not provide the necessary information about the all-important
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knee point. The performance of the generator could be degraded by the effect of
elevated temperature on the demagnetization characteristic. The high temperature
leads to decreasing magnet flux and therefore the torque per ampere. Also, it requires
the operating current to be limited because of the upward migration of the knee-point
into the second quadrant. In the design the range of variation in the torque constant
which can be tolerated is quite small, of the order of a few percent. Limits are
therefore set on the machine temperature and on the phase currents to keep the
operation within the safe range. To achieve low cost of the generator it is not

necessary to seek very high temperature properties of magnets.

4.5.4 Rotor Leakage Permeance

Two main effects are caused by rotor leakage flux. First, the magnet flux is wasted
through the leakage path. In open-circuit condition the air gap flux is less than
magnet flux. Accordingly, the leakage coefficient fig is defined in equation (4.9) as
the ratio @,/®Dy, in order to characterize the effectiveness of the magnetic circuit in
using the available magnet flux. From the magnetic circuit in Fig. 4.9, the leakage

coefficient fi is

1/R 1

4

/u =B UR “14ER,

(4.23)

Another effect of rotor leakage is to provide a bypass path and divert d-axis
armature-reaction flux around the magnet. The per-unit rotor leakage permeance p.

can be defined as
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Pyu=P1/ Py (4.24)

where P is the rotor leakage permeance per pole and P, the magnet permeance per
pole. It characterizes the effectiveness of this bypass path. The relationship between

leakage coefficient and per-unit rotor leakage permeance can be expressed as

=( fl -1) P IR (4.25)

Prl

Leakage flux in the magnetic circuit is caused by the combined MMFs of the
magnets and the stator armature current. It is apparent that the calculation of no-load
operating point involves the detailed calculation of the leakage permeance in
different integral sections. However, a feature of leakage magnetic flux is that the
leakage flux lines usually have a relatively long path in air, a linear magnetic media
that gives a lot of convenience to find analytic expressions for leakage flux
permeance., The leakage permeance related to those sections with various shapes and
dimensions, including the paths between stator teeth, rotor poles, and between steel
core and magnet, has to be considered. Since the inner-stator has a structure similar
to that of a rotor in a2 normal machine design, stator-slot leakage permeance and

others alike are skipped in the calculation.

The rotor leakage permeance P, is calculated by simplified methods of flux-path
analysis. There are three main fringing paths related to rotor as shown in Fig 4.11.
For the leakage flux permeance e-f-g-h between the adjacent poles of the outer-rotor,

the important dimensions are shown in Fig. 4.11(a).
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(a) Leakage flux path between two magnets through inside
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(b) Leakage flux path between two magnets through outside
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Nd-Fe-B magnet
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(¢) Fringing flux path between magnet and stator
Fig. 4.11 Rotor Leakage flux path

Because the rotor radius is far greater than the magnet thickness, the two adjacent
sides of the two opposite magnets can be approximately regarded as parts of two
extended planes intersecting at the shaft center, with the angle B between them.
These two equipotential surfaces e-h and f-g have the position radii r; and r;, and
axial length L, (into the paper). Assuming the center of the shaft is O that does not
appear in the Fig.4.11 (a), the r; is O-h or O-g, and the r; is O-¢ or O-f. Consider the
elemental strip bounded by two arcs with radii r and r+dr, between the equipotential

surfaces e-h and f-g. The flux through this strip is

db = FLo, & (4.26)
B
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where F is the MMF or magnetic potential drop between faces e-h and f-g.
Integrating the equation (4.26) from r; to r, the total flux between the two magnets

can be obtained

§ = Mo L [ ar _BoFLu n (4.27)
B (I & B "

As the permeance is defined by ¢/F, this leakage permeance can be obtained

L
P, = 9_ = M]ni (4.28)
F B n

Leakage flux also occurs between magnets via space outside the active length. This
leakage permeance due to end-flux between pole-pieces may be calculated by using
an approximate method. It is assumed that the flux flows in semi-circular arcs across
the outside air space between magnets from surface a-b to c-d, as shown in Fig. 4.11
(b). The equation (4.26) is used again with f ==, r; = O-bor O-cand r; = r;+wn.
Here, O-b is half of the interval between two magnets and w, the width of the

magnet. S0, P, is contributed by

P = 2t 1 (4.29)

L

where #,, is the thickness of the magnet. This formula includes both ends of the

magnets.
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Fringing of main flux links the stator and rotor and goes through the path beyond the
actual air gap area. It is assumed that the path of fringing flux forms semi-circular
arcs through air space out of active length. Taking account of four sides, this

corresponding permeance can be approximately calculated by the equation below

(Lua + kg S0 K, 5
Py =i, . (4.30)

where the coefficient & is depended on the ratio of Ly or wy to segment x-w or y-z.
When the ratio is greater than 1 % =1. Other wise kr = 0.307. In this case 4 is
assigned 0.307. This resulting permeance can then be added to the permeance for the
section of the air gap. It is seen, from Fig. 4.11 (c), that the fringing flux in fact

augments the axial length of the air gap section.

Lumped permeance calculations is usually used in initial design and occasionally
refined into complex nonlinear magnetic equivalent-circuit calculation. Although the
method is less accurate and less reliable than the modem finite element method, its
main virtues are simplicity and easy to be programmed. Its use can be justified only
where extreme speed of calculation is required and accuracy is of secondary

importance, particularly for preliminary sizing calculations.

4.5.5 Full-Load Operating Point

With the full load current flowing through the armature winding, the magnetic flux
of the generator is significantly altered and the operating point varies. This additional

field may drive the operating point further down the demagnetization characteristic,
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and depress the air gap-flux-density as well as the magnet flux-density below the
open-circuit or no-load value. Once the phase current is removed, the operating point
should be able to recover to the open-circuit point, and the recovery should be
complete and reversible provide that the excursion of the operating point has not left

the straight part of the demagnetization characteristic.

The full load magnet operating point has be to positioned in subh a way that the
magnetic field by the magnets is still adequate and can be completely recoverable for
the worst load conditions. The corresponding position of operating point depends on
both the direction and amplitude of the armature MMF. The air gap field, set up by
the stator armature MMF, possesses direct-axis and quadrature-axis components,
which bears a close relationship to the direct- and quadrate-axes inductance, Ly and

Lq-

In the case of the PM generator, attention is paid to the demagnetizing component,
the negative Jy4. It is known that the amplitude of MMF produced by a three-phase d-

axis current under one pole is:

3 Zﬁkaw
Tl Ll 4.31)
n P

where W, is the number of turns in series per phase, k, the winding factor and p the

number of poles. Thus, the field strength due to the armature MMF is:

Hag = Foa/ hm = 2.7W‘"—k"’I (4.32)

ph,
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H,4 caused by armature reaction can be directly added to the no-load characteristic.
Hence, the no-load line is shifted along the H-axis for a value of H,; and intersects
with the magnet demagnetizing curve at point L shown in Fig. 4.12. Note that under
the full load, L is the operating point of the magnet. The corresponding coordinate

Baq on the B-axis is the flux density.

Open-circuit operating

point with nil current
B,
PGI
load operating point with
armature reaction 0 B,
L Bad’
Load line
7 /Ma—'cx rd "/'E‘Z“
! {
H < >
¢ Had

Fig. 4.12 Load operating point of magnet

To calculate the induced voltage in the load conditions, the radial flux density of the

air gap can be decomposed into:

=, V4 ) {4
B(O)= D (a, cos%+bn smf:?) (4.33)

n=—a0
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where a,,& b, are coefficients, £the average length of the arc of air gap and t the

pole pitch.

From equation (4.33), the fundamental and other harmonic flux per phase are

obtained. So The fundamental and other harmonic EMFs can be found by

E, =444/W K, D,

where

f - frequency of the power source.

(4.34)

W, - number of turns in series per phase.

Kepn - fundamental or harmonic winding factor.

All the design principles and major equations discussed above are summarized and

coded into a computer program to design a prototype outer-rotor PM generator and

important design results are listed in Table 4.1.

Table 4.1

Quter diameter of the rotor 550 mm

Inner diameter of the rotor

Length of stator core

Number of poles
Number of slots

Turns / phase

537.5 mm

75 mm

48

144

288

Principal Design Details

1 Layer

Winding layers

Magnet thickness 3.5 mm
Magnet cross section of 1875 mm’
one pair-pole

Number of phase 3

Parallel branches 1
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4.6 Determination of Xy and X,

A PM generator suffers from the disadvantage that because of the absence of field
windings, excitation control can not be achieved. To analyze steady-state
performance of PM generators, it requires knowing their main parameters. Direct-
axis inductance L; and quadrature axis inductance L, are two of the important
parameters. The positions of the direct(D) axis and quadrature(Q) axis are illustrated
in Fig. 4.8. The present section aims at investigating these two parameters and
predicting performance of the generator by employing a properly modified two-axis
diagram as well as some basic tests. The object is, with a simple method, to achieve
satisfactory accuracy by incorporating all major effects while maintaining a relative

efficient calculation procedure.

4.6.1 D-Axis Reactance Xy

To calculate synchronous reactance the fundamental component of the resultant
armature-reaction flux is necessarily used. This fundamental component can be
derived from the actual flux by Fourier analysis, no matter what waveform of the
original flux is. The actual or total fluxes in the d-axis and g-axis are also important

from the designer’s point view.

As Xy # X, permanent magnet generator with saliency has two axes of symmetry.
They are pole-center axis or d-axis and interpolar axis or g-axis, which are observed
from the point of view on the rotor. The effect of the armature ampere-conductor
distribution and MMF in setting armature-reaction flux can be analyzed by

considering the MMF to be resolved into a d-axis component F),; cosp0 and a g-axis
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component £, sinp0 [4.13]. The d-axis and g-axis fluxes that they set up are not
sine-distributed because the air gap permeance is not uniform. Additionally, it makes
the magnetic circuit somewhat complicated that the air gap permeance in the d-axis

is in series with the magnet permeance.

For the calculation of X, the geometry derived from the outer-rotor PM generator is
shown in Fig. 4.13. Taking account of the minor air gap between magnet and rotor

drum, the main air gap can be regarded as uniform.

q-axis d-axis q-axis
Zero I I
potential\ . :
! magnet
{ Pro
Magnet pole—
X / ] .
Potential u - Potential
. / Fiaa cosp®

Fig. 4.13 Geometry for Xy calculation

The pole is floating magnetically and has an undetermined magnetic potential u. If

the g-axis is taken as the datum of magnetic potential, # is the magnetic potential
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drop across one magnet. Here, “one magnet” is defined as the segment of magnet
associated with one half-pole. It means that the actual magnets are splited into two

sections in parallel. The permeance P, is the permeance of “one magnet”, i.e.
Hreclo(Am/2)/hm, Where hy, is the thickness of one block of magnet. The air gap flux-

density over the magnet is given by

Bui(®) = (1o/8 )(FraacospB - u) (4.35)

Where Fj,q is the fundamental component of the MMF produced by armature

reaction. So, the total d-axis flux corresponding to B.4(0) is

(Dad = 2 _[x " Bad (9 )rL.mtde

2url, F,., . an
=—”"r' stk [———;"' sin pO —uB || i

g

= I/Rg [F;adkaduu] (4.36)

where

=2 (4.37)

and

g 2pg
R = = 4.38
¢ {X.TID L p’oa'anLsﬂt ( )
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and D, = 2r is the average diameter of the air gap. R; is the air gap reluctance taken

over the whole arc across the magnet.

