m The Uniyersitg of
A | Nottingham

UNITED KINGDOM - CHINA - MALAYSIA

Yao, Li (2006) Magnetic field modelling of machine and
multiple machine systems using dynamic reluctance
mesh modelling. PhD thesis, University of Nottingham.

Access from the University of Nottingham repository:
http://eprints.nottingham.ac.uk/10224/1/LiYAO-Final_Binded_PhD_Thesis.pdf

Copyright and reuse:

The Nottingham ePrints service makes this work by researchers of the University of
Nottingham available open access under the following conditions.

Copyright and all moral rights to the version of the paper presented here belong to
the individual author(s) and/or other copyright owners.

To the extent reasonable and practicable the material made available in Nottingham
ePrints has been checked for eligibility before being made available.

Copies of full items can be used for personal research or study, educational, or not-
for-profit purposes without prior permission or charge provided that the authors, title
and full bibliographic details are credited, a hyperlink and/or URL is given for the
original metadata page and the content is not changed in any way.

Quotations or similar reproductions must be sufficiently acknowledged.

Please see our full end user licence at:
http://eprints.nottingham.ac.uk/end_user_agreement.pdf

A note on versions:

The version presented here may differ from the published version or from the version of
record. If you wish to cite this item you are advised to consult the publisher’s version. Please
see the repository url above for details on accessing the published version and note that
access may require a subscription.

For more information, please contact eprints@nottingham.ac.uk


http://eprints.nottingham.ac.uk/Etheses%20end%20user%20agreement.pdf
mailto:eprints@nottingham.ac.uk

I

—~~

The University of

Nottingham

MAGNETIC FIELD MODELLING OF
MACHINE AND MULTIPLE MACHINE
SYSTEMS USING DYNAMIC RELUCTANCE
MESH MODELLING

By Li Yao

BEng (Honours), Msc (Engineering)

Thesis submitted to the University of Nottingham
for the degree of Doctor of Philosophy

May 2006



Abstract

ABSTRACT

This thesis concerns the modifiethd improved, time-stepping, dynamic
reluctance mesh (DRM) modelling techne for machines and its application
to multiple machine systems with th&iontrol algorithms. Improvements are
suggested which enable the stable smfuof the resulting complex non-linear
equations. The concept of finite elerh@éiRE) derived, overlap-curves has been
introduced to facilitate the evaluatiaf the air-gap reluctances linking the
teeth on the rotor to those on the stator providing good model accuracy and
efficient computation. Motivated industriglithe aim of the work is to develop

a fast and effective simulation togkincipally for evaluating salient pole
generator system designs including thenerator, exciter and the automatic
voltage regulator (AVR). The objectivis to provide a modelling system
capable of examining the detail ofachine operation including saturation of
main and leakage flux paths, slottiagd space harmonics of the windings.
Solutions are obtained in a sufficiently short computational time to facilitate

efficient iterative design procedurgsan industrial design office.

The DRM modelling techniquir electrical machinebas been shown in this
thesis to be a fast and efficient tdot electrical machine simulation. Predicted
results for specific machine and system designs have been compared with FE
solutions and with experimental resudtsowing, that for egineering purposes,

the technique yields excellent accuracy.

The DRM method has a great advantage in multiple machine simulations. This
is because magnetic field calculaticare limited to evaluating only the most
important information so saving c@uitation time. A brushless generating
system including the excitation systemdacontrol scheme has been modelled.
Additionally a cascaded, doubly fed induction generator for wind generator

applications has also been modelldthese different applications for the
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dynamic reluctance mesh method have proved that this approach yields an

excellent machine and machine-gystevaluation and design tool.
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Chapter 1 Introduction

CHAPTER 1 INTRODUCTION

1.1 Background

The material presented in this tleess primarily concerned with the
investigation and development of a dyma reluctance mesh field modelling

and simulation tool for electrical macks and machine systems, specifically
salient pole synchronous generators, small brushless synchronous generating
systems and cascaded doubly fed induction machine systems. This simulation
technique stems from the magnetic egient circuit modelling method for
electrical machines by Carpenter [ahd Haydock [2], which was further
developed and specifically applied toduction machine modelling as the

dynamic reluctance mesh method by Sewell [3].

In 1968, Carpenter [1] introduced angpkred the possibility of modelling
eddy-current devices using magnetic eglent circuits, with are analogous
to electric equivalent circuits. Magineterminals are introduced which provide
a useful means of describing the paeters in electromagnetic devices,
particularly those whose operationpgads upon induced current behaviour.
The virtual-work [4] [5] principle wasuggested for torque calculations and
exploited in [3]. Generally, the magieequivalent circuit modelling method
can be used to analyse many typeslettrical machine in terms of physically
meaningful magnetic circuits. For examplOstovic' evaluated the transient
and steady state performance of squicegje induction machines by using this
magnetic equivalent methg@] [7], taking into account the machine geometry,
the type of windings, rotor skew, the magnetising curve etc. In a later
investigation by Ostovic' [8], a set offfdirential equations describing saturated
electrical machine states was devetbpéhich simplified the solution process

for saturated machines. In the past tdecades, magnetic equivalent circuit
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modelling method for electrical machinéss been further developed and
applied to modelling many other typ@$ machines, apart from induction
machines: synchronous machines byydhtack [2], inverter—fed synchronous
motors by Carpenter [9], permanentgnat motors and claw-pole alternators
by Roisse [10], and 3-D Lundell altetors, which are a main source of
electric energy in internal combusti@mgine automobiles, by Ostovic' [11].
From the simulation results presented in these papers, the magnetic equivalent
circuit method has been proven to beeffitient and fast simulation tool for a

variety of electrical machine types.

Sewell developed Dynamic Reluctance Mssftware for simulating practical
induction machines based on the previaesk using magnetic circuit models

for electrical machines [3]. This algthm was developettom rigorous field
theory. Combined with prior known knowdge of electrical machine behaviour
determined from practical experience, this model is simplified in a physically
realistic manner and results in a procedure that can efficiently simulate 3D
machines within an iterative desigmvironment without requiring extensive
computational resources. Its comgiidn time was minimised by direct
computation of the rate of changefiix, thus the evaluation of time and rotor
position dependent inductances are awbidepractical and effective approach

to model skewed rotor and iron saturation effects were also implemented in the
algorithm. The magnetic, electricahca dynamic models of the machine are
coupled so that the simulation det@mes both steady state and transient
behaviour including the effects of setion and high order torque harmonics
due to the rotor and stator teeth. The work in this thesis concerns the simulation
of machines and multiple machines systems based upon this dynamic
reluctance mesh modelling method, wsthme additional model developments

in modelling and improvements in thelwmn process. Further details of the

dynamic reluctance mesh method will be discussed later in chapter 2.
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1.2 Industrial Motivation and Aim of The Work Described in

The Thesis

The research work implemented in thiresis is motivated by an industrially
funded project “Developmentf software package rfalesign and performance
prediction of new and conveanal generators”. Its ains to develop a fast and
effective simulating software package, for evaluating the designs and
performances of new and conventiog@&nerators with non-uniform air gap

geometry under different operating conditions.

Large synchronous generators are driven by steam turbines and gas turbines to
generate electricity and over the pésindred years synchronous generators
have provided nearly all the world’s efecal power needs. A typical structure

of a power station is shown in Figure 1.2.1.
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Figure 1.2.1 [12] Typical topology structure of a power station
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Figure 1.2.1 shows the basic structure docoal-fired steam turbine or gas
turbine power plant, which utilises stemmpressured gas #% energy source
to drive the synchronous machine, ammhverts the rotary mechanical motion

into the electrical energy that theapt is designed tprovide. Economically



Chapter 1 Introduction

motivated by the fact, that coal and athessil fuels are cheap and abundant in

the world, 38% of the world’s electrigi is generated byoal-fired power

plants [13]. Gas turbines have the matr advantage that they offer the
facility for rapid speed up and thus the end of the twentieth century the gas
turbine had become one of the mostiely used prime movers for new power
generation applications18]. These power plants utilise solid pole rotor
synchronous machines due to the high shaft rotation speed. As we can see from
Figure 1.2.1, there are control systems teued that this mechanical-electrical
system is operating under controllednditions: governor focontrol of the
turbine and excitation comt for the control of the field excitation of the

generator.

However, in the generator family, tieeare other industrial generators, which
can be utilised in varimiother industry scenarios. These generating sets can
supply power to remote communities or &eld commercial facilities, such as
industrial, marine/offshore, construction, combined heat and power, parallel
operation, telecommunications, miningdaother standby arontinuous power
applications. At present the mostnmmon solution for providing electrical
power below 200 kW is to use a fixed spelesel engine in conjunction with

a synchronous generator and associatedrals to form a generating set. The
power generation rating of diesel engine also enormously variable. Small
units can be used for standby power upit§or combined heat and power in
homes and offices. Larger units are often used in situations where a continuous
supply of power is criticalin hospitals or to suppbhighly sensitive computer
installations such as air traffic control. Many commercial and industrial
facilities use medium-sized piston-engibased combined heat and power
units for base-load power generation. Large engines meanwhile can be used for
base-load, grid-connected power generatvbilte smaller units form one of the
main sources dbase load power to isolatedmmunities with no access to an

electricity grid.
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From the machine desigiint of view the diffeence between the synchronous
generators used in power plants and itriaisapplications ighat the latter is

more variable, both in terms of géhgeometry and performance. As a
manufacture of these diesel engidaven small and medium synchronous
generators, the sponsor of this worknterested in performance evaluation of

the small and medium range of industgaherators with consideration of their
associated controls and power electrond would like to evaluate different
generator system designs. Thus a fast and effective machine performance
evaluation tool for different generatonsdasystem designs is essential for their

activity.

The previous work described above hastle the conclusion that the dynamic
reluctance mesh modelling of electricaichines provides a tool, which with
additional development and investigation, can be further applied to multiple

machine system modelling and in conjtioc with control scheme evaluation.

In this thesis, the research work wik concentrated on an improved dynamic
reluctance mesh model of a pragmaticall brushless synchronous generating
system, and subsequently this is further extended to the case of multiple

machines, specifically cascaded doubly fed induction machines.

The small brushless synchronous getiegasystem to be modelled in the
thesis is an industrial generating systelniven by a diesel engine is shown in

Figure 1.2.2.
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Figure 1.2.2 Appearance of a typical sail industrial brushless generating system

Details of the brushless generating systeithbe explained later in chapter 5

of this thesis. The internal structure of this type of generating system is shown

in Figure 1.2.3. The shaft is driven by askl engine witlthe exciter rotor,

rotating diodes and the main rotor fixed to this shaft. An excitation voltage is

fed to the exciter stator side, whichshHzeen regulated by the automatic voltage

regulator (AVR). Main generator exation is provided by the d.c. voltage

rectified by the rotating diodes. Laterthe thesis, chapter 5 will describe more

details of the operating theory.

Antomatic
Voltage
Regulator
Qutput
Exciter . Main
Stator Rotating Stator
Diodes
Shaft
U T TR [T T T 7] 7
Rotor Rotor

Figure 1.2.3 Internal structure of a typical small brushless generating system
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Apart from the traditional source of energy for power generation, mentioned
previously, steam turbines, gas turbines and diesel engines, there has been
increased interest in renewable andtributed power generation systems in
recent years, such as wind generatsystems. Wind energy is viewed as a
clean, renewable source of energy from an environmental point of view, which
produces no greenhouse gas emiss@mnwaste products. Although, there are
other sources of renewable energy, wind energy is currently viewed as the
lowest risk and most proven techogy which is capable of providing

significant levels of renewablenergy in the world [14].