The flux @,y is equally divided into the two halves of the magnet, and ©,+/2 flows
through the parallel combination P,,//P; (Fig.4.9), where Pn, is the permeance of one
magnet as shown in Fig. 4.13 and P; is the leakage permeance associated with the
magnet. Both P,,, and P; are confined to one half-pole, defined by axis of symmetry d

and the equipotential ¢. For convenience write

Poo//Pp = Pl + Py} = Py, (4.39)

Where Py = Pno//P; is the per-unit rotor leakage permeance, normalized to the base

Prn. Thus

u=—od (4.40)

and when this is substituted back into equation (4.36) and re-arranged

2Pk p (4.41)

ad = m: lod

The above equation gives the total flux produced by the armature reaction current /;.
The Xaly in the phase diagram is generated by its fundamental component that can be
determined by Fourier analysis of @,y [4.8]. Thus the amplitude of the fundamental

armature-reaction air gap flux-density symmetrical about the d-axis is
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4 mi2
B =—[""B.,@)d0 =Le [k, F,, ~ k] (4.42)
R g

The constants ; and k.4 arise in the Fourier analysis and are given by

k, = 3in %% (4.43)
T 2
and
ki, =0+ SnT (4.44)
Vis

If equation (4.40) and (4.41) are substituted into equation (4.42), there results a

simple expression for B/,q:

Blad = -l:lo_‘F‘lan' (4"45)

d

where g4 is the effective air gap presented to the fundamental component of d-axis

flux, given by
" g'
g = (4.46)
’ _ kKo
“ 1+PR,

The fundamental flux-linkage associated with B,y is

Vi =kuN ph¢'laa’ (4.47)
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and the fundamental armature reaction flux

DL,
D= —;-—-Bm Wb (4.48)

Where k,,; is the fundamental winding factor and N the total number of turns in

series per phase. As known, the RMS amplitude of fundamental component of the

MMF is expressed as
kN T
F, = 3 Enllpn (4.49)
P
and
Xad = 2nfLad = 2ﬂﬁlllad/l (4'50)

Manipulating equation (4.45~4.50), the d-axis synchronous reactance is obtained

N, +X (4.51)

The leakage reactance X, can be calculated by using the nommal formula of electric

machines design. It is

N 2
X, =dnfin, 2L, >\ (4.52)
pq
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Where q is the number of slots per pole per phase, and resultant ratio leakage
permeance XX is the sum of slot ratio leakage permeance, harmonic ratio leakage
permeance, tooth-top ratio leakage permeance and end-winding ratio leakage

permeance.

The fundamental flux-linkage associated with Bjaq is W1ag = kwiNpa®1aq and the RMS

induced voltage is @ 1,0/2 = (210/2) ki Nptf®Qad = Xaaly V/phase.

4.6.2 Q-Axis Reactance X,

The component of stator ampere-conductor distribution associated with I, is
symmetrical about the g-axis and produces a flux without passing through the
magnet. An ideal form of the air gap flux distribution is shown in Fig. 4.14. The air

gap flux-distribution symmetrical about the g-axis is given by

Bug(®) = (/g )F 1aqc05p0 (4.53)

Where Fiq; is the fundamental component of the MMF produced by armature

reaction.
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[
<

q-axis

| Magnet pole n/2p |

1 magnet

Poiential
F, o 0

Fig. 4.14 Geometry for calculation of Xy,

So, the total g-axis flux corresponding to B,,(®) is

®, =2 ‘["‘””—?EW ©)rL,, sin pddo

2p rL omn

=0 sk [1 —CO0S8 T]F (454)

' lag

Pg

This is the total g-axis flux produced by the armature reaction current [, Its
fundamental component generates the voltage X,,J; in the phasor diagram, which is
discussed in the next section. The fundamental component is determined by Fourier
analysis of @,, [4.8]. Thus the fundamental armature-reaction air gap flux-density

symmetrical about the g-axis is
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2 prizp, . K,
B, = 45 f = F e sin’0d0 =k, ?Fm (4.55)
where
Ky =0 — (4.56)
n

Similar to the derivation of X the equation (4.55) can be used to determine X;. So,

6p. D L
X, =X, +X, = _”"_zf._n‘f*_f_(km}\rp,,)z +X, (4.57)
p'g,
where
g,"= 5~ (4.58)
lag

The leakage reactance is calculated using the same formula in equation (4.52) as

described in last section.

For completeness, the fundamental flux of armature reaction associated with B, 18

given by

B_DL
It et St LR TN (4.59)

lag
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The fundamental flux-linkage associated with Bjaq 1S Wrag = kwiNpa®@iaq and the RMS

induced voltage is O ;ag/2 = (21/2) kyyiNpifD 1ag = Xagly Viphase.

4.7 Phasor Diagram for the PM Generator

4.7.1 Modification of the phase diagram

In a conventional salient-pole machine, the armature reaction MMF F, can be
divided into direct-axis and quadrature-axis MMF reactions, owning to the non-
uniformity of air gap between the stator and rotor. This is the conventional dual-axis
theory. In the case, d-axis synchronous reactance Xy is greater than g-axis reactance

X,. Fig. 4.15 shows the conventional phasor diagram [4.19].

i(Xa-Xy) _

19261

Fig. 4.15 Conventional phasor diagram for synchronous machine
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It has been found that inductances Ly and L, of a permanent magnet machine were
not constant and varied with the operating condition [4.9]{4.10]. In some interior-
type of PM machines, L, is even larger than Ly due to the saturation of quadrature
axis [4.9]. It is necessary to make appropriate modification to the conventional two-
axis theory to achieve satisfactory accuracy in the calculation of parameters. This
should be considered to incorporate all major effects and maintain a relatively
efficient computation program. A modified phasor diagram [4.11] is shown in fig.
4.16. It is used for subsequent analysis of performance. This is a more general phasor
diagram with the current and voltages resolved into d-axis and g-axis components.
The inequality of Xy and X, stems from differences in the magnetic reluctance along

the d-axis and g-axis.

Q-axis

X

I4 )
—>D-axis

Fig. 4.16 Phasor diagram of the PM generator
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With permanent magnet machine working as a generator, more attention is paid to
the condition when armature current presents demagnetizing behavior. All of the
vectors in the phasor diagram are based on one phase and a corresponding vector

equation is given by

E, =V +rd + jXudy + JX, 1, (4.60
el

Where E, is the back-EMF or open-circuit phase voltage, V the terminal voltage at

load condition, r, the armature resistance, I the load current flowing through the
armature, ¢ the power factor angle, 8 the load angle and X, X;, J; and I, are the d-

axis and q-axis reactances and currents respectively.

4.7.2 Approximate Phasor Diagram at Resistive Load

With a 3-phase symmetrical resistor connected to terminals, the generator operates at
pure resistive load. To simplify analysis of the performance and parameters an

approximate phasor diagram is used as shown in Fig. 4.17.

Neglecting stator resistance, the equation for voltage components with respect to d-

axis and g-axis are given

Veosé = E, - Xuly (4.61)

Vsind = X d, (4.62)

In terms of load angle 8, I = Isind and I, = Jcos3. Load current 7 can be vanished by

substituting 7 = V/R;. Equations 4.61 and 4.62 are re-expressed as
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E, = Veosd + (Xy/R;) Vsind (4.63)

Vsind = (Xy/Ry) Vcosd (4.64)

q-axis

X,

E, JaXa

n________
>

Fig. 17 Phasor diagram of PM generator at resistive load

From equation 4.64

tand = —* (4.65)

(4.66)

sind = ———x (4.67)

Substituting equations 4.65, 4.66 and 4.67 into equation 4.63
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R’+X,X
E =y—* dyq (4.68)

R X, +R:

Hence, output terminal voltage is

ER,}XHRZ
po oVt T (4.69)

R’ +X,X,

From the above equation

2 2
A (4.70)

R’+X,X,

=7 -
RL

With equations 4.69 and 4.70, output power is obtained

ER(X*+R*
=Y = ;( i -’;_) 4.71)
(R, +X,X))

out

Also, from Equation 4.65 the load angle can be found as
& = tan"'(X/R;) (4.72)

The PM generator should be designed to supply a strong output power. Therefore,

the value of its armature DC resistance must be as small as possible. It is reasonable
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to assume that Xy, X, and R; are far greater than the armature DC resistance. This
approximate method, derived from Fig. 4.17, can achieve satisfactory accuracy when

it is used to analyze design and predict the machine performance.

4.7.3 Analysis With Armature Resistance

More general case is considered for the generator operation when that the load
current / lags terminal phase voltage ¥ and the stator resistance is taken into account.

Fig. 4.18 gives the phasor diagram for analysis of the generator performance.

g-axis

Fig. 4.18 Phasor diagram for general case
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It is seen, from fig. 4.18, that the load current, with given load angle 8, can be
converted into active and lagging reactive components of current. That is 7, = Jcosg
and I, = Isingp. Thus, the current components on the d-axis and g-axis are

respectively expressed as

1y = Isind + I, cosd 4.73)

I, = I,cosd - I sind 4.74)

The voltage equations are

E, = Vcosd + Xyl + r.l, (4.75)

0 = Vsind - X1, + rly (4.76)

Substituting for /; and g into equations 4.75and 4.76 and rearranging

E, = Veosd + Xy(Isind + I, cos8} + ryfl,cosd - I, sind) (4.77)

0 = Vsind - Xy(I,c058 - I, 5ind) + ro(Isind + 1, cosd) (4.78)

To find ¥ and 3, equations. 4,77 and 4,78 are solved with given 7 and @, by using the

Newton-Raphson method of iterative computation.

4.8 Machine Characteristics and Performance

To investigate the performance of this type of generator, a prototype machine was

built with a rated output power of 20 kW at a speed of 170 rpm. The machine was
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designed by the author and built by Westwind Turbines Pty Ltd, a Western
Australian company. Fig. 4.19 shows the outer-rotor of the machine, Fig. 4.20 the
assembly of inner-stator and outer-rotor and Fig. 4.21 the assembled permanent
magnet generator. Fig. 4.22 the prototype machine coupled to a car engine simulating
the characteristics of a wind turbine, Westwind Turbines has subsequently built
another modified outer-rotor permanent-magnet generator coupled to a 2 bladed

wind turbine and installed at Murdoch University, Perth, as shown in Fig. 4.23.

4.8.1 Open-Circuit Characteristics

The nature of the no-load or magnetization curve depends upon the magnetic
permeability of the iron portion of the magnetic circuit and the dimensions of the
different parts of this circuit. Since it is not possible to control the field flux a
voltage-speed characteristic can be used as the open-circuit characteristic. Like a
separately excited generator, its main flux supplied by magnets would remain
constant at no-load test. A linear relationship has been found between open-circuit

voltage or back-EMF and rotating speed results.

The open-circuit test was made under various rotational speeds. Fig.4.24 shows
output RMS line-line voltages drawn from computation and measurement. It is seen
that the computed result from the described method has a very good agreement with
measured one, The test results shows that the output terminal EMF was linearly
proportional to the rotational speed and so the machine operated at unsaturated

region,
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Fig. 4.19 Outer-rotor of the PM generator

Fig. 4.20 Machine assembly



Fig.4.21 Assembled permanent magnet generator

Fig. 4.22 The prototype machine on test bed




Fig. 4.23 Modified outer-rotor PM generator at test site

(Photo by courtesy of ACRE)
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Fig. 4.24 Open-circuit characteristics of the PM generator

4.8.2 Measurement of Synchronous Inductance

Direct axis synchronous reactance X is defined as the ratio of the fundamental
component of reactive armature voltage due to the fundamental direct axis
component of armature current to this component of current under state conditions. It
is known that positive sequence currents in a balanced three-phase stator winding, set
up a rotating field, consisting of fundamental component and a number of space
harmonics. Some of the harmonics rotate with respect to armature in the same
direction as fundamental while others opposite to it. The fundamental that rotates at
synchronous speed remains stationary with respect to the rotor, if the later is running
at synchronous speed. If the rotor position is so adjusted that the direct- or pole-axis
coincides with the maximum of the fundamental of the rotating MMF wave, the

magnitude of the corresponding flux would be the largest, because the reluctance of
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the path in this particular position is minimum. The flux linkage of any armature

phase per unit current in that phase is the direct axis synchronous inductance.

Attention should be paid to two points. Firstly, since the harmonics of the MMF
wave have been ignored, MMF wave would be purely sinusoidal, and as it is in
coincidence with d-axis, no MMF exists in the quadrature axis. Therefore, no
quadrature axis current will flow under these conditions. Secondly, as the MMF
wave is stationary when referred to the field system, there would be no EMF induced

in the rotor.

Quadrature axis synchronous reactance X, is defined as the ratio of the fundamental
component of reactive armature voltage due to the fundamental quadrature axis
component of armature current to this component of current under state conditions. If
the quadrature-axis is aligned with the crest of the space fundamental of the MMF
wave due to positive sequence armature current, the flux would be minimum. The
corresponding flux linkage per unit armature current is the g-axis synchronous

inductance.

4.8.2.1 D-axis inductance Ly

To find out X; of a permanent magnet motor, it was suggested [4.12] to use the open-
circuit voltage E, measured at zero-current, input voltage ¥ and no-load current /,

for calculation in the following:

Xa=(V-Ey)/Iu (4.79)
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The measurement of X, by this way is a good approximation at a no-load current
level. The similar method is employed to plot the direct-axis inductance of this outer-
rotor generator. To find the current /, at zero power factor a zero power factor test
was carried out with a 3-phase variac used as the symmetrical inductive load. The
output terminal voltages and inductive load currents were measured, and a power

factor angle meter was used to monitor the variation of the power factor angle.

It is known that when the power factor angle ¢ approaches n/2, E, would tend
towards the sum of Vo and Xuly, and the load current I is nearly in d-axis. At the

condition, the voltage equation is:

Thus,

Xy=(Eqy- Vo) /L, (4.81)

To obtain the load current Z, at zero power factor, an inductive load should be applied
to the output terminals of the machine. In the test, the symmetrical inductive load (a
3-phase variac) was adjusted until the power factor angle reached nearly n/2. As the
reactance is far greater than the DC resistance of the variac, the load current can be
basically regarded as inductive. The output terminal voltage and inductive load
current were measured. The power factor angle meter was used to monitor the

variation of the power factor angle.

In the test, the machine was run at 50 Hz and the load current was gradually

increased from low to high values while the terminal phase voltage V,; and load

151



current I, were recorded to get enough data points. It was found that the power factor
angle between output phase voltage and load current was not n/2 until the load
current closed to 9.3 ampere, even though a nearly pure inductive load was
connected to the output terminals of the machine. During the test the generator
displayed a tendency trying to keep the phase voltage and phase current in phase.

This characteristic is shown in Fig. 4.25.

100,
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Fig. 4.25 Variation of power factor angle in inductive load test

From the test results, the direct-axis inductance Ly can be found:

L= (Eo - Vot)/( 20f I) .82)

The measured direct-axis inductance varying with load current through this test is

shown in Fig. 4.26. In the test L, increased by a factor of about 15% while the

current varied from 9.3 A to 56 A. The variation of L; tended to compensate the

voltage drop between E, and ¥V}, when the load current rose.
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4.8.2.2 Q-axis inductance Lq

Honsinger suggested [4.13] that measurement of the three parameters £, Xy, and X,
should, if possible, be under actual operating conditions with the machine loaded. To
obtain the inherent parameters of the machine, a resistive load was used in the test to
plot the variation of L, since the load of resistor has least impact on output variables.
Also, to ensure the later calculation as precise as possible, a power factor meter was
set to detect any variation of angle. In the test, a series of relative variables were

recorded based on the load current changing.
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Fig. 4.26 Variation of Lyand L,

With the £, Ls @, Vpi, and 7 obtained in the tests, and using the phasor diagram

shown in Fig. 4.18, a series of tested points of L,, varying with load current, were

determined. The variation of L, versus load current 7 is shown in Fig. 4.26.
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Additionally, a curve of L, computed with a constant Ly is drawn in Fig. 4.26. It is
seen, at constant frequency, that L, had a higher value than L, at low current. While
load current increased the armature D-axis reaction became stronger, L, reduced to a
level close with Ls Further increase of load current, say greater than 37 A, led to a
lower L,. In contrast, Ly had a reverse characteristic in the test. It shows that the load
current [ has a significant affect to the value of L,. From the two parameters L; and

L., this outer-rotor PM generator is similar to a normal non-salient machine.

4.8.3 Load Test Results

The prototype generator was tested with a symmetrical 3-phase resistive load. In the
test, the armature reaction varied with different load condition had significant
influence to the output characteristics of the machine. The designed parameters,
mentioned methods and a proper phasor diagram have been used to predict the output
characteristics at resistive load condition. The predicted results of the output phase
voltage with load current variation at six different speeds are shown in Fig. 4.27.
Comparing with the Xy and X at low operating frequency, stator armature resistance
r, has a significant influence to the performances of the permanent magnet machine.
It is seen in Fig. 4.27 that the prediction of regulation at low rotation section reaches
a reasonable accuracy by taking account of r,. Fig. 4.27 also shows the measured
results of output voltage per phase at six different rotating speeds with resistive load.
The measured output phase voltage is the mean of the three-meas;ured phase voltages
and the load current is the mean of the three measured line currents. A positive
voltage regulation can be seen in the results. The computed results include stator
resistance r, and armature reaction with saturation of L. A good agreement between

computed and measured values was obtained within the normal load current range.
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With higher value of current, difference between the two voltages is gradually

increased.
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Fig. 4.27 Comparison of regulation

The difference between computation and measurement could be caused by the
variation of stator armature resistance due to temperature rise. A constant resistance
value for 7, was used in the computation, which remained with temperature.
However, operation at higher current levels resulted in temperature rise and caused

the r, to change a lot in the actual test. When frequency increased, load angle and
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power factor angle varied in a more complicated function, which is related to the

features of magnet material and symmetry of the machine.
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Fig. 4.28 Output characteristic at different speeds

The synchronous performance of this prototype machine was also tested under
different loading condition at six different rotational speeds. The output power with
varied load current at each of these speeds is shown in Fig. 4.28. It is obvious that the
generator characteristics are affected by the variation of load power factor due to the
changing position of armature reaction field with respect to the rotor. Since the outer-
rotor field is uncontrollable except by some complicated means, the effect of the

power factor requires consideration in this type of machine. A proper mean to
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improve the machine characteristic is to use capacitors in circuit, either in series or in

parallel with the load.
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Fig. 4.29 Machine performance at 170 rpm

The experimental results of load test show that when the output power of the
generator reached 20 kW at the rotating speed of 170 rpm, the efficiency was about
87% and the output phase voltage was 134 V. The efficiency characteristic versus
output power is shown in Fig. 4.29. Afier one hour’s full load test, the measured
temperature rise of the stator armature was 57°C at the ambient temperature of 31°C.
This exhibits that the machine can work with a reliable performance at the supposed

environmental condition such as the restraint in section 4.4.

4.9 Conclusion

This chapter has described the design of the outer-rotor, low-speed permanent

magnet generator used for direct coupled wind turbine application. Design principles
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and important equations for the outer-rotor, multi-pole permanent magnet generator
have been fully developed and utilized for the design and construction of a prototype
using high energy Neodymium-Iron-Boron magnet. Obviously, the simple
mechanical structure and reduced weight of the generator are the features that can
bring benefits to machine manufacture, transportation, installation and site

maintenance.

As the machine is used for wind energy conversion, some initial data has been
derived from the wind energy assessment, such as the nominal rotating speed and the
rated-power requirement. The electromagnetic design is the most important task and
involves the detailed calculation of various parameters. Since the generator is excited
by permanent magnet and has a novel outer-rotor structure, some conventional
formulae for normal synchronous machines could not be applied. The Thevenin and
Norton equivalent circuits were applied in the magnetic design. The values of main
flux permeances and leakage flux permeances depend mainly on the geometry of the
machine and properties of the Nd-Fe-B material. A modified phasor diagram was
used in the electromagnetic design. The estimation of d-axis and g-axis inductances,

and prediction of output characteristics are based on this phasor diagram.

A prototype machine was built to demonstrate the main features of the proposed
generator and to validate the theoretical magnetic model. It was verified that the
permanent magnet generator can operate with good and reliable performance over a
wide range of speeds. Satisfactory results have been achieved by using the direct
design program for initial iteration. It is seen, from the experimental results, that the

outer-rotor permanent magnet generator has a behavior similar to a normal non-
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salient machine. A detailed analysis with finite element method will be described in

chapter five. The good agreement between the theoretical and experimental results

displays the availability of the design principles and the effectiveness of the design

methodology.
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Appendix I'V-1

Armature Reaction under One Pole Caused by a 3-Phase

Winding Current

It is known that the amplitude of magneto-motive force under one pole produced by

a single-phase winding current is {3.8].

w2,
©n r

F, k (Ad.1.1)

w

where 7 is the phase current, ¥, the number of turns in series per phase, 4. the

winding factor and p the number of poles.

A symmetrical 3-phase winding has a space displacement of 120° between each
phase winding. When a balanced 3-phase current flows through the 3-phase winding,
there is a phase shift of 120° electrical between each other. Let the center of winding
A be at the origin with initial position angle of ¢, and the value of current in winding
A be zero when time t = 0. Then, the magneto-motive force (MMF) produced by A,

B and C 3-phase windings are respectively

f.u(@,t) = F, cosg sinot

Sa(@,1) = F cos(p —%n )sin{w? —%n) (A4.1.2)

for(@,1) = Fcos(e -;n)sin(cot —%n)
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With the help of trigonometrical formula
) 1. 1.
sinacosf = -2-s1n(a +B) +Esm(oz -B) (A4.1.3}
The equation (A4.1.2) can be re-written as

fu= ';—Fl sin{w —(p)+~;—Fl sin(w? +¢)
1 . 1., 4
fun = Fisin(@t =) +-Fsinfor +¢ -3m) (A4.1.4)

fa = -12-F, sin(of —@) +%F} sin(@¢ +¢ —%n)

Now, Add the three M.M.F.s in equation (A4.1.4) together. Since the sum of the
second items at the right hand of each equation in equation (A4.1.4) is zero, the

resultant MMF is obtained

fi©@,0)

= fAl "'fm '+'fC1
3 . (A4.1.5)
= EFI sin{w? — )

= F_sin(wt —@)
Where, the amplitude of MMF produced by 3-phase current in 3-phase windings is

221w
F =E}:; ;i_______-'.’,k

A4.1.6
¢ 2 7 p ( )

w
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To find direct-axis component of F,, take angle 6 into account

F, =F,ksinb

W
= ﬁ\_/__% £k, sind (A4.1.7)
n p

where 0 is the phase displacement between load current and direct axis. To obtain the

quadrature axis component of armature reaction

F, =F, cos0

_ 621,

n P

k,, cosb (A4.1.8)

In the above derivation, the fundamental is only considered.
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CHAPTER FIVE

FINITE ELEMENT ANALYSIS FOR THE DESIGN OF

THE PERMANENT-MAGNET GENERATOR

Abstract

The numerical technique has been recognized as practical and accurate method of field
computation to aid the design of electrical machines. Finite element method is used in this
chapter for the analysis, performance evaluation and optimization of electromagnetic design
of the outer-rotor permanent magnet generator. The modeling approach involves two-
dimensional finite element boundary-value problems with specified current sources for the
conductors and magnets, on the assumption that the finite element solution and external

circuitry do not affect the sources.

To satisfy the requirement of identifying a convenient functional, the Galerkin approach is
used in the finite element analysis to deriving the finite element equations. As a fast
approach, the Newton-Raphason iteration method is employed to seek a convergent solution
in the nonlinear system analysis. Dirichlet and Neumann boundary conditions are
applied to the domain of a pair-pole section of the permanent-magnet generator for
finite element analysis. The increments 8A; of vector potential A; can be obtained by
solving the derived matrix equations. The terminal voltages of the generator evaluated at no-
load and load conditions are derived by calculating flux linkages and their products with
angular velocity. The derivation of the Maxwell stress expressions is contained in this
chapter. Some of the drawbacks of the B’ method can be overcome by the Maxwell stress

method for computing forces. The simulation of the electromagnetic torque and power
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capability are given following the computation of the electromagnetic forces. The discussion

includes some suggested improvements for performance prediction of the outer-rotor

permanent magnet generator.
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5.1 Introduction

Numerical techniques have long been recognized as practical and accurate methods
of field computation to aid in electrical design. Solving a differential equation
analytically is only possible assuming simplifications in the differential equations
that are valid in a domain that can be a plain mathematical way. Specific boundary
conditions and various material properties in different domains make it difficult to
obtain an analytical solution for problems of technical importance. The two most
popular groups of numerical methods are the finite difference method (FDM) and
finite element method (FEM). Although the FDM was the technique precursory to
the FEM in history, the FEM nowadays is the most important and most frequently
used approach solving variational problems and differential equations in engineering,.
The most significant success of this method is founded in the possibility to develop

on computer programs of general application range. Due to its structure rules this is

Discrete methods

v \ 4

FDM FEM
Weighted residuals Reyleigh-Ritz
Galerkin Method of moments

Fig. 5.1 Overview of various numerical methods
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closely linked to the opportunity of the FEM to generate stable numerical schemes
for considering complicated two- and three-dimensional geometry in a relatively

simple way. Fig 5.1 shows the sorting of the numerical methods.