Most of wind power generation systemismand low cost reliable generators
suitable for variable speed operatidvioreover, in modern wind generation
systems, turbine designs are moving towards variable speed architectures to
increase energy capacity [15]. As turbine power ratings have steadily increased
over the years, electricgenerator technology has aladapted and developed
from the early fixed-speed generatoromder to improve drive train dynamics

and increase energy recovery. Modern vertical turbines are normally
variable-speed units and this requires ¢fenerator to be interfaced to the grid
through an electronic power converter. Conventional generators such as the
induction or synchronous options are \‘@lbut these require the grid side
converter to be rated to match the getm. For very large turbines, these
converters are complex and expensivéoday’s prices. Thefore, one of the
present preferred options for large turbines in excess of a 2MW rating is the
variable-speed doubly fed induction genergDFIG) with tre rotor converter
connected to the ratwia slip rings [16][17]. A d&iled description of a doubly

fed induction generating system will be given later in chapter 6.

The advantage of DFIG is that the powelectronic equipment only needs to
handle a fraction (20%-30%) of the tosslstem power [18] [19]. However, a

typical doubly fed induction machine dgsi has to include slip rings to
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connect the power converté the rotor ofthe induction generators, which
causes wear and tear and increasesctis¢é of maintenance. Many kinds of
machine design for doubly fed induction geaters have been investigated and
deployed in order to replace the slipgs needed in doubly fed induction
generating systems. Cascaded doublyifeliction machines is one of these

alternatives [20] and further detailstbkese will be given later in chapter 6.

A cascaded doubly fed induction machine is a multiple machine system, and
therefore a suitable multiple machine simulation and analyse tool has to be
adopted to design and optimise this kafdsystem. Dynamic reluctance mesh
modelling can be considered as onetlo¢ choices for this purpose. The
advantage of dynamic reluctance mesh method is that it can model electrical
machines with non-uniform air gapsichits associated controls and power
electronic equipment, and can alseodel multiple machine systems in
sufficient detail within a reasonabléme. Thus, DRM models of cascaded
doubly fed induction machine systemsediscomputationally in the wind

energy industry are also under consideraaind investigation in this thesis.

1.3 Overview of The Thesis

The thesis employs an improved dynamic reluctance mesh method to model
and simulate small salient pole synchronous generators, small brushless
generating systems, and multipleachine systems of cascaded doubly fed
induction generators for wind energyppdications. The contents of the

remaining chapters in the thesis are summarised below:

Chapter 1 introduced the backgroumd the dynamic reluctance mesh
modelling technique and the research motivation of the work completed in this

thesis.
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In chapter 2, the basic dynamic remmte mesh modelling method and its
software implementation for inductionachines by previous researchers is
described. The creation of the reluctance mesh, the state variables, state
equations and also the numerical solution techniques employed in the DRM

software are presented.

Chapter 3 gives the improvements and developments in the modelling and
solution techniques of the basic DRM method described in chapter 2 for a
typical induction machine model. A me accurate and stable model with
robust numerical solving techniques has been implemented using the
modifications made in chapter 3, which supplied a good numerical

computation platform for the later resefaland investigations in the thesis.

In Chapter 4, a modelling techniglased on DRM modelling method for
salient pole synchronous generatorghwnon-uniform air gap geometry is
proposed. Reluctance meskatetisations of the iroand air gap parts and also

the damper bars is presented. The stateables and state equations are also
given which are then solved to revebe behaviour of the machine. Other
models for synchronous machines sucltheess mathematical model and finite
element models are also described and a comparison between the results
obtained from the DRM and finite elementtimadls is given. In the last part of

the chapter, comparison is made ketw the DRM results and experimental

values.

Chapter 5 models the full brushless 8nganerating system described in the
introduction, which includes modelling of the exciter, rotating rectifiers and
AVR controller. The main generatorogtel has already been described and
validated in chapter 4 and emphasis is laid on the electrical connection

modelling between the multiple manks, and modelling of the power
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electronic components andrdrol algorithms. Simuladn results and analysis

of the full system are given in comuison with experimental results.

To further the DRM modelling technique to other multiple machine systems,
cascaded doubly fed induction generatgstems for wind energy generation
are modelled and simulated in ChapéePower flow and variable frequency

phenomena in the system are investigated.

Chapter 7 investigates how differentuctance mesh discretisation affects the
DRM simulation results. Subsequentlypmparisons of the results obtained
with different mesh topologies are maaled discussed, for the exciter, main

generator and full brushless generating system respectively.

Finally in Chapter 8, a conclusion of the modelling and simulation studies of
small brushless generating systems @mdtiple machine systems using DRM,
including the main findings of the work in this thesis, is presented. Possible areas

in which future work can be directed will also be proposed.

10
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CHAPTER 2 DvyNAMIC RELUCTANCE MESH

M ODELLING

2.1 Introduction

The simulation of electrical machines and multiple machine systems in this
thesis is based upon the Dynamic Re&dnce Mesh Modetlg method. As the
foundation of later research work in thesks, a description dhe basic theory

and methodology of the Dynamic Relaiste Mesh modelling method, as well
as its software implementation will be given in this chapter. Further
developments and improvements to this modelling technique will be introduced

in chapter 3.

Computer simulations otlectrical machines can help electrical machine
designers to design machines more adfitly. As various machine designs and
variations can be simulated and vated, this reduces the traditionally
expensive and time-consuming trial amtbe process in thelectrical machine
design industry. Furthermore, technolmjidevelopments in power electronics

and control techniques have widened the field of application of electrical
machines and thus more detailed and advanced models are needed to
accommodate these changes in simulations. For example, more detailed and
sophisticated models are needed foiltipke machine system simulations with
which current commercial Finite Elentesoftware can not deal, and in the
scenarios where high switching frequgrmonverters and complicated control

schemes are being applied.

Although the inductance model (or the wimglicoil model) is sufficient for
some designs and purposes, in otheesasiore detailed and comprehensive

models are needed to simulate a nraek performance. For example, the

11
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distortion of the generated Kage in a generator due $tator slotting could not
be inspected by using the inductano®del. However, with the ongoing
development of numerical simulations tine field of engineering, the finite
element method has been used in asr-&voader raise of circumstances.
Commercial software is now widely alable for a varigt of disciplines,
including for the analysis of electricadachinery. The finite element method is
founded on rigid numerical approacheslaan supply accurate and complete
solutions for machine performance in terof both detailedield behaviour and
global performance measures [21However a substantial amount of
computational resources are needed foitdielement analysis of realistic 3D
machine geometries and this limits itsage for electrical machine design and

assesment.

Another way of modellingelectrical machines, the Dynamic Reluctance
Modelling method, was developed amnlidated through experiment by
Carpenter [1], Ostovic' [6][7][8] and Sewell [3], and a significant quantity of
work focused upon this kind of magne&quivalent circuit based method had
been undertaken [9][10][11]. The Dym& Reluctance Modelling method is
really a different way of encapsulatingethey physical prosses. It is based
upon the simple concept of a reluctance mesh, in which the magnetic field
behaviour is mapped onto an equivalemped element circuit. The key to the
efficiency of this approach is that in stgarts of the machen both the principal
direction and the sial distribution ofthe magnetic fluxes are known from
experience and can be well approximabgdthe behaviour of simple lumped
equivalent circuit parameters. Coméeh with prior knowledge, this DRM
method can considerably save botliérms of computation time and memory
use and thus high efficiency is olrtad without compromising the accuracies.
Results from Sewell [3] have showhat DRM results provide very good
agreement with experimental results.wéwer, the limitation of this method is
that the accuracy of the local fielthlculations is discretised by the local
reluctances, thus, with aase reluctance mesh some detailed field information
is inevitably omitted compared with FEM results, which may cause some
inaccuracy in machine transients. A seleséngineering balance has to be made

between the computation accuracy and computation time for dynamic reluctance

12
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mesh modelling calculations.

A basic description of dynamic reluctance mesh modelling will be given in this
chapter, taking a typical induction machkias an example. Reluctance mesh
creation, system variables and solutiogoaithms will alsobe introduced here.
Developments and improvements of @M method will be presented in the

next chapter. Detailed result compars between the DRM and experimental
work will not be presented here as this has already been presented and validated

by Sewell [3].

2.2 Reluctance Mesh of Electrical Machines

The Dynamic Reluctance Mesh modaijimethod is based upon the concept of
equivalent magnetic circuits. To undersd how the Dynamic Reluctance Mesh
is set up for electrical athines, basic magnetic circtheory will be presented
first and then the specific discretisatimethod for electrical machines will be

introduced.

2.2.1 Magnetic circuit

Magnetic circuits are a way of simplifyirilge analysis of magnetic field systems
which can be represented by a set of discrete elements, in the same way that
electric circuits do. Thus, many lawsdaanalysis methods could be analogous

to those of electric circuit theory.

In electric circuits, thdundamental elements areuwsces, resistors capacitors
and inductors, and these elements amnected together through ideal ‘wires’
and their behaviour is described bytwerk constraint, such as Kirkhoff’'s
voltage and current laws, and their constitutive relationships are described by,
for example, Ohm’s law. In magnetic circuits, the fundamental elements are

called reluctances (thewierse of reluctance is permeance). The analog to a

13
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‘wire’ is considered to be a high peamce magnetic material, in which flux is

totally confined, analogous to a high condutyivnaterial in arelectric circuit.

By describing the magnetic field system as lumped parameter elements and
using the network constraint and constitutional relationships the analysis of such

system can be performed.

Now, the magnetic circuit laws analogaosthose of electric circuits will be
introduced.

1. Kirkhoff’'s Current Law (KCL)

Guass’s law is [22]:

ﬁé-ﬁda =0 (2.2.1)

which embodies the fact that the tdiak passing through a closed surface in

space is always zero, i.e. magnéiix density is conserved.

The magnetic flux crossing a surface is defined as:
&, :”E-ﬁda (2.2.2)

which is the surface integral of thermal component of the flux densRy

In most of the cases of interest in machines, flux is primarily carried by high
permeability iron material, analogous to wires of high conductivity material
which carry current in an electric circuit. Due to the high permeability, most of
the flux follows the path the magnetic nraérather than leking “laterally” out

to the surrounding air.

By analogy to electric circuits in wdh the elements are connected through
wires with interconnection points called nodes, where Kirkhoff's Current Law
holds; in magnetic circts, the reluctances areonnected through high

permeability iron material and the interconnection points represent small closed

14
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region of space which can also be called nodes and which, according to equation

2.2.1 and 2.2.2, flux conservation is satisfied:

>4 =0 (2.2.3)

This is Kirkhoff’'s Current Law for magnetic circuits.
2. Kirkhoff’s Voltage Law (KVL)
Ampere’s law is [22]:
§H-di:ﬂj-ﬁda (2.2.4)
which states that the line integraltbe tangential component of magnetic field

intensity” around a closed contour is egtathe total current passing through

the surface surrounded by the contours.

If a magnetomotive force (mmf), analagoto the electromotive force (voltage

in an electric circuit) is defined as:
by — -

ﬂ:ij (2.2.5)
then, the source for the magnetic citas the magnetomotive force. If the
current enclosed by a loop is defined to be:

F, :“j-ﬁda (2.2.6)
then, according to equation 2.2.4 and 2.2.5, Kirkhoff’s Voltage Law for magnetic

circuits analogous to thaf electric circuits is:
Y F, =F, (2.2.7)
k

The direction of mmf sources in magneticcuits can be determined by using
the right hand rule with the current direction.

3. Ohm’s law: Reluctances

Consider a magnetic material with permeabjlityits length width and depth

arel/, w and d respectively, as shown in figure 2.1.1.

15
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Figure 2.2.1 Reluctance in magnetic circuit
Assume that flux flow through this maetic material alongs length and the
flux density B is uniform in the cross sectional area, thus the flux flowing

through this magnetic material is:
¢ = BA (2.2.8)

where A is the cross-sectional area,=w-d . The magnetic field intensity,
H related to the flux densifythrough the permeability characteristic of the

material (here taken to be linear for clarity):

=2 (2.2.9)

Y7,
According to the definition of the mmthe mmf drop across this block of
material is:

AF =H -1 (2.2.10)

thus,

ar=Bi-_? (2.2.11)

It can be seen that the mmf is the drivilorce in the magnetic circuit, as the
voltage is the driving force in an esltric circuit, and magnetic flux is

analogous to the current in an electircuit. Extending the analogy between
equation 2.2.11 and Ohm’s law in ardlic circuit, the reluctance plays the

same role as the resistance in an electric circuit.

Rl (2.2.12)

rwd
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2.2.2 Dynamic Reluctance Mesh creation @lectrical machines: iron part

The Dynamic Reluctance Mesh modelling method is basically a method that
models the electrical machine as couptenetic circuits and electric circuits,
and models the air gap as a ‘dynamuctance mesh within the magnetic
circuit, reflecting the fact that theragap reluctance mesh changes with the

rotation of the rotor.

Having briefly introduced the magnetic airtas analogous to atectric circuit,
the basics of the dynamic reluctance méisicretisation of electrical machines
will now be described, taking an induction machine as an example application to

achieve the magnetic circuit.

First the reluctance mesh topology foe time invariant part of the machine will

be discretised, and then the dynamic modelling of the air gap will be introduced.

The induction machine is discretised into a number of reluctance element cells,
each of which has its own length, widtrdasepth as shown in Fig 2.2.1. Nodes
where magnetic potential (mmf) values were sampled connect adjacent
reluctances. Two adjacent reluctan@esthe magnetic cingt are shown in

figure 2.2.2

Figure 2.2.2 Reluctances in DRM reluctance mesh

In these cells, flux is realistically assumed to flow only perpendicularly to the

17
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inter-cell boundaries, and uniformly distributed inthe cross-section. Based
on Ohm’s law in the magnetic cir¢uithe total flux flowing through each

reluctance is given by

g = AL _ mmf, = mmf, (2.2.13)
% %

where mmf, and mmf,are the magnetic potentials at the left and right ends
of the element antl,is the mmf drop across the reluctance. In figure 2.2.2,
the mmf drops for each of reluctar¢gandi , are:
AF, = mmf, -mmf,, (2.2.14)
AF, = mmf,, —mmf,, (2.2.15)

clearly here,mmf,, = mmf,, .

In practice, the permeability,, of the iron elements is a non-linear function of

the mmf drop across the reluctanas,expressed in equation 2.2.16.

B=u(H)= ;{%} (2.2.16)

Moreover, in the magnetic material used in electrical machines, the
relationship betweenB and H for a ferromagnetic material is both
nonlinear and multileveled due to the hysteresis effect of the material, which
causes notable difficulties in engineering simulations. These multilevel and
nonlinear curves are called B-H curve or hysteresis loops. However, for many
engineering applications, it is sufficieto describe thenaterial by a single
valued curve obtained by plotting thels of the maximum values of B and H

at the tips of the hysteresis loops [2&hich is known as the d.c. or normal
magnetisation curve. A simplified B-H curve for one of material, Losil 800, is

shown in figure 2.2.3.

18
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B-H Curve for Losil 800
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Figure 2.2.3 Simplified B-H curve fa ferromagnetic material Losil 800
This simplified B-H curve clearly shows the nonlinearity of the material, but
neglects the hysteresistaoee of the material. In dynamic reluctance mesh

modelling, this kind of simplified B-H curve is applied.

In order to embed the nonlinearity tfe B-H curve within a computer code,
cubic spline interpolation [23] is adopted. Cubic splines provide an
interpolation formula that is smooth the first derivativeand continuous in

the second derivative, which is necessary for our purpose as shall be seen later.
Due to its smooth and accurate intdgtion characteristic, cubic spline
interpolation is widely used in a range of engineering applications and it is
utilised in the dynamic reluctance code to get the magnetic material's B-H

curve at any desired point.
Mmf sources are added to the magnedicuit of the Dynamic Reluctance

Mesh model, close to the location of gtator and rotor windings, as shown in

figure 2.2.4.
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mmnf source
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Figure 2.2.4 Mmf source placing byDRM method for electric machine

These mmf sources in both the stadmd rotor teeth magnetic circuits are
shown by the solid circles in figure224, are decided by Ampere’s law locally,

as shown in equation 2.2.17.
N -i=AF = mmf, — mmf, (2.2.17)

where i is the winding current erm$éed by the magnetic loop, amd is the

mmf source in the magnetic circuit.

In three phase stator windings, where eslcih may contain conductors from

more than one of the phases, the mmf sources are calculated by equation 2.2.18:

2
mmf, =NY_ a, i, (2.2.18)
j=0

where mmf; is the mmf source in tooth, i;is the j" phase current, N is the
number of turns for each coil in the winding, aag=01 determines the

presence or absence of thé phase current in the sldowever, in a cage bar

rotor model, each bar has an mmf value essed with it and it is regarded as a

variable of the problem.

To calculate the flux inside the relaoces which are connected with the mmf
sources, the presence of the source is now reflected in equation 2.2.19 and

figure 2.2.5.
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Figure 2.2.5 Reluctances connected thimmf source in DRM reluctance mesh

mmf,. + AF — mmf,
R
where AF denotes the mmf source.

¢, = (2.2.19)

Attention now is focused upon the creation of a suitable reluctance mesh for a
typical induction machine. Initially, theraplest configuration that encapsulates
the essential physics is used; more refimeeshes will beexamined later in

chapter 7.

Given the stator and rotor geometry show Fig 2.2.6(a) and 2.2.7, a typical
reluctance mesh (Fig 2.2.6(b)) for mduction machine can be created using

equation 2.2.12 with the values given in table 2.1.

10 11

stator mesh

N
N-L\LIO\QO
R
li
- e lwme
bub."\"c
|
R
(|

rotor mesh

VLY

(a): a typical reluctance mesh disetisation. (b): mesh numbering
Figure 2.2.6 A typical induction mahine reluctance mesh discretisation
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Reluctance

connections

Length (/) Width ( w)

i 2* 7r *meshing radius/no. of
8 6 Bridgedepth .
stator teeth-slot opening
i 2* £ *meshing radius/no. of
9 7 Bridgedepth .
stator teeth-slot opening
10 8 Slotdepth-bridge depth Tooth width
11 9 Slot depth-bridge depth Tooth width
2* 7r *(meshing radius +slot depth + )
10 11 . Back iron
0.5*back iron) /no. of stator teeth
8 9 Slot opening Bridge depth
Table 2.1(a) dimensions of stator reluctance elements
Reluctance ,
. Length (/) Width (w)
connections
2* 7r *meshing
) radius/no.
4 Bridgedepth
of rotor teeth-slot
opening
2* 7w *meshing
) radius/no.
5 Bridgedepth
of rotor teeth-slot
opening
2 Slotdepth-bridge depth Tooth width
3 Slotdepth-bridge depth Tooth width
2* 7t *(meshing radius -slot depth - 0.5*back iron) ,
0 Back iron
/no. of stator teeth
2 Slot opening Bridge depth

Table 2.1(b) dimensions of rotor reluctance elements.
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(a) stator dimensions (b) rotor dimensions
Figure. 2.2.7 Induction machine stator and rotor dimensions
Although this is the typical reluctaneeesh used for induction machines, it
could also be applied to other machigpets that have similaotor or stator
geometries and flux distribioh characteristics. A simitaeluctance mesh will

be employed for the stator of salient psy@chronous generatolater in chapter
4.

2.2.3 Dynamic reluctance mesh creation alectrical machines: the air gap

In a simple magnetic circuit as shownfigure 2.2.8, where there is an air gap

in the magnetic circuit, the equivalenagnetic circuit can béerived as shown

in figure 2.2.8.

F=Ni

Figure 2.2.8 A simple air gap magnetic circuit includes air gap
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Because the permeability of air is musimaller than that of iron, the flux is

well confined to the iron path rather than leaking into air, as has been discussed
in section 2.2.1. In a magnetic circuit whem air gap existas in figure 2.2.8,

most of the flux enters the air gap fraire iron perpendicularly to the iron
surface. However, in practice, the magnéedd lines actually ‘fringe’ slightly
outward as they cross the air gap [24,shown in figure 2.2.9. This fringing

field will increase the ‘effective’ cross-sectional area of air gap elements in a
magnetic circuit analysis. There are several empirical ways of coping with this
fringing effect and they will be introducéalter in chapter 3. For the time being

this fringing effect will be neglectedhd the area of the air gap element is taken

to be equal that of the adjacent iron element.

Figure 2.2.9 Air gap in a simple magnetic circuit
The air gap plays a very important rofe magnetic circuit analysis, because
most of the mmf is dropped across thegaip. This is because the permeability
of air is very small and thus the air gap reluctance is large compared to the iron
reluctances. In electrical machines, #ilegap is paramount in determining the
energy conversion processes and thuasletling the air gap properly is a key

factor in simulating electricahachine performance accurately.
To properly represent the flypaths between each pairsihtor and rotor teeth,

air gap reluctances connecting each pastafor and rotor teeth are introduced

in the magnetic circuit of electricadachines, as shown in figure 2.2.10.
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Figure 2.2.10 Air gap reluctances irelectrical machine magnetic circuit
Air gap reluctances are credttor all pairs of statoand rotor teeth which are,
physically linked by magnetic flux. Theegn elements in figure 2.2.10 are air
gap elements. In this manner, the fkonnection between the stator and rotor
for a specific rotor position is modelled properly. However, in dynamic
simulations this method encounters a peablin that these air gap reluctances
change as the rotor rotates, becahseinstantaneous coupling between each

pair of teeth is different for different rotor positions.

The dynamic reluctance mesfethod solves this prtdm by recreating all the

air gap elements for every instantaneousrrposition. This is also the reason
why the ‘dynamic’ reluctance mesh method is so named for electrical machine
simulations. As shown in figure 2.2.14,set of air gap reluctances has been
determined for one specific rotor position and in the next sampled rotor position
the previous set of air gap reluctancedateted and a new set created. By this
recreation of the connectivity between the rotor and stator magnetic circuits, the

dynamic flux behaviour can be well simulated in the machine.
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Figure 2.2.11 Dynamic creations of air gap reluctances in DRM method
For other types of machines, which haan-uniform air gap geometry, such as
salient pole synchronous generators, a different methedaluating the air gap
reluctances may be used, but the cohoémynamic creation — destruction of
elements remains the same. Chaptevillt discuss the non-uniform air gap

reluctance calculations in detail.