The finite element method has been proved valuable in the design, performance
evaluation and optimization of electrical machinery because its elements can be
casily adapted to any shape of boundary and interface geometry. The modeling
approach has most commonly involved two-dimensional finite element boundary-
value problems with specified current sources for the conductors. The most popular

finite element methods are:

. Ritz method

o variational method

o weighted residual method

® Galerkin method

® approach based on the energy-minimum functional

In this chapter, the author has applied FEM for the analysis of the outer-rotor
permanent magnet generator. Bounded by the geometry of the PM generator, the
finite element analysis aims mainly at the simulation of the magnetic flux
distribution, winding flux linkage as a function of rotor position, induced back EMF,
electromagnetic force and torque, and power capability. In the simulation, each
permanent magnet can be replaced by a simple current sheet surrounding the
permanent material that has permeability equal to the recoil permeability [5.1]. For

the behavior prediction and design optimization, various post-processing techniques
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have been developed based on the finite element solutions. The Maxwell Stress
method [5.2][5.3] can increase the accuracy of torque calculation by means of area

integration over the air gap.

U Q
Yimss>

Fig. 5.2 cross section of the outer-rotor PM generator

The permanent magnet generator with outer-rotor was designed in the last chapter by
using direct design method that involves the calculation of lumped parameters in
magnetic and electrical circuits. In the foregoing design and linear analysis, main
dimensions and major performance of the generator are determined and predicted.
However, the permeability of iron core is assumed infinite (i.e. zero reluctance), and
the main and leakage flux paths or permeance are considered being affected only by

the geometry not the MMF levels of the magnets and armature. Also, local magnetic
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saturation of the lamination is not examined. To validate the design methodologies
and predict the performance of the designed PM generator more accurately, 2-
dimesional finite element method is applied to the analysis of the initial design in this
chapter. Fig. 5.2 shows the cross section of the PM generator on a plane
perpendicular to the generator shaft. It is illustrated that there are 144 slots or teeth
on the inner-stator lamination, and 48 poles made of Nd-Fe-B evenly arranged along

the inside periphery of the rotor drum.

Triangle element Aijk

Fig. 5.3 Finite element mesh using triangles

In the finite element analysis, the problem is discretized in adequate sub-problems.
The sub-problems are described by geometrically simple shaped elements (triangles)
for two-dimensional problem, as shown in Fig. 5.3. These elements form the
numerical discretization, the mesh, and are so called the finite elements. On this
discretization, the problem describing differential equation is locally approximated
by simple basis function. The approximated overall solution is obtained by
assembling all sub-problems into a system of equations and solving this. After this

procedure, the approximated potential solution is known in certain points of the
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discretization. The task is to determine the field describing potential functions for the
discrete problem, the finite element equations, and to define an adequate basis or

shape function to be able to assemble the overall system of equations.

Due to the symmetry of the machine construction, only a pair-pole segment of the
entire cross-section is computed, as shown in Fig. 5.4. The computed domain is
divided into about 5000 discrete elements. The precise nonlinear magnetic

characteristic curves of iron core and magnets are used in FE analysis.

V_?WW

Fig. 5.4 Cross-section of one pair of pole

5.2 Finite Element Analysis for the PM Generator

5.2.1 Basic Equations of FEM for The Machine

In magnetic field the relation of magnetic flux density B, magnetic flux strength H

and magnetic vector potential A meets Maxwell’s equation conditions:
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VxA=B .1

VxH =J, (5.2)
V-B=0 (5.3)
B=pH (5.4)

where Jj is the current density and p the permeability. So, the system of differential

equations can be derived from the above equations as:

Ux(Vxd)=J, (5.5)
m

Applying the vector calculus Vx(VxA)=V(V-4)- V2 A[5.14] to equation (5.5)

yields:
V(V-A)-V*A=pJ, (5.6)

Since V-A=0 [5.14] and by assuming a constant permeability p, a Poisson

equation in A-formulation of the magnetic field is obtained:

Vid=-uJ, (5.7

Describing a magnetic field alternating with an angular frequency o, equation (5.7)
can be expressed in two-dimensional Cartesian coordinate (A has only a z

component) [5.15] as:
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18°4, 10°4

ot p o

—J, + jood (5.8)

where o is the electrical conductivity.

Equation (5.8) is the diffusion equation for the steady state operation taking account
of time harmonics. The term jooA at the right hand of the equation represents the

effect of eddy current.

In the finite element analysis of this outer-rotor generator, the steady state operation
is only considered with the multi-pole and polyphase configuration. While the rotor

is rotating at a speed in steady slate the produced MMF by the stator also rotates at

the same speed. Since the rotor is involved in a constant magnetic field (%g =0),

there are no eddy currents on the rotor. An observer on the stator experiences a time
varying field whose fundamental is at the system frequency. Because the stator core
is laminated and the stator winding is stranded and transposed, the eddy currents are

resistance limited and can be neglected in the field computation. Thus, the term

jood in the diffusion equation (5.8) can be neglected since o is equal to zero.

Therefore, a Poisson’s equation with respect to magnetic vector potential A is
available [5.11] for the magnetostatic analysis of the outer-rotor permanent magnet

generator,

o o4, 8, oM. .
= 6x)+ay(v ay).. I~ (5.9)
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where A, = Z component of magnetic vector potential;
v = IA4, magnetic reluctivity;
J; = applied current density in circuit;

Jipm = equivalent current density at the magnet boundary.

5.2.2 Galerkin Approach for The Finite Element Analysis

The Galerkin approach is used in the finite element analysis of the PM generator. In
fact, the Galerkin approach is a special case of the Method of Weighted Residuals

(MWR) and has greater generality compared with the variational approach.
Since the computation is in two-dimensional Cartesian coordinates it will not cause
misunderstanding that the 4, is replaced by A in equation (5.9). Substituting an

approximation, A, for 4, gives a residual R [5.16].

8,604, 0,04
R=-a—x—(\v’a)+5(\’"a—y‘)+.]z +szm (5.10)

Multiplying equation (5.10) by a weighting function and setting the integral to zero

[5.17], an integral functional is:

[LRdedy =0 (5.11)

Substituting equation (5.10) for R, obtain
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- H:W[‘a‘( =) 5;( Ey_)]dxdp ([, dxdy+ [[ W pucdrdy (5.12)

Using Green’s theorem (see the Appendix V-2), the left-hand side of equation (5.12)

is transformed to

- 2o Ly 2w Ly

& & gy oy
(5.13)
ow 04 aW oA 04
_ij[(ax — ay ay Y dxdy — ivW—ds

where the last term is on the boundary s with » being the outward normal unit vector.

After substituting the result into Equation (5.12) the surface integral is needed to be
broken into summations over small areas. The surface in the case is meshed with
triangles (the finite elements) and the integral over the entire domain is replaced by

the summation of the integral over the individual triangles.

L (r OW® 345 OW* A"
IL( > o ay)dxd { —a‘s 610

= LL WeJSdxdy + LL W*Jz,, dxdy]

where M is the number of triangular elements and the superscript ¢ means an

individual element.

The line integral in equation (5.14) only needs to be cvaluated over elements that

have a side in common with the boundary of the problem. In the section 5.2.3, it will
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be demonstrated that the integral of this case can be simply set to zero because of

% =0, which results in the natural boundary condition. But, when the integral is

used in the problem where the finite element method is coupled to other solution

techniques [5.13], it must be evaluated.

To discuss the detailed calculation of elements, the individual triangular element Ajjk
is taken out from Fig. 5.3 and depicted in Fig. 5.5. The convention of counter
clockwise is adopted for the numbering order of the vertices. The unknown vector
potentials at vertices or nodes should be repeatedly calculated until a satisfied

solution is obtained.

(X ¥ )

i
(%, %)
J
{3 yi)

Fig. 5.5 First order triangular element

Assume that the potential varies linearly in the element. So, a linear or first order
element is obtained here. With this approximation, the vector potential may be
expressed at any point in the triangle as

A=o; +ox+ogy (5.15)
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In the above equation, the o, a2 and o3 are constants to be determined. Since the
vector potential varies linearly, the flux density, which is the derivative of the

potential, is also constant in the triangle.

Let x = x;, and y = y; at the vertex i. The vector potential 4 at this point must be equal
io Aj. SO,

oy + oux + oy = Ay (5.16)
Similarly for nodes j and &

o +opx; t oy =Aj (5.17)
and

oy + oLy + oLz = Ax _ (5.18)

Now, three equations can be solved for the three unknowns o, oz and oz in terms of

the potential and geometry. Using Kramer’s rule

4, x 0y

A x. Y;

Me % i (5.19)
1 x
L x
1 x, y
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A x
¥ J

A x
or o, = —"—2—;—)}*— (5.20}

Similarly

1 A4
o, N | (5.21)

I x, ¥y
1 x;,

1
@, = ,__"é% (5.22)

where A is the area of the triangle.

Substituting equation (5.20), (5.21) and (5.22) into equation (5.15), the potential 4 at

any point in the triangle may be expressed as

_ (a; +bx+c, )4, +(a; +b;x+c ;y)4,; +(a, +bx+c, )4,
2A

(5.23)

where

a4 =Xy~ X Ypbi =y, -y =X - x;
a;=x.¥y; =X Yisb, =Y —yne; =X Xy (5.24)

a, =xy; =X Vby =Y = y;6 =X - %
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The above coefficients in the equation (5.23) are shape functions. The potential of

any point in an element can be expressed as the sum of the shape functions times

nodal potential.

A= iS;(x, VIA; (5.25)

i=1

Where S is the shape function and there are m nodes in the element. It is noticed that
S; equals 1 at node ; and O at all other nodes. The sum of all the shape functions at

any point in the triangle is 1.

The nodal potential in matrix form from equation (5.23) can be written as

A7

A= (57,55, 80) 45 (5.26)
A

where

£ e e
_a +bix+c]y

7
2A
as+bix+csy
Se= 1 J- 527
! 2A ( )
s = a; +b;x+cpy
2A

The weighting function is the same as the shape function in the Galerkin method. So,
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we =| 8¢ (5.28)

Taking derivatives of 4 and W with respect to x and y,

[ 4f
aA 1 [-4 e [ ‘e
—a;_ﬁ(b,. b%,b5) Ai
A
) (5.29)
4;
%=-21—A(cf,c;,c:) A
(A
and
(e
aw 1],
AL X
ox 24| °
< 5.30
e (° )
ow 117
—_— Ce
& 24| ]
\Ct

With these derivatives the first term on the left side of equation (5.14) becomes

( + Ydxdy
=6W6gxa;x aWE?)aA?} 31
=V e ( ax ax + ay ay )JL' dxdy

Ve,[L OW?® 84 oW« o4°

where the double integral
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jL dxdy = A (5.32)

Substituting equation (5.29), (5.30) and (5.32) into equation (5.31)

oW * 94° aw= 0A4°
velf o« )dxdy
o o & o
bl +c! bbb +ce; bb tece | 4 (5.33)
bb; +cic; b} +ci b e | 4
bb, +ee, bby+ee, by +ei N4

e

v

The coefficient matrix in equation (5.33) is also called stiffness matrix because of its

initial use in mechanical engineering.

The force functions in equation (5.14) become

j’L W J < dxdy

i
= [[ |85 iy (5.34)
a; +bx+cy
J R N
= a;+b,x+c;y |= 3 1
a, +bx+c.y 1

and
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[L WeJs, dxdy

e a,+bx+cy
= ’;’" a,+bx+c;y (5.35)
a, +bx+cy
. 1
=M 1
3
1

where ¥ and ¥ are the coordinates of the centroid of the triangular element. They are

i=§(x,. +x;+x;)
] (5.36)
J_"=§(yi+}’j +¥;)

Substituting the values in equation (5.24) into equation (5.34) and (5.35), obtain

a;+bx+cy a;+bX+c,y a +bhi+cy
2 2 - 2

A
3 (5.37)

This leads to the final results in equation (5.34) and (5.35).

5.2.3 Boundary Conditions

A number of boundary conditions will be treated in the finite element analysis of the
PM generator. It is necessary to give the description on how to make the boundary
value problem be well posed. Both the bound unknown and its normal derivative

must be specified at each point on the boundary so that a unique solution can be
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obtained to the problem. Further, the potential of at least one point in the problem
must be specified to render the global matrix non-singular. When the potential is
specified at a point it is called Dirichlet condition [5.20]. If the potential is specified
as constant along a line (an equi-potential) and the value of this potential is zero, this
is called the homogeneous Dirichlet condition. When the normal derivative of the
potential is specified it is meaning a Neumann condition [5.20]. If 8¢/0n=0 at the
boundary, it is the homogeneous Neumann condition and is also called natural
boundary condition. This is the condition we obtain by default as a result of

discarding the surface integral term in equation (5.14).

5.2.3.1 Periodic boundary conditions

In this thesis, only symmetries in the geometry are conmsidered to lead to the
application of the Dirichlet or Neumann boundary conditions. As the PM generator is
one type of rotating electrical machines it is of course a cylinder symmetric device.
Therefore, the generator is not only symmetric in the geometry but also in the
magnetic field distribution. Under load conditions the air gap field of an electrical
machine repeats periodically every double pole pitch. At no-load operation, it repeats
itself every pole pitch. This field periodicity can be used to define another type of
boundary condition to reduce the size of the numerical model. The local potentials in
such boundaries depend on the solution of the field problem and thus inherently
occur always in pairs. One boundary is computed and the opposite one is linearly
linked to this value. This type of periodic condition can be expressed in the form:
Koi(x)+ $i(x) =m (5.37b)

If m=0 and « equals 1 or —1 this boundary is called binary condition.
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52372 Dirichlet and Neumann conditions

With periedicity, the domain of one pair-pole is used in the problem. As shown in

m [al
Fig. 5.6, a homogeneous Dirichlet condition is assigned to the two arcs ab and cd

where A = 0. The two arcs are the outer borders of the rotor and inner border of the

stator respectively. Since the two lines ad and be are located at the direct axis, a

homogeneous Neumann condition is specified along the two lines where Z— =0.
n

This normal derivative of the vector potential is also called natural boundary
condition. In fact, the condition has been obtained by default as a result of discarding

the surface integral term in equation (5.37).

In the geometry shown in Fig. 5.7, the homogeneous Dirichlet boundary condition, A

= 0, is specified to the four borders. The two straight lines ad and bc are located at

the quadrature axis.

A=0.0

oA a4
on on

A=0.0

Fig. 5.6 Dirichlet and Neumann condition
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For two dimensional magnetic vector potential problems, a contour of constant flux

is a flux line. This can be defined by the differential équation,

VxA=8B (5.38)
In two-dimensional Cartesian coordinates, vector potential has only the z component
A,. The difference of A between two points multiplying length of the machine gives
the flux between these points. Applying Stoke’s theorem (Appendix V-3) to equation

(5.38), it gives

Ld4-di=y, (5.39)

A=0.0

A=0.0 A=0.0

A=0.0

Fig. 5.7 Homogeneous Dirichlet condition
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where \,, is the magnetic flux linking the closed path of integration. There is no
contribution of paths in the x direction because of the zero dot product. The total
magnetic flux between two points is then the product of the length of the machine
and the difference in vector potential between these points. If the values of potential
at two points are equal, no flux crosses the line connecting these points. It means that
the two points are on the same equi-potential line, or on a flux line. So, the value of
potential should be specified on at least one point in the problem to obtain a unique

solution.

5.3 Permanent Magnets Modeling

The development of high-energy permanent magnet materials such as SmCo and Nd-
Fe-B grades has led to increased interest in the use of permanent magnets in
electrical machines. But, the representation of the magnetization characteristics of
these permanent magnets is difficult and is still the subject of ongoing research.
However, it is often acceptable to consider the magnetic characteristic of a
permanent magnet by a straight line in the second quadrant of the hysteresis loop
[5.4][5.5]. The 48 poles of this generator are made of Nd-Fe-B permanent magnets. It
is seen, from Fig. 5.8, that the hysteresis characteristic of Nd-Fe-B has a
comparatively wide loop, and it normally exhibits a linear magnetization

characteristics in the second quadrant.

The intersection of the loop with the ordinate is called the residual or remanent flux
density B,. The intersection of the abscissa and the loop is called the coercive force

H.. The permanent magnet generator is designed to operate in this region. In the
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design, a straight line is used to represent the magnet characteristic. But, particular
attention is paid to the operating temperature of the magnets during the design of the

PM generator.

INT R T
-0.8 V) /7/ o,a :f
AN //‘/ / . i
JN

ﬁs /100 IISO L o]
A L
kAJm 1000 800 800 400 200 o

Magnetic fleld strength H

Fig. 5.8 Magnetization characteristic of Nd-Fe-B

5.3.1 Current Sheet Model of Permanent Magnet

The Nd-Fe-B magnet used in this research has a rectangular shape and specific
dimension. This brings some restraint to the design of the machine. To set up a
mathematical model for the Nd-Fe-B magnet the equivalent current sheet method is
employed to model the permanent magnet because it is quite straightforward for
rectangular magnets with magnetization parallel to two sides of the rectangle.
Demefdash [5.6][5.7] improved the early form of the current sheet model such that it

can be easily used on arbitrary shaped magnets like the magnetization vector

approach.
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With the repeat geometry of the 48-pole PM generator, a pair-pole part of the
machine is considered in the analysis, as shown in Fig. 5.9. Firstly, it is assumed that

the permeability of the core and rotor yoke (drum) is infinite. Then

or H =—"H (5.40)

where H,, is the magnetic field strength of the magnet, H, the magnetic field strength
in the air gap, /, the length of the magnet in field strength direction and &, the length

of the air gap.

Fig. 5.9 2-pole cross section

Neglecting the fringing and comner effects, the average flux density in the air gap,

Ba, 1s

= (5.41)

av =—H, m

by
i
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Equation (5.41) represents the air gap characteristic in the magnetic circuit. When
applying it to the Nd-Fe-B magnet characteristic the operating point of the generator

will be the intersection of the two characteristics. For a linear magnet it has

B=B, + B,

Hl’.‘
B=B +p, 0+, )H (5.42)
B=B +p,H

So, the operating point can be plotted at (H,, B,) shown in Fig. 5.10. The H, in the
second quadrant is negative. According to the data from the direct design, the flux
density in the stator tooth .kecps at a level lower than the early saturation of the
_silicon-steel. It will not cause any significant etror to assume the operating point at

the linear section.

A B
B,
Air gap linear line
ion 1
Saturﬁtt’q{l-""‘l‘r'-l-'ti |
""\..L,
H
| |
Hc H,
A 4

Fig. 5.10 Magnet operating point
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H, is negative here. If the finite permeability of the core and saturation is taken into
account a modified new load curve (dotted) below the air gap line should be used to

plot the saturation operating point. The flux density, then, will be lower.

The Nd-Fe-B magnet in Fig. 5.9 can be further replaced by an equivalent current
sheet with total ampere turns N7 = H,l,, and a material with equivalent permeability n
= B,/H,. At the linear case the permeability of the silicon-steel is far greater than air.

It has

Hl +HBS, =H], (5.43)

Using the flux continuity constraint, obtain

8
“B+v,LB=H (5.44)

Therefore, a thin current sheet can be added to the two sides of the magnet such that
a magnetic field is produced in the direction of the magnetization. The linear current

density (Amperes/meter) should be equal to H,, the coercive force. That is Jopm = H,.

5.4 Newton-Raphson Method for Nonlinear Analysis

In electromagnetic calculations, the PM generator is designed to operate at or near
the saturation point to achieve the most benefits. The problems in the analysis of the
machine are almost nonlinear due to the presence of ferromagnetic materials. The

magnetic permeability, p = B/H, is non-homogeneous and will be a function of the
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local magnetic fields which are unknown at the start of the problem. As the
permeability is unavoidably contained in all of the element stiffness matrices, an
iterative process must be used to keep correcting the permeability until p is
consistent with the field solution. Newton—Raphsbn iteration technique [5.17][5.18]
is used in the analysis to deal with the non-linear problem, The method is based on
Newton’s method for finding the roots of polynomial equation. The magnetic
reluctivity, v=1/u as a function of | B|? must be continuous and differentiable. A
number of approximations are possible from polynomials to exponentials. It is
known that magnetic permeability vs. flux density is not a monotonic function. The
permeability is low at very low flux densities, rises quickly as flux density increases
and then decreases in the saturation region. In order to guarantee convergence the

permeability in the low flux density region is approximated as a constant.

At the beginning, an unsaturated value of permeability is assigned for each element
in the mesh. When solving the problem, the magnitude of the flux density in each
element is computed and the permeabilities are corrected to be consistent with the
computed values of the flux density. The problem is then solved again using the new
values. This process is continued till a satisfactory result is obtained when the
difference between the current solution and the previous one is smaller than a pre-

specified value.
Here, the previously derived two-dimensional nonlinear Poisson equation [5.8] for

the magnetic vector potential is used. The stiffness matrix for a two-dimensional first

order triangle is
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s; 8; Sp {4 . -
v| P A Al
A Sy Sy S|4 =3 J, +E J oo

Si Sy Su A, J, J oo

(5.45)

The values in the stiffness matrix are referred to equation (5.33). Now, let G;, G; and

G represent the three equations respectively

A.
! J, A
G:=L6ii i Sal4d; ‘JZA_L
4A 3 3
Ak
A_\
v S SV A N Jy .
szzA‘(’ﬁ sy Sp b4 - 3 ;;;,.
Ak)
A
Vv t ‘]z‘3 Jz A
Go=ggbu s Suddy ===
A,

(5.46)

The derivatives in the Newton-Raphson method can be found by differentiating these

equations with respect to the nodal vector potentials. For G; this gives

3G, v i v 8B
oA, "2t T aa et sy ) G o

2
aG,' = _Y_S!_i +L(SEEA1' +S‘..A. +SikAk)—aL2§,lg_.
oA, 48" 4 445 28" o4,
3G, v v OB

1
GOt LY (sl + 5,y 5, A
o, ~aa "t P aa A oAt d) o

(5.47)

(5.48)

(5.49)
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2
The chain rule is used here to rf:plau:ei by 6V2 @— So, the Newton-Raphson
0A 8B 04

equation is

o
oG, —AA; + 9C; Ad; + G' Ad, =-G,(4;,4;,4,) (5.50)
04, 04, 84,

Substituting equation (5.46~5.49) into (5.50)

Z"K(s,.,.AA,. + 5,04, +5, ;) +

1 dv _ BR? OB? OR*
—sA-!-sA +5, 4, —AAd + Ad, +——AA 5.51
4A( * )(332)(&4,. o, o4, 2 (5:51)
JA+JZP,,,A
Wi ik 3 3
Its matrix notation is
Ml‘
v
oA Gu sy )| A,
AAk
B’ <& o’
) ] A4, 5.52
4MM[(Z;,,.,, ~(Q2 50 k) _(Z.,.,, j (5:52)
AA&
J A
=—-§K(s,-,.,s,.j,s,.k) 4, +€—A+&
AJ:

Similar process is applied to equations G; and G and combining the three equations

together, obtain
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{ & k k 3
Z‘gm‘An ZsinAn ZSmAn
S" g i Sl " M'. ll:l n;i n;i
v 1 ov
K i Sy Sk M; E@Bz Z;SjnAn ;S;’nAn ;S;nAn
5S¢ Sy Su " k k K
ZShAn ZSMAA Zsben
\ =i =i =i P,
( an2 3
3B 0 0
aA, aBz (AAI
o Z A4, (5.53)
g aBZ KMI
0 0
\ aAk)
N . A,
P AR Rl B : J omD
=" Sip Sy Sa |4+ 3 1+ 3
Su Sy Su ANA 1 1

For elements with constant permeability, the second term in the above equation is

ov

equal to zero since —B-; is zero. The three vector potentials are the results from the

previous iterative calculation. For non-linear permeability, % can be found from

oB*?

]

can be evaluated in

the saturation part of magnetization curve of the materials.

the following process. The relationship between B and A4 is,

B = (34] +[@] (5.54)
ox oy

From equation (5.23), the derivation of the vector potential 4 with respect to x and y

can be obtained,
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o4 Ab+ A;b; + A by

= . 5.55
ox 2A (5:33)
Ac,+Ac, + Ac

e o e i . (5.56)
oy 2A

Substituting into equation (5.54)
B = (A4,b; + 45, +A4,5,)° +(4c, +A;c; +A4,.,)’ (5.57)

4A°

Thus

aB®  b(Ab + Ab, + Ab)+c (A, + Ajc; + Aey)
- - (5.58)

B4, 20

Similarly,
oB* _b;(Ab + A, + Ab )+, (4ic, + Ajc; + Acc) (5.59
04, 24 )
oB® _ b {Ab, + Ab, + A b ) +c (A, + Ajc; + Aie,) (5.60)

04, 24

Thus, the results of equation (5.58~5.60) can be used in equation (5.53) for the

solution.
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5.5 Flux and Flux Linkage

In this three-phase synchronous machine, the current in adjacent phase belts is phase
shifted by 60° electrical. The current in the stator is also distributed in discrete slots.
Arranging the current in exactly as it is will lead to poor convergence because of that
fundamental quantities will be only used to compute the terminal voltage and yet the
space harmonics will be automatically included in the solution. To deal with the
harmonic problem in the finite element analysis the proper method is to adopt the
exact values of the stator current at different rotor positions. This gives the waveform
of the flux linkage from which the fundamental part is then extracted. This is a
rigorous process though the number of calculations is increased by orders of

magnitude.