2.2.4 Dynamic reluctance mesh methoaf electrical machines: torque

calculation

In the DRM method, torque is calculateaised on the principle of virtual work
[3][4], that is flexible, easy to appland does not require knowledge of the
mutual flux components in the air gaphis is an alternative method to
Maxwell's tensor formulation. The force and torque are obtained from the
derivatives of the energy (co-energigrsus the displacement of the movable
part. Specifically for electrical machingble torque is calculated by evaluating
the net change in stored and supplied energy due to an incremental virtual
rotation of the rotor if the fluxes remagonstant over the change. In the DRM,
this procedure is greatly simplified yting that the only position-dependent

elements are those in the air gap Hretefore the net tque is given by
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OE,
T,=>—t (2.2.20)

whereN is the number of air gap reluctascereated in this specific rotor

position, and £, is the energy stored in each air gap element.

Energy stored in a magnetic field over the volumg4]:

E= '[V UOBH-dB)dV (2.2.21)

For soft magnetic material afonstant permeability wheBe= ¢H equation

2
E= IV (%JW (2.2.22)

In DRM method, the stored magnetic aJiein each air gap reluctance in which

2.2.21 evaluates to [24]:

Bis assumed uniform is:

2
—E-B-H-Volumnz B
214,

v (2.2.23)

energy

and therefore the total electrical torque is:

[LEY

T =

e

o 00 =0

2 u, 060

BZ
a(lVlJ 2 2
2 "), Z(gB_ﬁ_VJ Nf{g& aj, ow

= = 2 L %J (2.2.24)

where B, is the flux density in thei” air gap reluctance, and. /., w, ,V, are the

i=0

depth, length, width and volume of this air gap reluctance.

2.2.5 Dynamic Reluctance Mesh method of electrical machines: skew

modelling

In previous sections of this chaptee ttreation of a typical reluctance mesh for

induction machines has been implemerdad now a further practical issue for
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machine simulations, namely skewed rotor simulations, will be introduced in

this section.

Most cage induction motors & their rotor slots skewedy one slot-pitch to
reduce space harmonics in the air gap flux density introduced by the slotting
[25]. Because of its 3D nature, coreidtion of skew has generally involved
significant computational &drt in electrical machine simulations. The DRM
uses a quasi-3D method to model skewidbdng the whole machine into several
sections along its axial length, each section is offset by a small angle with respect
to the previous section to model theewk as shown in figure 2.2.12. The DRM
approach assumes that the axially dedctlux is negligible such that the
reluctances meshes of @fent axial sections arenly coupled indirectly

through the rotor and statelectrical circuits.

11ik
LILT

rotor tooth

skewed rotor bary

—
L]
e

stator tooth

machine axis

Figure 2.2.12 Skew model of cage rotor Figure 2.2.13 Trapezoidal rotor tip elements
Figure 2.2.13 shows the relagiposition of the statond rotor in different skew
sections. As stated above, the maehiras been divided into several skew
sections and the reluctance meshes for both the stator and rotor are separately

generated for each section including air gap reluctances.

In figure 2.2.13, the overlapping area beén pairs of stator and rotor teeth is

rectangular in this case and thtlsee appropriate retitance connects the
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corresponding stator and roteodes has a reatgular cross-section. However,
this way of calculating air gap reluctance values has two disadvantages [3].
Firstly, it is clear that the more skewcsions that are used; the more accurate
the effects of skew are modelled. Unfortiatyathe more skew sections that are
used the longer the calculation timec8ndly, when rotating at constant speed,
the overlap area between arpaf rotor and statoreeth is a piecewise linear
function of time. Unfortunately, the ewation of the torque generated by the
motor in equation 2.2.24 depends uponrtite of change of these reluctances
with time and this causes discontinuatigps in the torque. Not only does this
appear as unwanted numerical ‘noise’, alsb it has a noticeable effect on the
ease with which the simulation can predrct future state of the machine from
the present one and hence the calculdtioe required for the simulation to go

forward in time.

To address both of the issue, the DRMdel uses trapezoidal shape rotor tip

elements in the skewed rotor model, as shown in figure 2.2.14.

skewed rotor bars

machine axis

stator tooth

rotor tooth

Figure 2.2.14 Trapezoidal air gap elements in DRM modelling
By using the trapezoidal elements for air gap elements in a skewed rotor
machine, the rate of change of the air gap reluctances is always continuous and
the problems caused by discontinuitieghe torque are avoided. Figure 2.2.15
shows the torque ripple observed in gwmulation of the direct on line start of

an unloaded induction machine. It canseen that the use tfapezoidal skew
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elements significantly reduces the unphgkitorque ripple seen when using

rectangular elements.

Torque in induction machine

e I

1000 1 L

rectangular shape elrments

‘ trapezoidal shape elements

800 4

600 1

400

Torque (N.m)

200 +

-200

-400

-600 - ‘
Time(s)

‘—rectangular shape elements— trapezoidal shape elemenﬁts

Figure 2.2.15 Torque ripple canparison for the result come from induction machine direct
on line start no load condition simulation, with air gap modelled by rectangular and
trapezoidal shape elements
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‘— rectangular shape elements— trapezoidal shape elemeﬁts

Figure 2.2.16 Number of iteration comparison for the results come from induction
machine direct on line start no load condion simulation, with air gap modelled by
rectangular and trapezoidal shape elements

Figure 2.2.16 shows the number of iteyas required in the Newton-Raphson

solver, which will be discussed later in this chapter. It can be seen that the use of
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trapezoidal shape elements requires slightly fewer iterations compared to the
use of rectangular elements. Quantitativie average number of iterations for
rectangular elements is 23.83, conguarto 19.32 for trapezoidal elements.
Employing trapezoidal shape elemergduces the unphysical numerical noise

and total computational time of induction machine simulations.

Further details about the air gap modelling technique in skewed rotor induction
machines will be presented in chagealong with some other approaches for

coping with skew.

2.3 State Variables and State Equations

In the previous sections of thisagter the methodology for discretising the
induction machine geometry into reluctance meshes was discussed as well as
the method to calculate torque and to deigth skewed rotorsThis section will
describe how the system state is defiaad present the system equations, which

govern the system’s behaviour.

As discussed in section 2.2.1, flux censtion holds at a ‘node’ in a magnetic
circuit in an analogous mam& KCL in an electric circuit. In a dynamic
simulation, conservation of flux at eattode’ for every specific time instance
should be enforced. As can be seen from equation 2.2.13, the magnetic flux
flowing through the reluctance can beamated given the mmf drop across it
and its reluctance value. The DRM modeeécifies each node’s mmf value as a
state variable and conservation of the Htehange of flux is enforced at each
node. An initial condition for the mmf vadu which is typically zero, is also
given. For each node, conservation of the net ratéchange of flux entering it

from all the elements connecting to this node holds, as shown in equation 2.3.1,

and in figure 2.3.1:
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n-=1 d
Zoﬂji(mm j2r mm jl):O (2.3.2)
J=

where n is the number of elements connected to this nodeg,andhe flux

flowing through the j” element to thei” node as a function of the node

potentials, mmf ,and mmf , .

Figure 2.3.1 Conservation of rate of change of flux in one node
The instantaneous rate of changk flux through each mesh element is

calculated from

ﬁ:i[(AF(t+At/2))_(AF(¢—A1‘/2)H (2.32)
dt At R R

Equation 2.3.2 forms the basis for a non-linear set of equations, the source terms

which are obtained by linking the abovegnatic model with a lumped element
electrical circuit model for the machimendings. Consider the simple electrical

loop supplied by a voltage sourcesh®wn in figure 2.3.2 below.

Electrical circuit

magnefic equivalent
circuit

Figure 2.3.2 Coupling of a single turrelectrical network with the reluctance mesh
The existence of the eledal current in the loop is incorporated into the

magnetic circuit via the mngource terms as discussedhe previous sections.
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The induced electromotive (emf) in tleop is determined by the rate of change
of flux in the corresponding mmf sourcehjeh clearly ensures conservation of

power). Applying KVL around the ettrical circuit loop yields

W) =R i(6)+ L, diz(;) +%§’) (2.3.3)

In equation 2.3.3, copper lossrngorporated as a resistaR,_,, and an inductive

term is introduced to allow for argnd winding leakage reactances which are
not explicitly modelled in the DRM. Thariving term in equation 2.3.3 is the

applied voltage.

Naturally, realistic winding$or practical machines are not just simple loops but
are specifically designed to obtain ammf distribution in the air gap region
which is as close to sinusoidal as pbksiThus, practical machine windings are
usually singly or doubly wound. For exaraph a three-phase induction motor,

the stator electrical equatis would be of the form:

S
v, =R i, +Zj‘z -% (2.3.9)
~ g,
- Sde, dg,
Vp :Rb 1 +Z_l:d—¢bz (235)
- > dec d¢z
ve =R, -i +led¢. 'E (2.3.6)

Wherev,, R, and i, are the applied voltage souraesistance and current of

. . de .
phase A respectively. S is the number of stator teethdﬁ is the term

1

representing the change of the emf induced in phase to a change of flux in
tooth i. These expressions account for th&altflux linkage changes that are
enclosed by the phageelectrical loop and implidy involve the connectivity
between the electrical network and the magnetic circuit as defined by the

winding pattern.
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! i+l

Figure 2.3.3 Coupling of electrical network and magnetic circuit in a cage rotor

In a cage rotor, as shown in figure 2.3.3, these electrical loop equations are

modelled te-i, - R, +il._1-Ri_1—%=O, where i, and i, ;are currents in bar
and baf—1, and ¢ is flux passing between them. The relationship between

the currents and the mmf is shown in equation 2.3.7. According to Ampere’s
law, the current flowing through each bsudetermined by the mmf difference

for adjacent bars.

i, = mmf, , —mmf, (2.3.7)

Thus, these mmf sources;mf, in each bar are employed as state variables in

the DRM model for induction machines, asalshe seen latan this chapter.

The above equations define the electraoad magnetic responséthe machine.
Dynamic simulations of a machine reguiconsideration of the mechanical

response, as defined by:

o, - 9oma _g (2.3.8)
dt
T —Jd;‘;’ ~Dw, -T,,, =0 (2.3.9)

where o, is the mechanical speed of the rotor afdand J are the

associated machine windage and inertia respectively.

To summarize, the variables that chasgst the machine’s state and for which
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are solved are the nodal mify-- £, , the cage rotor bar mmisnf, ---mmf,,,. ,,

the three phase stator current and i., and the position and velocity of the
rotor.

X= [fO’. . ’anode—l’mme "t 'mmbear—l ’ia ’ib ’ic ' emech ' a)r ]T (2310)

The system equations relating these variables are:

conservatin of rateof changeof flux at node0

conservatin of rateof changeof flux atnodeN 4. —1
electricalloop equationgor cagerotor,loop 0

F(x) =| electricalloop equationgor cagerotor,loop N, —1 (2.3.11)
electricalloop equationdor statorphaseA
electricalloop equationdor statorphaseB
electricalloop equationdor statorphaseC
speeckquation?2.3.8

| torqueequatior2.3.9

The dimension ofF(x) andxaren=N . +N, +3+ 2.

node bar

The system of equations that need#osolved are a sef coupled nonlinear
first order differential equations. The rimearity in the system equations is

caused by the nonlinearity of the iron.

Hv.mmf o o dmmb d d0.q do._ (2.3.12)
dt di’ dt  di

The method of solving this set of equatiovil be discussed in the next section.