5.5.1 Flux Distribution

ANSYS software package is used for the simulation of flux distribution [5.19]. The
flux distributions of the PM generator are plotted from both the no-load and full-load
conditions for the rotor rotation of a quarter pole-pitch in each plot in Figs. 5.11(2)
and (b). For a clear visualization of the flux line, the stator inner bore is not applied
in the figures. As can be seen that in no-load condition, the flux distribution is largely
symmetric with minor distortion due to the slot effects. Flux density distribution has
concentrations at the stator teeth and the rotor yoke. Leakage flux between the
magnetic poles and across stator slots is negligibly small. However, once the PM
generator is loaded at the rated current, the flux distortion from the symmetric
distribution is obvious. It is interesting to note is the substantial leakage flux both

between the magnet poles and across the stator slots. The leakage flux pattern
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(parameter) is not only determined by the lamination geometry but also by the level

of load conditions.

==EEEH S
===51 5
S

=
===

e

Fig. 5.11 (b) Flux distribution at full load

5.5.2 Determination of Flux Linkage

With the sought vector potential 4, the flux linkage can be determined by
multiplying the difference between the vector potentials at the two coil sides by the
axial length of the stator core. Generally, the vector potential can be taken at the

centroid of the coils without much loss of precision. More rigorous treatment would

198



involve using weighted average of the vector potential at a number of points in the

coil. So, the total flux linkage of one phase is

v, =1) A4, (5.61)

where [ is the length of the stacked lamination, i the number of the coils and A4 the

difference of vector potentials across one coil (two sides).

The coils in the prototype generator are arranged in full-pitch and each has 180°
electrical phase shift between two sides. As there is only one coil per pole per phase
the difference of vector potential of one phase is just equal to the one of a coil, Thus,

the winding flux linkage y ; is computed by the integral below:

al

Yo = L[S = 4,(a) - 4,(a2) (5.62)
al

where A.(a,;} and A,(a;) are the vector potentials at the locations of the two sides of a
coil, and L. is the effective length of the coil. Note that the profile of the winding
flux linkages determines the waveform of the induced back EMF. The computed

phase winding flux linkages are shown in Fig. 5.12(a) and (b).
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5.6 Back EMF and Terminal Voltage
For the three phase machine the peak flux linkage of each phase (y,, y,and y ) is

the same and is delayed from each other by 2n/3 electrical degrees. The relationship

between output line voltage and flux linkages is given by

E,, =m1ﬁi;: +y ]yl (5.63)

Where the E;; is the RMS line to line voltage, @ is the angular frequency, and v,
y,and y, are the flux linkages of phase A, B, and C. To find peak value of the
phase voltage, multiply the £y, by J—it . The phase angle of the voltage is the same as

the phase angle of the corresponding flux linkage. In a symmetrical system, the

voltage leads its corresponding flux linkage by 90 electrial degree since £ = jo.

They are
W, =y ,£0
2n
W, ZWpLG —-—5— (5.64)
4n
Y, =y,£0 Ny

where 8 is the angle between the peak of the phase a flux linkage and the phase a

current. Since y_, ¥, and y_ are known from the finite element computations, ©

can be found by solving any one of the equations (5.64). Reversely, the peak flux

linkage of one phase can be obtained from the phase voltage by
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by

y, == (5.65)

Without armature reaction the Poisson’s equation (5.9} does not contain the applied
current density J; in circuit. The voltage computed from equation (5.63) is open-
circuit voltage or back EMF. Because the slot number per pole per phase of the
generator is only one with fully pitched single-layer windings, it is not difficult to
understand that the flux linkage and back EMF of this generator can easily depart
from a regular sine wave. Fig. 5.13 shows the simulated waveform and value of the
no-load induced back EMF at 170 rpm, which is derived from the flux linkage shown

in Fig. 5.12 (a).

For comparison, the waveform of the phase voltage taken from no-load test is shown
in Fig. 5.14. Basically, the two waveforms are similar. But a slight difference can be
seen that the practical waveform within half of cycle is not symmetrical with respect
to Y-axis. The reason is that the previous load tests resulted in this slightly distorted

field of the magnet.

A comparison of the output voltage at open-circuit is made between computation and
measurement. Fig. 5.15 shows the output line to line voltage versus rotating speed.
The computed line voltage is drawn from the designed data modified by finite
element analysis. It is seen that a very good agreement has been achieved between

the design and test results.
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Fig. 5.14 Waveform of no-load voltage at 170 rpm
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Fig. 5.15 Open-circuit characteristic

As described in section 4.8.3, Chapter Four, the prototype generator was also tested
with a symmetrical 3-phase resistive load. In the test, the waveforms of armature
voltage and current varied with the different load resistance. During the load test, it
was noticed that although the no-load voltage waveform was not truly sinusoidal, the
voltage waveforms became more sinusoidal when the load current was increased.
The larger the load current, the more sinusoidal the output voltage tended to be,
indicating an obvious reduction of the other harmonics. This improving trend of
waveform enhanced when load current increased as a result of cither the load
resistance reducing at a certain frequency, or frequency increasing at a constant load

resistance. Fig. 5.16 shows the improved voltage waveform with the resistance of

11Q, at the speed of 170 rpm.
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Fig. 5.16 Output waveform at resistive load

5.7 Force, Torque and Power Capability

Theoretically, the electromagnetic forces can be computed directly from the local
field solution. However, the force converges much more slowly than the field
solution. The Maxwell stress tensor method is probably the most common approach
to determine electromagnetic forces. Based on the energy, the Maxwell stress tensor
method describes the forces directly in terms of the magnetic field strength. The
advantage of this method is that forces can be determined with only one FEM-

solution.

5.7.1 Force and Torque Calculation By Maxwell Stress Method

Maxwell stress approach compuies the local stress at all points of a bounding surface

and then sums the local stresses (using a surface integral) to find the overall force.
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Maxwell’s stress tensor T is used for the expression of volume forces with the help
of field and forces on the surface of the body. The force acting on element d/ of a
conductor or magnet with current or equivalent current 7 in a magnetic field B can be
expressed from Biot-Savart’s [5.9] law,
dF = I(dl x B) (5.66)

The force per unit volume is called Lorentz force density [5.10].

f,=JxB=JxVx4 (5.67)
Also, from the Maxwell’s electromagnetic equation

VxH=J (5.68)

In the constitutive relationship, B = p,H, equation (5.67) becomes

£ =(VxZyxn
aBz X
- ax)“B Bx 6y)}
o . (5.69)
+ LB - B,
u,,[ - ay’ S
L T J' - an aB.r. -
+-La, e~ 5,22 -2
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where the @,, @, and &, are the unit vector in x, y and z direction respectively. First,

consider the x component of the force density

fi=—(B,—~~B,—-B +B —%) (5.70)

X

. . . B
Without changing the mean, add and subtract the quantity —1—Bx aax
15

o

to equation

(5.70),

OB oB
f. = L (B, —= +B,ai+3y 9B, -B, %, - B, 9B, -B,—%) (5.71)
1l Ox 0z oy ox ox ox

o

Using the derivative relationship

2B, 108,
B, % 230 (5.72)
Obtain
1 .10B; OB, 3B, 138
f. =?[5 p» +B, » +B, » —Ea(Bf+Bf,+Bf)] (5.73)

Using the definition of divergence
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oF, OF, 0F,
+—=+

divF =V-F =
ox oy oz

Reorganizing equation (5.73), it gives

1

9 B -Ligry+ 2 9 ~BV.
fo= o B =31B)+ - (B.B,)+ o (B.B) - B,V B)

Since V-B = 0, equation (5.75) can be re-written as

1
Ko

L2 oLy L 9
fo= ol B = B+ (BB, + S (BB)]

(5.74)

(5.75)

(5.76)

The equation can be regarded as in the form of the divergence of a vector, 7; whose

x, y and z component are defined as

r, =L@ -Laf)
o 2
T, = (55

T.=—(B,3,)
K,

So, equation (5.76) can be expressed as

(5.77)

(5.78)
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Similar deductive procedure is applied to seek y and z component of the force density

in equation (5.69). Thus

or, oI, oI,
f,=V-T,= 2+ P +— (5.79)
oT,
f,=V-i’l=a§;"+ a;y+a§z” (5.80)

Let the three vectors T, T, and T; be the x, y and z components of the Maxwell’s

stress tensor 7. It gives

{ 3
B -l|B|2 BB BB,
2 ¥y
T=“L B,B, B —%]BIZ B,B, (5.81)
B,B, BB, B! ~Ligf
\ 2" )

Thus, the Lorentz force density can be expressed as the divergence of the Maxwell’s

stress tensor.

VT (5.82)

b
N

The total force can be found by integrating the force density over the volume.

F=[v-Tdv (5.83)
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According to the vector divergence theorem equation (5.83) can be transformed into

a surface integral below,
F = {{Tdxdy (5.84)

The finite element method is only applied in two-dimensional geometry in analysis
of this PM generator. Since the depth of the domain is a constant (in machine shaft

direction), the surface integral can be further simplified into a loop line integral.

F= c{Lc_sz (5.85)

where L, is a constant, the axial length of the stator core, and d/ is the differential
length along the integral path. The unit normal and tangential vectors to the surface
are

a,=-sin0 -a, +cosb - @, - (5.86)

G, =co0s0 -a, +sinb -4, (5.87)

where 0 is the angle between the force direction and x-axis, and a, and a , are unit

vectors in x- axis and y-axis direction.

Then, the incremental force is
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dF =1 Tds = L Ta,dl (5.88)

In two-dimensional system it gives

(5.89)

1
_Ldl B, _ElBlz B.B, (—sinﬁ]

Wo | BB Bj-%|3|’ c0s0

The tangential component of the incremental force is

dF, = dF -G,
= dF_ cosO + dF, sin® (5.90)

_L dl B, B (cos’0 —sin’0) + cosb sin® (B} - B))]

The normal component is

dF, = dF -i,
= dF (~sin®) + dF, cosd (5.91)

L I[Bz sin’0 + B, cos’ 0 ——~lB| —2B,B, cos0 sinb ]

o

To find the relationship between force and flux density consider the tangential and

normal components of the flux density
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B,=B-d,=B, cosb + B, sind (5.92)

B, =B-d, =—B,sin® + B, cos® (5.93)

n

The product of the two components is

B,B, =—B!c0s0sin® + B, B, cos’8 — B, B, sin*6 + B, cose sin6

. (5.94)
=B, B, (cos’® —sin’0)+cose sin0 (B! -B))
and
B! -B?
= B?sin’0 - 2B, B, cosd sinb + B; cos’O (5.95)

—(B?cos*6 +2B, B, cosf sinb + B, sin’0)
Adding and subtracting B} sin’@ + B? cos’8 from equation (5.95), obtain

B! -B}

=28 sin’0 — 2B, B, cos0 sinb + 2B cos’ 6

—(B?sin0 + BZ cos’@ + 2B, B, cos sin® + B, sin’6 + B, cos’0)

= 2B%sin0 — 4B, B, cosO sin + 28] cos’® —(B? + B} )(cos’ 0 +5in”9)
=2B%sin’@ + 2B cos*0 - |B|' - 4B, B, cosb sin6

=2(B?sin’0 + B cos’0 —=l]B|2 ~2B,B, cos0 sinf)
2

(5.96)

It is seen, from equations (5.90) and (5.91) and (5.95) and (5.96), that
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Bn Bf

dF, =L, di (5.97)
H,
2 _p2
aF, =1, BB gy (5.98)
n [ 2”'0

The tangential and normal components of the force density are then

f = BB, (5.99)
Ko
B —B?
fo=—"" (5.100)
2y,

With the vector normal being identical with the radial direction the machine torque
can be calculated by multiplying tangential force by the length of force arm that is
from the center of shaft to the point the force acts on. Since a pair of pole geometry is
used in analysis and there are 48 poles distributed in the generator, the total torque
yielded in the machine should be 24 times of the torque produced within one pair of
pole. Fig. 5.17 shows the computed torque of full load at 170 rpm by finite element

method.
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Fig. 5.17 Computed torque at full load