2.4 Solving Process

To solve the machine’s state equations, which are first order, nonlinear, time
dependent differential equations, they &irst converted t@ nonlinear set of
algebraic equation, and then subsequeantlyterative linearisation procedure is
applied which makes them easier to solve. In this chapter, a brief description of

the Crank-Nicolson differencing schemeill be introduced first, which
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converts the nonlinear differential equattito nonlinear algebraic equations,
and then the Newton-Raphson methadhich linearises these nonlinear
equations, will be introduced. The owérsolution procedure will be given

finally in this section on a flow chart.
2.4.1 Crank-Nicolson differencing scheme

The Crank-Nicolson differencing scheme adopted here to convert the
differential equations into algebragmuations. The Crank-Nicolson method is
an implicit differencing scheme with second-order accuracy that allows larger
time steps [23] than explicit schemessia compromise between the Forward
Time Centre Space (FTCS) method [28]d the Fully Implicit method. The
FTCS differencing scheme is first-ordeacurate but only stable for sufficiently
small time steps, whereas the Fully Implicit scheme is stable for arbitrary large

time steps, is only first-order accurdbet generally requires matrix solvings.

The reason why the Crank-Nicolson has been chosen for the DRM code is due
to its well-proven stability andiccuracy. There is a parameterin the
differencing scheme which balances the scheme between implicit and explicit.
The factor « = 0.5corresponds to the Crank-Nicolson scheme. For each time
step the Crank-Nicolson approach apgimates the variables’ value and time

derivatives:

x(r %j _ ax(t)+ (A= a)x(t + AY)

ﬁ[wﬂj _ Xerar)-x(r) (2.4.1)

dt 2 At
Although choosinga =0.5 provides the most accurate results it is on the
stability limit. In practice, a slightly different lower value &or such as 0.495,

is used to make the system slightly implicit which overcomes any instability

caused by numerical noisecsuas rounding errors.
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Applying the differencing schenwd equations 2.4.1 yields

V(t+ At) V(¢)
F(z + Ar) F()
All(z+Ar) |=B|I(z) (2.4.2)
Ot + At) o(1)
o(t + At) (1)

whereA and B are sparse, as yet nonlinear, xatGiven the present value of

the state variables those at the next sie@ can be found from equations 2.4.2.

The rest of the section will describe hdlwe nonlinear behaviour is iteratively

linearised.
2.4.2 Newton-Raphson multidimensinal nonlinear solving technique

Multi-dimension simultaneousliyponlinear equations are difficult to solve, in
that it is difficult to findthe solution that sets all of the system equations to
zero. For example, consider two dimsénal nonlinear equations which need
to be solved simultaneously,

f(x,y)=0

2(r,7) =0 (2.4.3)

The functions f'(x,y and g(x, y Jare two arbitrary nonlinear equations and

they both divide the xy plane into positive and negative parts, as shown in

figure 2.4.1.
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T
no root here!  # !
_—" . two roots here
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Figure 2.4.1 [23] Solutions of two nonlinear equations. The grey regions are the
positive regions for the function f and the dahed lines divide the plane into positive
and negative regions for the system
From figure 2.4.1 it can be seen that to solve the system with two equations,
the intersections of the zeomntour lines of the functionf and g have to
be found. Since normally function f andage unrelated, this is not a simple

task.

For multi-dimensional equations thisskabecomes even more complicated.
Our aim is to find the common solutions, the roots to all of the equations, i.e.
the intersection of all the zero contours in N-dimensional space which is
generally difficult if no insight into theature of the probha can be obtained

in advance.

In the DRM modelling the simplest multi-dimensional solving technique, the
Newton-Raphson method, is used. Thighnod provides a very efficient means

of converging to a root if an initial guess is sufficiently good.

For example consider one-dimensionahlinear root-finding problem solved

by Newton-Raphson. To solve the problg(w) = , ataylor series forf (x )

is expanded in the neighbourhood of an estimationtg the solutior,:
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Fer+8)= 109+ o+ LD g7 (2.4.4)
wherex is the current estimation to the solutign and Jis the distance

between the current estimation and thet restimation. For sufficiently small
enough values @f and a well-behaved functioterms higher than linear are

not important, and thus if the root occurs.xat o

f(x+0)=0 (2.4.5)
which gives:
A (2.4.6)
S'(x)

If the function value f(x and its derivativg”’(x at the estimation point are

known, wherex is a suitable estimate to solutign then Jdis evaluated

from equation 2.4.5 and a better estimatexoffound. Geometrically speaking,
as can be seen from figure 2.4.2 Wtlen’s method extends the tangent line at
point x until it cross the x axis which bemes the next predicted value of the
system solution; this procedure continues until the function value is small

enough to be regarded as zero, as shown in figure 2.4.2.

Figure 2.4.2 [23] Newton method in one dimensional to find the next predicted value
However, although Newton’s method for one-dimensional problems is fast and
effective, it will fail to converge if thénitial point is not close enough to the
solution (figure 2.4.3), othe system function has local extremes (figure 2.4.4)

where high order terms in equation 2.4.4 are important.
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Figure 2.4.3 [23] Initial guess is not close enough to the solution and nonconvergence
situation happened in Newton-Raphson method

/ !

Figure 2.4.4 [23] Newton-Raphson method encounters a local extreme where high order
terms are important and cannot be neglected

The Newton-Raphson method can be usednultidimensional root finding
problem and is very efficient to convergo a root, if tk initial guess is
sufficiently good [23]. An improvedNewton-Raphson solving technique will
be introduced later in chapter 3yhich gives a global convergent

Newton-Raphson method no matteresdthe initial guess is.

In a one-dimensional problem, the function valyéx gnd its

derivativef”'(x )at pointxare needed in order to calculate the next predicted

root. In multi-dimensional problems the value of the equations for a system
state x and the system Jacobian matrix ate needed. The Jacobian matrix is

the first partial derivative matrix of the system equations with respect to the
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state variables as given in equation 2.4.7.

[ A
Ox, Ox, ox,
| e
Jy=—t=|0x Ox, ox, (2.4.7)
TR : :
Y Yo Y
| Ox;  Ox, ox, |

where x denotes the vector value of system variants Bugnotes the vector

of function values.

Consider the multi-dimensional system equations in the DRM modelling, as

shown in equation 2.4.8. Tidewton-Raphson expansion for thé equation

is:
N-1
Fl.(xi +0x,,x; + 5xj,~-): Fi(xi,xj,--‘)+ %ékj + O(ﬁxz) (2.4.8)
j=0 OX;
In matrix notation, the above function is:
F(x+ &%) = F(x)+J - 5 + O(5x?) (2.4.9)

where J is the Jacobian matdgfined in equation 2.4.7.

If terms of ordepx”and higher terms are negletteand the root occurs

atx + ox , then the correctiafk that moves the solution toward the root is:

J-x=-F (2.4.10)

X.ew = Xqq + OXIS the process to be iterated to converge.

Thus application of the Newton-Rlason scheme linearises the system
equations. In the next section, the apgioused to solve these linear equations

will be discussed.
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2.4.3 Linearised equation solving method

The linear equations 2.4.10 above are ieh#ly sparse becaa the majority
are derived from the magnetic reluctamsesh circuit. Previous work [1][26]
has solved these linearised equatibgsLU decomposition, a direct matrix
method which becomes rapidly untenasethe size of the problem increases,
i.e. with the number of reluctances usedhe discretisation of the magnetic

circuit of the electrical machine.

The alternative approach adopted in DRnodelling, is to use an iterative
method such as the preconditioned Bi-Conjugate Gradient Stabilised
(BICGSTAB) algorithm in conjunction with efficient sparse matrix-vector
multiplications [27]. Due tdhe irregular sparse matrirvolved in the system
equations, a simple pre-processing raaitia included as @reconditioner to
increase the convergence of the iteefivocess. The preconditioner used is a
simple incomplete LU decomposition. The linear equatibnX =-F are

preconditioned as
J1Ix=-J"F (2.4.11)
whereJ 'is the approximate inverse matrixJatlentified by incomplete LU

decomposition, so that*-J ~ 1 . Incomplete LU decomposition uses a partial

decomposition scheme where the appearahetements in the inverse matrix

is controlled by a threshold, only tleslements of magnitude above the
threshold appear in the inverse matBy applying different thresholds, the
program can vary the accuracy to the true inverse matdxvhich allows a
balance between memory use and contprtdaime. The smaller the threshold,
the greater the memory usage, butlibtter preconditioned the matrix problem
which requires fewer iterations of the linear solver i.e. the BICGSTAB solver.
However, insufficient preconditions magald to a total failure to converge. A

schematic relationship diagram betwesemory usage and the number of
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iterations in the BICGSTAB linear solver with respect to the threshold is shown

in figure 2.4.5.
large
iferatipns, '
mbg #(."G‘ iteration
>
memerTuseage
7
#
’
threshaold
small f1res, m({m-)

Figure 2.4.5 Schematic diagram shown the relationship between memory usage and the
number of linear solver iteration with respect to threshold

After the nonlinear first order differential system equations are solved by the
algorithms introduced above, the syststate at a specifitme is known. As

the Newton-Raphson nonlinear solving soeeneeds an initial guess for the
solving process at each time instaneeprediction for next time step is
calculated. This is based upon the presehition and it is different from the
previous step.

X X +(x X (2.4.12)

predicted = present present previous)

However, as has been discussed iice@.4.2 and shown in figure 2.4.3, the
Newton-Raphson method is sensitive t@ timitial guess, and will fail to
converge if the initial guess is not saféntly good. In electrical machine
simulations, most of the nonlinearity the machine is due to the nonlinear
characteristic of the iron material., l&t some time instance when the flux
density value in a part d¢ifie iron is around the ‘kneatea of its B-H curve, the
system equations exhibit a dramatic degree of nonlinearity, which undermines

the NR process.

To alleviate this, the DRM employs a simple scheme to try to ensure the

43



Chapter 2 Dynamic Reluctance Mesh Modelling

robustness of solving process, the useamfadaptive time step method. If at
one time step, the Newton-plason scheme fails, the system state will be reset
to that of the previous time step atiek time step used is halved and a new
predicted value using the halved time step will be calculated. The
Newton-Raphson scheme will then attengpsolve the system state in the new
time step and, if it fails againthe same process continues until the
Newton-Raphson succeeds. If, on successbrlvergence the time step is

doubled and subject to remain less than a predefined maximum value.

The criteria used to decide whethee tolution process for the current time

step is unsuccessful is that:

1. The total equation error on iterati of the Newton-Raphson process
increases compared to the previous iteration;

2. The conjugate gradient solveBICGSTAB) fails to solve the linear
equations in a predefined number of iterations;

As just described the time step is then halved and the whole machine state will

be recovered to the previous time step.

The total system error in thelgimg process is defined as

N-1

z in (x)present

Error,,, =+ N (2.4.13)

2.4.4 The DRM program flow chart

In section 2.4, the system solving techniques have been discussed. Now the
DRM system flow chart will be given to show a clear view of the program

structure, as shawin figure 2.4.6.

44



Chapter 2 Dynamic Reluctance Mesh Modelling
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(a) DRM Preprocessor flow chart
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Each time step
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(c) DRM post-processor flow chart
Figure 2.4.6 DRM program flow chart
The total system flow chart is shown figure 2.4.6. It can be seen that the
whole DRM program is divided into ke parts, which arthe pre-processor,

the solving core anthe post-processor.

The pre-processor sets up the dynamigmeéic reluctance mesh model of the
machine. It reads in the machineogeetry, the winding arrangements and the
simulation parameters, such as the threshold and maximum simulation time
step. In creating the reluctance meshe pre-processor reads the mesh
topology of one pair of stator teeth fisnd then replicatethese through the
whole machine to get the completdumtance mesh. The same replication
procedure happens to create the rottuctance mesh. Skewed rotor is also
implemented by replicating the reluctenmesh in one skew section to the
other skew sections with the apprapei angular offsets. Due to the dynamic
creation of air gap elements whichpgads upon the specific position of the
rotor, and thus vary for each time step, the DRM leaves these to the solution

phase.
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In the main solving core, the system siateolved for each time step. It can be
seen that in each time step, air gap aioces for this specific rotor position

are created and the system state equatom®valuated. he current system
state is close enough to the exact syssefmtion, i.e. total system error are
smaller than the tolerance, solvingopess for the current time step will be
stopped and the current state will b&eta as the exactolution, and the
program carries on to next time step suvprocess. However, if the system
equation error for the current time sigmot small enough, the preconditioned
iterative linear solver (EGSTAB) will be invokedto solve for the next
Newton-Raphson solution in current time step. After solving for the next
Newton-Raphson solution for current &nstep, air gap elements will be
deleted. After that, the system will check to see if the Newton-Raphson solving
process has failed. If the Newton-Raphson fails, the time step will be reduced
and the whole system state will be restored to the previous time step, then a
new system state prediction will bengeated based on the reduced time step.

If the Newton-Raphson solving processesalthy in the currg step, the total
system error is checked to decidehis next Newton solution coming out of

the linear solver is accurate enough,applying the criteriggiven in section
2.4.3. This procedure will continue unthe total system equation error is
smaller than the tolerance, i.e. to find the exact system solution for this current

time step.

The postprocessor writes out the simwalatresults and predicts the solution of
the next time step which is regarded as the initial guess for the

Newton-Raphson algorithm.

2.5 Conclusion

This chapter described the Dynamic Reluctance Mesh modelling method for

electrical machines. Sie it is based upon magnetarcuit theory, a brief
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introduction of the basic theory of magieecircuits was first given, and then
the procedure for creating dynamic rearate meshes for eleical machines
taking the induction machine as an exammlas presented. The description of
the DRM emphasised the dédsisation method of the @n and air parts of the
machine and the way the DRM deahlath skewed rotors and torque
calculations are also described. Aftes tieluctance model has been defined for
the induction machine, the chapter suanised the system state variables and
system equations describing the intilme machine electro-mechanical system.
Section 2.4, detailed how the systemtatis solved in the DRM, including the
Crank-Nicolson scheme, Newton-Raphstaerations and the preconditioned

BICGSTAB linear solver. The flow chart for the solution process is also given.
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CHAPTER 3 DEVELOPMENTS OF THE DYNAMIC

RELUCTANCE MODELLING SOFTWARE

3.1 Introduction

Dynamic Reluctance Modelling is a fashd effective method of modelling
electrical machines as has been dbsd and validated by Sewell [3] for cage
induction machines. However, withthe increased requirements upon
simulations of electrical machines, more detailled models are needed to
accommodate the complex flux distributions in the air gap regions due to the
complicated tooth geometry and fringing effects. Thus, some improvements

have been made to enhance the modelling of the air gap elements.

Moreover, scheme solving the st equations using Newton-Raphson
iterations coupled with the Crank-Nicolson technique works well for a single
cage induction machine, as has bedwscribed in chapter 2 where the
nonlinearity only exists in iron materialdowever, the situation becomes more
complicated if there are other nonlineaamponents involved in the system,
such as the rotating rectifiers which exist in brushless generating systems.
Some modifications have to be deato strengthen the Newton-Raphson
solving process, in order to cope witle higher degree of system nonlinearity
and the deficiency of the Newton{teson algorithm already presented in

chapter 2.

This chapter states the modificationsttthave been made to the original
version of the Dynamic Reluctance Mddey software and why these changes
have been made. Section 3.1 descrilbesdetailed modelling method of air

gap elements; section 3.2 descriibe changes of nodal flux equations;
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chapter 3.3 presents the modifieglobally convergent Newton-Raphson
nonlinear solver. Finally, further modifitions were made to the induction
machine model to make it more preceed a comparison of results between
Finite Element models and the Dynamic Reluctance Mesh models is also

given.

3.2 Representing Air Gap Reluctances Precisely

Magnetic equivalent circuits are moumifficult to derive than electrical
equivalent circuits from the field pdirof view due to the relatively large
leakage phenomenon in magnetic patinselectrical circuits, most of the
current caused by moving electrons ca@ constrained within electrical
conducting materials and components, biseathe electrical conduction of air
is extremely small compared to thatroétals. In magnetic circuits, things are
quite different. The permeability of air is not insignificant compared to that of
magnetic materials and therefore thexflpaths are difficult to predict and
calculate as flux can ‘leak’ out of the greetic path, as depicted in chapter 2 by
the air gap fringing effecthown in figure 2.2.9. Thieakage of flux in the air
gap region causes difficuits for modelling in electrical machines and these

fringing effects are reflected as a moelifiair gap reluctance width or length.

There are several ways of dealing with these air gap reluctance issues in a
computer code, either taking the fringing effect into account or not. These

options will be introduced in turn.
3.2.1 Method 1

The method of calculating the air gaputance element values, which has
been introduced in chapter 2, is calledthel 1 in this thesis. It utilises a
relatively simple way of modelling the ajap elements assuming that the flux

across the air gap region between tregostand rotor is normal to both the
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stator and rotor tooth surfaces and cakadahe area of air gap elements using
the direct overlap area of each pairstdtor and rotor teeth, as shown by the

shadowed area in figure 3.2.1.

Figure 3.2.1 Air gap modelling in DRM: method 1
When allowing for skewed rotors, the gap reluctance values in each skew
section are evaluated far trapezoidal overlap area, for reasons which are

already explained in chapter 2.

Now a detailed analysis of how the overlap area is calculated in each skew
section will be given. Figure 3.2.2 (d)aws the overlapped air gap area for a
non-skewed rotor which is the rectanguéaea between a pair of rotor and

stator teeth.

rotor
stator e stator
tooth tooth
—_
widih widih
>
{a} i)

Figure 3.2.2 Air gap elementgalculated by method 1
(a) non-skewed rotor; (b) skewed rotor

However, for the skewed section iafuction machine shown in figure 3.2.2
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(b), the overlap area betweéme stator and rotor teeth are more difficult to
calculate. The air gap reluctance are@valuated from the irregular overlap

area shown in figure 3.2.3(b).

As mentioned in chapter 2, the air gap reluctance effective width is a
piece-wise linear function dfme. The width changes as the rotor rotates. The

figures shown in figure 3.2.3 encoays the possible configurations.
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Figure 3.2.3 Different stator and rotor overlap conditions in a skewed rotor section
Figure 3.2.4 plots the effective air gap ance width between a pair of stator
and rotor teeth plotted withespect to their relativposition. It canbe seen
from these curves that, the more the displacement (relative position between a
pair of stator and rototeeth), the less the width of the air gap reluctance
connecting this pair of &h. There are five curves in figure 3.2.4, each of them
has a skewed rotor with differenttoo skew angles, from 0.01 mechanical

degree to 15 degree.
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Air Gap Reluctance Curves

skew angle 10

skew angle 15

Reluctance Width (m)

_— — —— —— ——— 502"

Displacements (m)

Figure 3.2.4 Air Gap reluctance effective widh curves for a specific type of induction
machine with different skew angles with method 1

In figure 3.2.4, it can be seen that forgk skew angles, the curves tend to be
flat and broad, but the maximum valudass. This is because with increasing
skew angle, the flux coupling between ak@wed rotor tooth with the stator
teeth tends to be spread wider arotimel air gap circumference and thus the
peak value of this flux coupling is eaker. This also explains the aim of
machine designers use of a skewetbr in induction machine designs, a
properly skewed rotor should reduce cogpeffects caused by the very strong
flux coupling between rotor and stataeth, as can be seen from the curve
named ‘skew angle 0.01’ in figure 3.2.4.€Tshape of that curve is narrow and
its magnitude is relatively high comparéal the others. Thus with the skew
angle to be 0.01 degrees, the flux couplbetween stator and rotor teeth will

also be narrow and strong which will cause cogging in induction machines.

Displacement in figure 3.2.4 means theahse (in meters) between the stator

and rotor teeth centre for each teeth pair.

Method 1 is a fast and effective way modelling the flux coupling between
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stator and rotor teeth in induction maasrand can handle tskewed rotor, as

has been validated in chapter 2. Howeltes still a coarse way of modelling

the air gap reluctances as it negletts effect of fringing flux between the
stator and rotor teeth. Indeed, the prediige pattern between stator and rotor
depends upon the saturation condition of the iron tooth tip which changes with

the magnetic field intensity in the iron.

3.2.2 Method 2

To account for fringing effects between stator and rotor &th in the air gap
region some empirical methods habeen introduced. Dr. F. W. Carter
analytically evaluated themagnitude of the fringing dixes in open slot stator
and rotor teeth [28] by solving pkace’s equation governing the flux
distribution in the air, and in thatg®n. The gap permeance (the reciprocal of
reluctance) can be solved using his anedytresults [28] and is less than the
value obtained if the slaipening is ignored (b), bugreater than if the slot

opening is assumed to be a magnesiator (c), as shown in figure 3.2.5.

Iglll IIII * o ' s v .
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M-T ]

(a) ®) ©

Figure 3.2.5 Air gap surface opening
Dr. Carter's approach dealwith slot fringing efécts by using either an
effective length or an effective width for the air gap. Compared to neglecting
the fringing (c), the effective air gapidth would be wide or the effective

length would be shorter when considering fringing effeGisen the ratio of
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slot opening to air gap Iengfh, Carter’s factor for theffective air gap length
4

can be derived according the Carter’s coefficient curve [25][28].

Carter’s factor K o

The effective length of the air gap is described by:

l'e=K,l,. (3.2.1)
here Carter’'s factor is defd as:
Vs
K = s 3.2.2
g yS _kﬂ 'WO ( )

I,is the extended (effective) air gap lengthjs the air gap lengthy is the

slot pitch, w,is the slot openingk,is Carter’s factor which depends upon the

ratio of slot opening to air gap lengthdais obtained from Carter’s curves. The
effective air gap tooth width modified yarter’s factor can be derived if the

reluctance remains the same, instead of using the effective length of air gap.

The effective tooth widthw, according Carter’s evaluation is:

WE = yS _kOWO (3'2'3)

The extended air gap length or width farae given in the previous statement
only hold when one side, either the staborthe rotor is, slotted. If there are
slot openings on both sides of the air gdyen the effective air gap length or
effective width is the produ®f the air gap length and the product of the two

fringing factors or Carter factors.

K, =— Y2 (3.2.4)

K,=K, K, :
ysl_kol.wol ysZ_k()Z.WOZ

g gl

Where y,,y,, are the stator and rotor slot pitches respectively,w ,are

the stator and rotor slot openings ahg, k, ,are the Carter coefficients which
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depend on the ratio of the slot openinghe air gap length and are determined
from Carter’s lookup curve. However, this case for doubly slotted surfaces
all that are required is tevaluate the effective tdotwidth of the stator and

rotor independently.