Fig. 5.18 shows the measured torque characteristics against output power at 170 rpm,
which is drawn from the test data of the resistive load test. According to the test
results, the PM machine had shaft torque of 1268 N-m at output power of 20 kW.
Differentiating from that, the simulation of finite element method shows a computed
electromagnetic torque of 1160 N-m at the same output power. The main reasons to
cause this difference are mechanical loss, eddy loss and extra copper loss due to
temperature variation. In practice, the PM generator needs more input power to
overcome this dissipated energy to deliver the same output power. However, these

factors are not included in the finite element analysis for steady-state operation.
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Fig. 5.18 Experimental torque versus output power

5.7.2 Power Capability

Finite element method is also used to investigate the power capability of the designed
PM generator. For power computation the load currents are fed into the stator
windings and the magnetic field is calculated. Then, Maxwell tensor method is
applied to obtain power production. The delivery power through magnetic field is

related to the torque by

P=oT = 2nT/60 (5.101)

Where n is the rotating speed in rpm, @ the rotating angle in radian and T the torque
in N-m. Result of the power caiculation at 170 rpm is given in Fig. 5.19. Obviously,

the designed PM generator is fully capable of delivering the expected power.
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Fig. 5.19 Computed power output at full load

The power capability of this prototype PM generator is also tested under various
loading conditions at 6 different rotational speeds. The output power at each of these
speeds is shown in Fig. 5.20. When the output power of the generator reached 20
kW at the speed of 170 rpm, the measured load current was 50.9 A, phase voltage
134 V and the efficiency about 86%. After one hour’ full load test, the measured
temperature rise of the stator armature was 57°C at the ambient temperature of 31°C.
These results clearly demonstrate the success of the outer-rotor PM generator

specified in the original design.
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Fig. 5.20 Test output power at different rotation

5.8 Conclusions and Discussion

The finite element method has been applied to this type of generator for improving
design from conventional method and evaluating the performance under possible
conditions of magnetic saturation. The Galerkin approach has been used in finite
clement analysis on the design of the outer-rotor permanent magnet generator. The

approach, in fact, is one form of the method of weighted residuals and used in this

217



chapter for solving two-dimensional linear electromagnetic field problem. The direct
advantage of the variational formulation is that the energy functional related to the
physical concept of energy. However, the approach has its weakness that for every
equation to be solved a functional needs to be identified at its minimum to satisfy the
differential equation being solved. For the differential equation with operator V
operating on the unknown f; V(f) = 0 over the domain €2, the variational function

gives

L(f) = [[ V*(f)dxdy (5.102)

It needs to yield symmetric matrices for the Poisson’s equation with the term V24,
But it requires at least a second order polynomial trial function for the unknown f'to
ensure that the second derivative of the functional shall not vanish. This is not always
a convenient way. Obviously, from the derivation of the Galerkin method in Section
5.2.2, the difficulty to identify a convenient functional can be overcome by the

Galerkin approach to finite elements.

Newton-Raphson method has been adopted to deal with the non-linear problems of
electromagnetic field where magnetic permeability is a function of the local magnetic
field. Although the designed generator has a different construction from normal
synchronous machines, it is reasonable to use a standard method of mesh generation
to produce triangular elements within the domain. As an adaptive mesh generator,
the mesh refinements were weighted toward the region of high flux density, varying

with the vector potential, distributed elements.
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To achieve a convergent solution, finite element method is presented in the process
of deriving the true energy functional for problem condition and transforming the
domain of continuum problem into a number of discrete triangular elements. These
elements represent the geometry, own the material characteristics of the medium, and
define the approximation to the magnetic field in the region. The required field
solution is obtained by minimizing the energy functional through a set of
approximate functions. Periodicity condition for rotating electrical machinery has
been used in the finite element method so that a much smaller area, a section of 2-
pole, is analyzed rather than the entire region of 48-pole. This saves the computer
space and accelerates the computation speed. The current sheet method for modeling
a Nd-Fe-B magnet effect on the magnetic field has been used in solving energy
functional of the PM generator. The method is suited for used with two-dimensional
magnetic vector potential models for the analysis of magnetic fields under no-load
and load conditions of the outer-rotor machine. The Maxwell stress method is one of
the most popular methods used to calculate global force and torque in finite element
method. The simulation of force and torque shows well-behaved results by

employing the Maxwell stress method.

The finite element method is effectively used for detailed analysis and further
modification of the preliminary design based on the initial scheme made by
conventional design program with lumped-parameter calculation. As the knowledge
of parameters is of importance for the correct performance prediction and design
optimization of the permanent magnet generator, calculation of the main parameters
is a significant part of the design. Basically, the theoretically predicted output

characteristics of the generator have good agreement with the experimental results,

219



particularly at no-load and normal load condition. However, discrepancy between
computed and measured values occurred at higher frequency and over load
conditions, as shown in Fig. 5.21. Regardless the error yielded by testing system such
as inductive component of load resistor, and phase imbalance of load and input

voltages, etc., the discrepancies are caused by following reasons:

.-..—..x...._x‘_ “ %

04 —— t + + + + {
0 10 20 30 40 50 60 70
Load current, A

QOutput voltage per phase, V

-+ =+ 75 rpm computed
X 75 rpm measured

— — ——100 rpm computed
¥ 100 rpm measured

125 rpm computed

O 125 rpm measured
——=— 150 rpm computed
A 150 rpm measured
——=— 170 rpm computed
¢ 170 rpm measured
——+—200 rpm computed
0 200 rpm measured

Fig. 5.21 Output characteristic at different speeds

1) Magnetic conditions varied with a more complex function of resultant total flux

in the generator rather than only g-axis saturation.
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2) The variation of d-axis synchronous reactance Xy and q-axis synchronous
reactance X, is a function of load current and rotating speed.
3) Stator winding resistance varies with temperature or load current. However, a

constant resistance was used in the computation.

The author realized that the calculation of L; and L, by the process [5.12] is not
accurate enough to fit the actual load conditions of the permanent magnet generator.
So, an improvement is put forward that the computation of Xy and X could be done
by applying finite element method at a number of different load and speed conditions

from low to high values.

When calculating the direct axis synchronous reactance in steady state performance
of this generator, the current can be considered sinusoidally distributed in the stator
winding. So, it is reasonable to assume that the produced field peaks at the direct axis
and the current peaks at quadrature axis. Without excitation, the inductance of the
direct axis winding in this situation is synchronous reactance Xy, and inductance is

flux linkage per ampere of current.
v
L= 5.88
7 (5.88)

It is not difficult to find the flux linkage passing through a coil from the vector
potential solution. As known from equation (5.45), this is just the difference of the
vector potential across the two sides of the coil times the depth of the domain.

Therefore, the relation between the flux linkage and vector potential is
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y = NIA4 (5.89)

where N is the number of turns and A4 the difference of the vector potential at the

location.

If periodic boundary conditions are still used for the model of one pair-pole, the
inductance computed by the way is per phase per pair-pole. The inductance per phase
can be obtained by multiplying the number of pair-pole of the machine, and divided
by the number of parallel branches. Provided that the fictitious direct axis winding
has the same number of turns as the phase winding and there is an m-phase winding
in the machine. The d-axis current would have to be m/2 times as great as the phase
current to produce the same MMF in the d-axis as the m-phase winding. So, the

inductance per phase is

L =-L (5.90)

Then, the per unit value of X, is

(5.91)

The same way can be used to find the quadrature axis reactance. The quadrature axis
winding should be displaced in space by 90° clectrical. In a homogenous boundary
condition, the ratio of quadrature axis flux linkage to quadrature axis current is the

quadrature axis synchronous inductance.
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Appendix V-1

Shape Function and Integral in Area Coordinates

Surface integrals are frequently evaluated in terms of area coordinates in the finite

element analysis.

Fig. A5.1.1 shows a triangle divided into three distinct areas with vertices i, j k and
P. The position of a point in a triangular element can be determined not only by the
Cartesian coordinate (x, ) but also by area coordinates (§;, §;, &i). The {; & and &

are defined as:

A, A A
& =E”s§j ='XJ’C1; = ‘Zk‘ (A5.1.1)

Y A

(xh yt)
(xi ¥

Fig. A5.1.1 Subdivisions of triangle

where area of triangle
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1 x y
|

A,.=51 X, v
L x »

=%‘[(ij& —x )+ (y; — i )x+(x _xj)y]

=%(a,. +bx+cy)

Similarly,
) L ox
A= 7 1 x y
1 x »

= ';_[(xkya‘ - %,y )+ (e = y)x+ (g - x,)y]

1
=~£(aj +bx+c;y)

and
11 XV
Akza—l X; ¥
1 x vy
1
=5[(xiyj—xjyi)+(yi_yj)x+(xj_xi)y]
1
= E(Gk +b,x+c,y)
so that

(AS.1.2)

(A5.1.3)

(AS5.1.4)
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11 X Vi
A:A,.+AJ+A,!=51 X, y;

1 x, ¥ (A5.1.5)

1
:E(xr'yj FX Ve T XY XY —X; V)

The magnitude of these area coordinates varies from zero at the sides to a maximum
of unity at the opposite triangle vertices along the altitudes, and they satisfy the

relation
G+ + =1 (AS5.1.6)

Therefore, there are only two independent variables among the three and the third

one is dependent.

Substituting equation (A5.1.2~5) into equation (A5.1.1), obtain

¢ = a;+bx+cy
{ 2A
a;+bx+c;y
= J I AS.1.7
g, =thxray
) 2A

It is seen that area coordinates are linear function of Cartesian coordinates.

Reversibly, Cartesian coordinates can be expressed in area coordinates

x=C.x, +ijj +C,x,

(A5.1.8)
y=C.¥ +ij1' +&, )
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Now, it needs to find out the relation of integration between the two coordinates.

Given a surface integral

_[L F(x, y)dxdy (A5.1.9)

Transforming the integrand into area coordinates

[ F&G.5 ;.6 )dxdy (A5.1.10)

As there are only two independent variables the third one can be expressed by the

independent two. The integration is further changed into

ILF(C;"CPI —(;E—Qj)dxdy (A5.1.11)

The relation between dxdy and d€d_; is

(AS5.1.12)
From equation (A5.1.7) the derivatives are
_%:i;aﬁ, zi;acf =_,;C_,=i (A5.1.13)
x 2ATdy 23 287y 2
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Substituting into equation (AS5.1.12)

be.—be,
ldxdy = 2215 ey - dxdy

25) ly A (A5.1.14)

So that

dxdy = 28d¢, G, (A5.1.15)

Since the two coordinate are linearly dependent the integral domain is still a triangle
when it is transformed from Cartesian coordinates. The three vertices turn into (1,0),
(0,1) and (0,0) from (x; y), (x; ¥) and (xx y&), as shown in Fig.A5.1.2. Any of the
points within one triangle has its corresponding point in the other. So, the surface

integral becomes

J{LF@.&, 18, =C )dxdy
= ILF(Q,,QJ-Q,. ~¢,)dt dg, (AS5.1.16)
=24 [de, [ FE.G, -6, - ),

Suppose the integrand is a power function. Generally, it can have such specified form

below,

F(C;:C.ij»l_cu' "C.vj) =CfaC;'JC: =gi°€f(l_€i _ij)c (A5.1.17)
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where a, b and ¢ are positive integers.

Gk

(0,1)

(0,0)[/ k i (1,0

v

Fig. A5.1.2 Triangle in area coordinate

Then, the equation (A5.1.16) can be re-written as

24 [[[ e Cta-g, -¢ ) dg 14, (A5.1.18)

) dc .
Using the transformation, v = " 6 é idv = ; 5 CJ , equation (A5.1.18) becomes
Y TRy
24 [[6, A=, (v (1-v) dvidc, (AS.1.19)

Applying Euler’s integral formula
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j:s"'(l sy ds = (A5.1.20)

(m+n+1)!
The integral of equation (A5.1.19) becomes

LY b+c+l b!d
24 (16,1 01-5)) Grorni
al(b+c+)t bl (AS.1.21)
[a+(B+c+D)+1]! (B+c+1)
alblc!

(a+b+c+2)!

So that

fLQ“Qfodxdy PN (AS5.1.22)

(a+b+c+2)!