It can be seen that the dvsets of formulae that take slot fringing effects into
consideration actlizg have the same form; the effective air gap length
multiplied by a coefficient which represents the flux passing ratio between the
stator and rotor teeth with respect te fall slot pitch area. The derivation of
this coefficient has been based on raa field calculations. Thus, by using

the fringing coefficient or Carter'sattor, fringing fluxescan be taken into
account and this is calleMethod 2 to model thair gap reluctance and
consequently the machine’s dynamic response can be modelled more
accurately. Unfortunately, in its pesg form it cannot model the air gap

reluctances whilst fully tang into account any tobttip saturation effects.

3.2.3 Method 3

In order to take skewetbtors into account, as Weas the fringing effects
between the stator and rotor teethiakhbehave differently for different
saturation levels, and also for codinognvenience, air gap reluctance curves
derived from accurate finite elementadysis are applied in different small

axial sections of the machine.

Application of FE analysis to the ajap region in induction machines permits
detailed flux distribution patterns toe derived, as shown in figure 3.2.6. A
variety of information is available dm this comprehensive and detailed
analysis. However, here only the flux distition in the air gap region is of

interest. When considering the fringieffects caused by slotting of the stator

and rotor, only the amount of flux leag or entering the rotand stator teeth
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surfaces are of interest, arder to represent the frimyg effect in terms of an
effective air gap reluctance width. &heffective air gap width modelling
method that is obtained by interpolating\was calculated from FEM analysis

is called method 3 in this thesis.

Contour Plot
Flu function

1.03963e-005
£.1779%-006
1,9592e-006
-2,25959e-006

-6.47838e-006
-1.06972e-005

Figure 3.2.6 Overlap curves model fioinduction machine for method 3

If a single excitation coil carrying a unity current is set on one of the stator
teeth, as shown in figure 3.2.6, then thex pattern for this specific air gap
geometry can be found by FEM analysis shows that, as expected, the
majority of the flux crosses the air gaggion to the rototooth directly, but

that there is some fluweékage to the adjacent stateeth. In method 3, the
effective width of air gap reluctancese calculated by deriving the amount of

flux entering the rotor surface, as shown in equation 3.2.6.

Assuming the iron permeability is sufficigntarge so that the mmf drop in the
iron can be neglected, the mmf drop only occurs across the air. From an
engineering point of view if the winding ent is small (unity current) and the
iron is not saturated, leakage flux to ote&tor teeth can beeglected as well,

then according to Ohm’s law in a magnetic circuit:
mmf = ¢rotor ’ SRairgap (325)

where the air gap reluctance is:
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_ o taww (3.2.6)

airgap d
/,l 0 Wejfecti vearea

Using unity motor length in the FEM analysis, gives:

la[rgap — mmf (3.2.7)

* *
luO ch[fect[vewidth 1 ¢m/0r

so that the effective air gapluctance width is given by:
¢romr ’ Zairgap
W = L S 3.2.8
effective width ,Llo . mm f ( )
From equation 3.2.8, the effective width thfe air gap reluctance for this
specific rotor position and machine georyietan be determined, provided that

the quantity of flux flowing ito the rotor surface is known.

By rotating the rotor relative to the stator for a small angle, the air-gap
effective width for a different rotor position can be identified from the FEM
analysis. Repeating this process gives the air gap effective width curve with
respect to the offset between the ra@nod stator teeth, as shown in figure 3.2.7

for method 3This curve can be used in the DRM simulations.

Air Gap Reluctance Curves

Method 2-Air ga;ls modelling method moJified by

Carter's factor

Methjdl»original air gap mojelling way

MethFd3—Air gap modelling %urves from FE
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Figure 3.2.7 Air gap overlap curves for a spcific geometry of induction machine with
different methods

Figure 3.2.7 shows the air gap curve comparison for the air gap modelling
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methods, namely method 1, method 2 arethod 3. It can be seen that when
the displacement is big, i.e. wheretkooth centres areot aligned, air gap
reluctance effective width from methdgl is more than that of method 1
because of the fringing between the stator and rotor tooth pair. However, in the
centre region of the air gap reluctance curve, air gap reluctance width from
method 3 is slightly less @m that of method 1. This due to the leakage flux
between the stator teeth, that somethef flux lines from the excited stator
tooth come into the adjacent stateeth. The curve for method 2 is wider and
the magnitude is bigger than method 1 and method 3; and in the ‘tail’ of the
curves, curve from method 2 comes elo that of method 3, indicating a
more accurate modelling of fringing effectThe magnitude of the curve from
method 2 is bigger than the others, becdhsesffective width of the stator and
rotor teeth has been expanded by Carfacsor thus widening the overlapping

area for the tooth pair when they are aligned.

However, it is necessary to remembahen using this method, that unity
excitation current in the stator coil issed to obtain the effective reluctances
which neglects iron saturation and benthe flux pattern is only valid for
non-saturated stators and nstoSaturation will altethe flux distribution and

hence the air gap reluctances curves.

As the focus will be on steady statealysis of inductin machines, which do
not heavily saturate under normalnning conditions, the fact that this
non-saturated air gap relacice curve is used is a&ptable. Even when the
tooth tips are driven into saturation by the large slot leakage flux during the
acceleration phase of a direct on listart simulation, results using this
approach will show only a minor discrepancy between the DRM and FEM
results However, there will be significant saving itime and computational

effort thus increasing the computational efficiency.
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For modelling skew, the DRM method debed in chapter 2 cuts the rotor
length into several skevestions, to account for the ahge in flux distribution
along the axis. Rectanguland trapezoidal shape @ap overlap reluctances
are used in a skewed rot@as seen in figures212 to 2.2.14, and the results
shows that the trapezoidal shape air gdpctances producessketorque ripple
and requires fewer iterations of tselving process. The air gap reluctance
curve in method 3 is obtained froffEM results of a non-skewed rotor

machine. To extend this to a skewed ramuires that adddanal techniques be

employed.

As has been described in chaptere&ch of the sections has their own
reluctance mesh and these reluctammshes are only connected electrically
through the winding coils. Now, each ok#e sections is further divided into
subsections in order to obtain a more accurate value for the air gap reluctance
effective width. The subsections that are used for calculating effective air gap

width are shown in figure 3.2.8.

one skew sectian af stator and rafor

statar

machine axial direction

rator subsections

Figure 3.2.8 Sub skew sections for effective air gap reluctance calculation in a skewed
rotor induction machine

The effective air gap reluctance widthiwween each subsection of the rotor and
stator is calculated from the effectia@& gap reluctance cwe shown in figure
3.2.7 for this machine geometry, given thigset distance between the stator
tooth centre and the subsection rotor centre. To identify the overall air gap

effective width in this skewgection, the average valaéthe effective widths in

61



Chapter 3 Developments of The Dyamic Reluctance Modelling Software

each subsection is calculated.

18
w. =3 3.2.9
effective N = i ( )

where, N is the number of sub sections in one skew sectionwaisdthe

effective air gap reluctance width of th& sub section. Higher numbers of

subsections provides more accurate skawlations, noting that the number
of subsections does not affect the detion speed, since each subsection does
not introduce additional reluctancemeshes. Thus, the total number of
reluctances is the same for the maehaompared to the use of trapezoidal
shape elements described in chaptek 2omparison of the results of different

skew modelling methods will gaven later in this chapter.

Thus, method 3 accounts for both the tooth fringing effect and the skewed rotor,
and an accurate dynamic induction machine model is now ready for use in

analysis and design.

3.2.4 Comparison of the results fornduction machines using Methods 1,

2&3 for modelling the air gap

Three methods for modelling theragap reluctances in the Dynamic
Reluctance Model of induction machinesve been introduceahd discussed.
Method 1 correctly accountsrfgskew and method 2 fordth fringing effects.
Method 3 can account for both fringing edfs and a skewed rotor at the same

time. A comparison of results and discosswill be given inthis section.

These simulations are based onwaund induction machine with 48/36
stator/rotor slots, rategower 15kW, rated voltag&l5V and skewed one rotor
bar. Machine specifications can Wbeund in Appendix 1. The simulation
scenario is a direct on lingtart. In order to sethe difference between these

methods in coping with skewed rotpresults are given for 1 and 3 skew
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sections in the DRM model. Compams of these three methods with FEM

analysis is also made to assess thityato model the fringing effects.

1. Results with a skewed rotor induction machine
The speed versus time curve for an irtduc machine direct on line start is

shown in figure 3.2.9.
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Figure 3.2.9 Comparison of speed curve fa skewed rotor induction machine, simulated
with one skew section

The results show that with only one skeection, a difference is observed for
the speed with the threeffdgrent methods. Method 1 rises faster than method 3
and so does method 3 to method 2. It is the machine reactance that determines
the induction machine’s rotor acceléoa, and the machine reactance is
determined by the leakage reactance andap reluctance. In this simulation,
all three methods use the same slakége flux model, and the only difference
is the way they model the air gap @hnce, specifically the tooth fringing
effects, which affect the flux passimgtween stator and rotor tooth surfaces.
The one (method 3), which most correctigcounts for tootlringing effects
and leakage flux, rises slewthan the one that negks them (method 1). This

is because method 1 underestimates div gap leakage flux (Zig-Zag flux

[28]). Results from method 2 rise slewthan that from method 3 because
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method 2 overestimates air gap leakage flux, which slows down the building
up of the flux field inside the machin#sus reducing the torque and speed in
the machine. Both method 2 and method 3 have taken fringing effects into
account thus providing more accura@ gap modelling for the induction

machine.

Speed comparison: 3 skew section

Method 1
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14004 X
Method 3

Method 2
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Figure 3.2.10 Comparison of speed curve fa skewed rotor, simulated with three skew
section

Figure 3.2.10 show that with three skew sections, the three methods agree well.
With the increase of the number of skew sections in the simulation, the
difference between these three methodsiither reduced. Essentially, all the

curves are smoother because the cogging torque is greatly reduced.

2. Results with a non-skewed rotor induction machine
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Speed comparison: non-skewed machine

80— — — — — ———————]
1600 —— ——— —Method3—— ——— ——— e —

1400 -

1200 -

1000 -

800 -

Speed (rpm)

600 -

400 -

Method 2

200 -

-200 A

0,62 0,64 O.EG 0,68 O‘.l 0,\12

40— -
Time (s)

‘—Ml —— M3 =——magnet —— M2-width ‘

Figure 3.2.11 Speed curve comparison thi a non-skewed rote induction machine
Figure 3.2.11 shows that the speed curves from air gap modelling method 2 and
3 agree with the FEM (MagNet) resultstter than method 1. Because the flux
connection modelled by method 2 and 3neofrom rigid field calculations,
thus tooth-fringing effects is accounted for more accurately than for method 1.
Again, it can be seen that method 1 ued@émates the air gap leakage flux
between stator and rotor in this specihduction machine simulations, while
method 2 overestimates the air gap leakage flux a little. Also, some cogging
effects due to non-skewed rotor can digeoobserved in figure 3.2.11. Air gap
modelling method 3 gives the most accurasult compared to FE simulation

results.

3.3 Solving For Conservation of Flux

In the previous section the air gegluctance modelling method in the DRM
technique has been improved. Additional improvements to the nodal mmf

formulation and equation solving will now be made.

This improvement is provoked by the fabat some flux offset is seen when

calculating the flux linkage in the statand rotor, as desbed in [29]. The
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reason for the flux offset is the accumulation of rounding errors when solving
the equations that force the net rate of change of flux entering each node to be
zero. Forcing of the net change filonx to be zero at each node does not
necessarily mean that thetrileix flowing into this nodeas zero as a small and
pseudo-random node mmf offsgiroduced by rounding errors might

accumulate causing the flux offset seen in the solution.