As an example of integral in area coordinates, the surface integral of equation (5.22)

is re-evaluated as below,
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LL W e J dxdy
S
= [[ | 85 |Jsdray
| s

(a,+bx+c;y )
bZA
. a;, +bx+c;y
g [ S ey

2A
a, +bx+c,y

\ 24 J
(&,

=J; L[’. Cj dy

S

(2A)

3
24
)| 3
24
3

3
. 1
ZJ,A[I
>l

This result is the same as the one obtained from equation (5.22).

(A5.1.23)
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Appendix V-2

Green’s Theorem in 2-D Cartesian Coordinates

Let R be an admissible region of the xy-plane with boundary C, and let P(x,y) and

QO(x.y) have continuous first partial derivatives in an open region containing R. Then,

iPdJH- Ody = H(%% —%—Ij)dxdy (A5.2.1)

where the direction around C is chosen so that R is on the left as C is traversed.

Take equation (5.2.2b) as an example. Let

)y (A5.2.2)

Substitute into the right hand of equation (A5.2.1),

[IG =5

_J‘j'[_a_( a_“‘) 26 _)]ded +J'jv(-ai4.ﬁﬁ o, (A5.2.3)
ox ox Oy Oy

The left hand of equation (A5.2.1) becomes

234



cide +Qdy
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= {v 24 s

where cos(n,x) and cos(n, y) are the direction cosine of x and y components

respectively. Combining equation (A5.2.3) and (A5.2.4), gives

- ﬂ,W{—( —)+5( —5y—)]dxd

3W6A
_Hu [(ax o ayay

(A5.2.5)
S dxdy — ivW—Ads

This is the result of equation (5.2.3).
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Appendix V-3

‘Stoke’s Theorem in Vector Field

Starting with Maxwell’s equation in differential form,

VxH=J (AS5.3.1)

Consider the surface S of Fig. A5.3.1, which is broken up into incremental surfaces
of area AS. Apply the definition of the curl in equation (A5.3.1) to one of those

incremental surfaces, then

Fig. A5.3.1 Surface S

H-dL
____4 Y = (VxH), (A5.3.2)

where the n subscript indicates the right-hand normal to the surface. The subscript on

dL,; indicates that the closed path is the perimeter of an incremental area AS. This

result can be written as
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{H -dLy

= (Vx H)- | A5.3.3
A5 (VxH)-a, ( )
or
{H -dL
_SS___._-.(VxH)AanAS=(va).AS (A5.3.4)

where a, is a unit vector in the direction of the right-hand normal to AS.

Now, determine this circulation for every AS comprising S and sum the results.
When evaluating the closed line integral for each AS, some cancellation will occur
because every interior wall is covered one in each direction. The only boundaries on
which cancellation cannot occur from the outside boundary, the path enclosing S. It

gives

qu .dL = L(VxH)-dS (A5.3.5)

where dL is taken only on the perimeter of S.

Equation (A5.3.5) is known as Stoke’s Theorem that is an identity, holding for any

vector field.
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CHAPTER SIX

CONCLUSIONS

The worldwide energy shortage has made a significant impact on the design and
application of electrical machines. Sustainable energy solutions are aimed to reduce
the consumptioﬁ of fossil fuels by using energy efficiency techniques and renewable
energy sources. This thesis presents two new sustainable energy applications in the

field of electrical machines.

Polyphase induction motors dominate the energy usage spectrum for industrial and
commercial applications. The conventional winding structure used in three-phase AC
electrical machines has a basic unit of the winding with a 60° phase belt and a three-
phase connection either in star or delta. A new winding structure using an innovative
Star-Delta Series Connection {SDSC) which has a high winding coefficient and low
harmonic content is presented in this thesis. The principle of the SDSC winding is
described through two detailed cases. The Electro-Magnetic Belt and Electro-Magnetic

Space diagrams are two important means used for optimization of the new winding.

Experimental results from the two prototypes confirm the theoretical analysis. The
efficiency of the new machine at rated load increased by about 3.8% as compared to

its counterpart with a conventional winding structure.

Wind energy shows a prospective future in renewable energy options. Wind turbines
are designed to couple either synchronous or asynchronous generators with various

forms of direct or indirect connection with grid or diesel generators. Permanent
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magnet (PM) generators using high energy permanent magnets (PM) offer
advantages such as direct coupling without gear box, absence of excitation winding
and slip rings, light weight and smaller size. This thesis presents the design and
development of an outer-rotor PM generator using Neodymium- Iron-Boron magnets
for wind turbine application. The method with direct electromagnetic design
followed by a Finite Element Analysis is proofed applicable to the design of this type
of machine. A 20 kW prototype machine was built and extensively tested. It was
found that the machine could maintain an efficiency of about 85% over a wide load-
operating range. Equivalent circuit models were developed. The results of the Finite

Element analysis matches closely with the experimental and the designed values.

The conclusions and contributions are drawn from this thesis are summarized as

follows:

6.1 The SDSC Winding Induction Motor

(1) A conventional 60°-spread winding operating from a standard three-phase
supply can be turned into a quasi-12-phase winding by the mean of star-delta
series connection. A higher spread factor is achieved through the increase of
the effective number of phases. This has been verified by the theoretical
analysis and experimental results in Chapter Three. The main advantages

from this configuration are:

(1) Although it is required that the delta component should contain V3

times as many effective turns per phase as the star component, a slight
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@)

3)

difference is allowed in practice because of discretization of
commercial wire sizes. This does not cause any significant problem in

the new winding machines.

(i)  The possibility for circulating currents between the star and delta
components which is easy to occur in parallel connection can thus be

completely prevented.

The Electromagnetic Space (EMS) diagram plays an important role in the
design of the new winding. The arrangement of the 3-phase winding and
connection of coils can be directly derived from this diagram. The
requirement of phase displacement between star and delta components and

the three-phase windings can be met on the EMS diagram.

Flexible selection of the Electromagnetic Belt (EMB) is one of the features of
the new winding. A higher fundamental spread factor can be obtained by
optimizing the EMB. Generally, there are three basic rules to be followed in

the selection of EMB:
@ To obtain a high spread factor, a narrower EMB is preferred. But, an

overall affection should be taken into account for the machine

performance;
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4)

(5)

(6)

(i)  The total peripheral electrical angle must be three times the EMB so
that the total number of EMB can be evenly distributed in between the

PXI80 o (k=1,2,3, )
ME

three phases, namely

(iii) Once all of the EMBs are put together to make up a complete three-
phase winding, there should be a displacement of 30° electrical angle

between the star and delta components per phase.

The new winding can be made as a single layer and technological short-pitch.
It is easy to determine the slot combination. Thus, the utilization coefficient
of slot area is increased and coils may have a shorter mean length. The chord

factor is always equal to unity by employing full-pitch coils.

Theoretical analysis showed that the amplitude of fundamental MMF of the
new winding motor has been increased by more than 3%, compared to its
conventional counterpart. Other higher order harmonic MMFs have been
considerably reduced, particularly those that usually produce braking torque

to motor starting and operation such as 5th, 7th, 11th and 13th.

The new winding motor can operate with higher efficiency for a wide load
range. Also, it has a higher maximum-torque and starting-torque than a
standard motor. This has been verified by experimental results in Chapter

Three.
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Q)

(8)

®

(10)

Different benefits can be achieved by adjusting the design scheme of the new
winding motor, depending upon the requirement. The motor can either raise
the efficiency without reducing the power factor, or save appropriate raw

materials while maintaining the original performance.

The new winding may be made in two different types; one is a non uniform-
constitution and the other a uniform-constitution. Both are applicable for
mass production of motors. The uniform-constitution consists of two different

coils and the end connections are slightly complex than conventional one.

The test results show that this new winding motor does not cause any
overheating problem at normal operating condition although the circulating
current is inversely proportional to number of turns in the delta winding,
which is only a fraction of the whole winding. However, caution should be

paid to no-load operation at excessive voltage.

The new winding can be applied not only on the induction machines but also
on the synchronous machines where the neutral is not necessary such as
synchronous motors and generators used for battery-charging in a stand-alone

power system.

Both theoretical and experimental results proofed that the new SDSC winding motors

had a higher efficiency and a lower harmonics than the motors with a conventional

winding structure. This mainly due to the techniques employed in the design. Since

the new winding motor can reduce considerable consumed power from the integral
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grid every year and more than 90% of the motors used in industry are induction

motor and synchronous motor, the new winding can find a widely potential

application in industry.

6.2

(a)

()

©

The Outer-Rotor, Permanent-Magnet Generator

Wind turbines are low speed (typically between 30 — 300 rpm) prime movers
in wind energy conversion systems. To achieve the normal frequency output
the low-speed generator needs either a gearbox or should mount with a large
number of poles. Because of the enlarged periphery of the out-rotor drum, the

multi-pole structure presented in this thesis can be easily accommodated.

The wind turbine blades are directly coupled to the front face of the outer-
rotor. This arrangement avoids use of a gearbox, which is very heavy and
noisy. With greatly reduced weight, the direct-coupled permanent-magnet

generator can be conveniently transported and installed in remote areas.

All of the permanent magnets are squarely shaped and evenly placed to the
inner periphery of the rotor drum. While the generator is running, the
centrifugal force of the magnets applies a pressure to the bonding media.
Thus, the reliability of the glued joints becomes higher. As exposed to the
natural wind flow, the outer-rotor has a much-reduced temperature rise than

the stator.
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(d)

&)

H

i)

Being excited by permanent magnet the wind turbine generator is free of DC

excitation windings and field circuits losses.

Experimental results confirmed that a permanent magnets generator made in -
such a simple construction could operate with good and reliable performance
over a wide range of speeds. The simple mechanism of the generator leads to

a low manufacture cost in factory and low maintaining cost.

Satisfactory results were obtained by using a direct design program for initial
iteration and the finite element method for detailed analysis and final
adjustment. The good agreement between the theoretically predicted and
experimentally tested results further proves the correctness of the design

principles and the effectiveness of the design methodology.

It was found that diScrepancies occurred between computed and measured
values of terminal voltages at higher frequency and over load condition.
Ignoring the error yielded by testing system such as inductive component of
load resistor, and phase imbalance of load anci input voltages, etc., the

discrepancies are due to the following:

Magnetic conditions varied with a more complex function of resultant
total flux in the generator rather than only q-axis saturation.

The variation of d-axis synchronous reactance X; and q-axis
synchronous reactance X, is the function of load current and rotating

speed.

244



(8

(h)

(i)

1ii) Stator winding resistance varies with temperature or load current. But a

constant resistance was used in computation.

To achieve a convergent solution, finite element method is presented in the
process that contains deriving the true energy functional for problem
condition and transforming the domain of continuum problem into a number
of discrete triangular elements, These elements represent the geometry, own
the material characteristics of the medium and define the approximation to the
magnetic field in the region. The required field solution is obtained by

minimizing the energy functional through a set of approximate functions.

Although the direct advantage of the variational formulation is that the energy
functional related to the physical concept of energy, the approach has its
weakness that for every equation to be solved a functional needs to be
identified at its minimum to satisfy the differential equation being solved. It
needs to yield symmetric matrices for the Poisson’s equation with the term
V24. At least a second order polynomial trial function for the unknown f is
required to ensure that the second derivative of the functional shall not
vanish. This is not always a convenient way. This difficulty can be overcome

by the Galerkin approach adopted in finite element analysis of this thesis.

Newton-Raphson method has been adopted to deal with the non-linear
problems of electromagnetic field where magnetic permeability is a function
of the local magnetic field. Although the designed generator has a different

construction from normal synchronous machines, it is reasonable to use a
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(k)

standard method of mesh generation to produce triangular elements within the
domain. As an adaptive mesh generator, the mesh refinements were weighted
toward the region of high flux density, varying with the vector-potential,

distributed elements.

The terminal voltages of the generator evaluated at no-load and load
conditions are derived by calculating flux linkages and their products with
angular velocity. The Maxwell Stress Tensor method is used for computing
forces. The simulation of the electromagnetic torque and power capability are
given following the computation of the globe forces. The load test of the

prototype machine shows a very close result with the simulation.

Periodicity condition for rotating electrical machinery has been used in the
finite element method so that a much smaller area, a section of 2-pole, is
analyzed rather than the entire region of 48-pole. This saves the computer

space and accelerates the computation speed.

As a non-pollution, and cheap energy source, wind energy has a large distribution

around world. It is seen that the out-rotor permanent generator presented in this

thesis can effectively convert wind energy to electrical energy in a stand-alone power

system and make a significant dedication to energy savings.
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