To overcome this problem, the mmf nogdetential in the equation 2.3.1: is

enforced

=

n—

¢j(fj2’fjl): 0 (3.3.1)

Il
o

J
Changing form equations 2.3.1 to etjoa 3.3.1 does notlter the physical
basis of the modelling process for elemti machines; it is just a numerical

modification to the code which can redueffect of the rounding on the results.

The equations that define the induction machine electro-magnetic system are

now:

[ conservatin of flux atnode0

conservabn of flux atnodeN, .. —1

electricaloop equationgor cagerotor,loop0

F(x) =| electricaloop equationdor cagerotor,loop N, —1 (3.3.2)
electricalloop equationgor statorphaseA
electricalloop equationdor statorphaseB
electricalloop equationgor statorphaseC
speecequatiorn2.3.8

| torqueequatior?.3.9
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3.4 Globally Convergent Non-linear Solver

3.4.1 Introduction

The Newton-Raphson (NR) iterations caegblwith the Crank-Nicolson (CN)
scheme solves the machine state vi@il both the lineamand nonlinear iron
machine modeldf the nonlinearity is not too large, it is remembered that the
system’s current state is used as theisbéor predicting the state in the next
time step, which is used to seed the MBthod. NR iterations repeat until the
system simulation error is less tham thcceptable tolerance, as described in

chapter 2.

Unfortunately, the NR method has the digantage that it might proceed to a
local minima if the initial guess is notode enough to the actual solution when
solving nonlinear equations [23]. Tiphenomenon presents itself in the DRM
solving process in that for certain time steps, nonconvergence occurs and
repeatedly halving the time step eventuédlggdsto program overflow. Figure
3.4.1 shows a DRM simulation scendiao a generator system, which includes
the exciter, rotating rectifiers and masalient pole generator. It can be seen
that whenever process cduhot converge at a certdiime step the time step
was halved and the whole system statec®vered to that at the previous time
step. The left curve corresponding to the left vertical akimws the reducing
time step and even when reducedatowery small value after a number of

restarts, the solutionibtcould not be found.
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Time step & error graph for brushless generating system
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Figure 3.4.1 The adjusting of time step and the changing of system error with respect to
the number of restart times in a spchronous machine generating system

The right hand side curve on figure43 shows the system error with the
reducing time step. It can be seen thaterror becomes larger, which indicates
that the prediction is too far from the system state solution. As the time step
becomes very small numerical rounding dominates the Crank-Nicolson process
and completely undermines the process. This phenomenon is caused by the
significant nonlinearity in this system, in particular due to the nonlinear diode
behaviour. Further detail about the gystmodelling and its simulation will be
discussed in later chapters. With such a degree of nonlinearity, an initial
prediction that is not close enough tiee system solution will cause NR

iterations to fail, as shown in figure 3.4.1.

To solve this, an algorithm that combines the rapid local convergence of
Newton’s method with a globally convenmgy strategy, which will guarantee

some progress towards the solutioeath iteration, isleveloped [23].

3.4.2 Globally convergent solvefor nonlinear systems

As has been described in Chaptettz Newton-Raphson step for the set of
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nonlinear system equations

F(x)=0 (3.4.1)
is X,y = Xypy + X (3.4.2)
where X=-J"F (3.4.3)

Jis a Jacobian matrix, artélis the system equation values at a trial

solutionx,,, . The original Newton-Raphson lsame, as was described in

chapter 2, accepss,, without condition, as long as it is calculated from

ew

equation 3.4.2. However, in the cask system equations with significant

nonlinearity, if the initial guess,,, is not close enough to the system solution,

X,., Will actually more further awajrom the system solution thary),, in this

case the Newton-Raphson algorithm will negenverge to the system solution,

and this is a process thate could not control.

If a criterion is used to decide whether to accepk fh@r not, the situation

improves. Unacceptabxe

ew !

i.e.x,,, that are further from the solution thay),,

can be rejected so that the Newton-Raphsrocess is momontrolled to make

it a globally convergent algorithm.

But, how does one decide whether to accept the Newtonxstefs reasonable
strategy is to require that the step decre4§§s: F-F, which is the same
requirement that would be imposed if one were trying to minimise

f=05F-F (3.4.4)
(0.5 is for later convenience) Everyl@ion to equation 3.1 minimises the
function f in 3.4.4, butf may also possess local minima that are not

solutions of equation 3.4.1. Thusimply applying minimum searching

algorithms is not a robust approach.
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To develop a better strategy, note ttree Newton step is a descent direction
for f':
Vf-&=(F-J)- (-3 F)=-F-F<0 (3.4.5)

Thus the strategy is quite simple: thdl Newton step will be tried first,
because once the guess is sufficiently close to the solution quadratic

convergence will be achieved. However, checking the proposed step

reduces is performed at each iteration.nbt, a backtrack along the Newton

direction is undertaken until an accepeabtep is found. Because the Newton

step is a descent direction f6r it is guaranteed to find an acceptable step by

backtracking. This method can stdccasionally fail by landing on a local

minimum of /', but this is quite rare in prace [23]. The backtrack searching

scheme will be introduced in the following section.
3.4.3 Line search algorithm for globally convergent solving scheme

The line search (backtracking searchjogithm is to search for the proper
Newton-Raphson step that reduces the system error in function 3.4.4

sufficiently along the Newton direction.

When the initial guess isade enough to the minimum g6f taking the full
Newton step would help one to find the system solution with quadratic
convergence. When it is not close enough to the minimuy, ahe move
might be too far for the full Newton stpp- o to decrease the function as the

quadratic approximation is not valid hei®o the goal is to move to a new

pointx, , along the direction of the Newton sgpbut not necessarily all the

way:
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Xpow = X +AP (3.4.6)

new

where,

O<A<1 . (3.2.7)

The aim is to findA1 so thatf(x, +Ap )has decreased sufficiently.

If £(x,) does not meet our acceptance ecit, we backtrack along the

new.

Newton direction, trying a smaller value of until a suitable point is found.

Since the Newton direction is a descetirection, it is guaranteed to

decreas¢ for sufficiently smalll .

But, how is it possible to tell iff(x,, +Ap Has decreased sufficiently? The

suggested criteria for accemima step, by W. H. Presgd], to require that the

averagerate of decrease ¢f is at least some fracti@anof the initial rate of

decreaseVf -p:

S Kew) S S Koia) + @V - (X, = X0 (3.2.8)

Here the parameter satisfied<a <1. Then, thel value in each iteration

needs to be found.

A strategy for a practical backtracking routine is as follows:

Define:
g(A) = f (X, +4P) (3.2.9)
such that:
g'A)=Vf-p (3.2.10)

Here, the algorithm begins with a steqltiplier of 1 (full Newton step) and

then backtracks until an acceptable reduction in the performance is obtained.

On the first step the value of performance at the current pefdtis usgd, and

a step multiplier value @f(1 .) Use of the value othe derivative of the
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performance at the current pogif0 i3 also made to obtain a quadratic

approximation to the performanceuntction along the search direction,

henceg £ an be modelled as a quadratic:

g =[gM)-g0)-2'0)]7 +g'(0)2+g(0), (3.2.11)

then the minimum of the quadratic is found as:

A=— 20 . (3.2.12)
2g@) - g(0)-¢g'(0)]

This minimum of the quadratic appraxation becomes a trial point for where

the function f(x,,, + Ap ) has its minimum valuend the performance at this
point is tested. If £ is not sufficiently reduced, on the second and

subsequent backtracks, a cubic modelggf#l is obtained and the minimum
of the cubic interpolation becomesetimew trial point. The cubic model of
g(A)is:

g(A)=al’ +b2* +g' (041 + g(0) (3.2.13)

where,
1 1
H: 1 |\ 2 5 _{g%)—g'(o)%—g(o)}
bl M-, |_4 A || g)-g'0)4,-g0)
A %

The minimum of this cubic occurs at:

g b’ ~3ag'0) (3.2.15)

3a

(3.2.14)

This process is continued until sufficierduction in the performance error is

obtained. The line search algorithm flawart is shown in figure 3.4.2.

Figure 3.4.2 shows the flow chart of the line search scheme, which is entered
after the BICGSTAB solver solves for the full Newton step. As described above

the aim of this line search functiontis find a proper step that minimises the
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error functionf . The slope is calculated after the full Newton step is made and
then a scheme for detecting small mipas is applied to avoid too close a
distance betweex),, andx . Subsequently, parameteis set to be 1 (a full
Newton step) when the algorithm $taand the ermofunction valuef at that

time is evaluated. If it is decreased sufficiently, as defined by equation 3.2.8,

the line search ends; if not, the line search function will model the

functiong (A )by a quadratic in the first searogistep, as desbed in equation

3.2.11; and by a cubic in the subsequaatktracks, as described in equation

3.2.13. Thel value when this minima ofg(4 occurring is derived from the

cubic and quadratic models. The errondtion value is evaluated again to see

if it is decreased sufficiently. This line search iteration process will continue

until sufficient decrease in the error functigfiis achieved.
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Figure 3.4.2 Flow chart of line search backtrack algorithm

3.4.4 Global convergent technique flow chart

After modification with the line earch backtracking algorithm, the
Newton-Raphson method provides a nonlinear multi-dimensional solving
technique with global convergence. Fig@rd.3 shows the comutine of this
global convergent solver, the pre- andtgm®cessor are the same as described

previously at chapter 2.
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Each time step
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Time=time+dt
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Figure 3.4.3 Solving process of a globally convergent Newton-Raphson solver
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Figure 3.4.4 Number of NR iteration for globally convergent nonlinear solver vs. time
step

Figure 3.4.4 shows how a system wsignificant nonlinearity(rectifier), is
solved with the modified globally conigent NR solver. Itsolves the same
systems as the original NR solverth which nonconvergence happens, as
shown in figure 3.4.1. These twonsilations use the same simulation
parameters, i.e. time step, threshold &oldrance etc. and it can be seen that

this nonlinear system is solved properly with the new NR solver.

The core solving technique has beeaodified to use an algorithm which can
deal with nonlinear, sparse, first orddifferential equations and is globally
convergent. The DRM now provides @owerful tool for systems with
significant nonlinearities and other comytees, such as control loops. This

solver will be utilised throughouhe simulations in this thesis.

3.5 Detailed Slot Leakage Model for Induction Machine

In section 2.2.2, a typical inductionachine reluctance mesh is given for the
stator and rotor, including for the airgyeegion. It is quite a coarse mesh, and
becomes inadequate when one wants to accurately assess a machine’s transient

behaviour, such as the direct orelistart of an induction machine.
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In starting conditions, the winding currenin an induction machine are large
and thus leakage fluxes between the stamak rotor slots are large as well. The
leakage and working fluxes in machines are defined by Steven [30]:

‘The total flux in a machine has components, viz:

(a) Working flux, which links bottihe stator and rotor windings;

(b) Leakage flux, which links one winding gnénd generally, gives rise in an
equivalent circuit intgretation to a componernéakage reactance. The
leakage inductance is an importgrdgrameter in calculations concerned
with analysis of a.c. machines. Incdmachines, it is of importance in
relation to commutatiorgnd in field estimation.’

These leakage fluxes play an important part in machine transients. In order to

model the induction machine more accurately, as well as to improve the

accuracy of other machinetrsient models, such #g short circuit condition

in generators, reluctances that represegitage fluxes have to be added to the

dynamic reluctance mesh model. Onlgtsleakage inductances in electrical

machines are considered here, altffoend winding leakage inductance could

also be added as lumped inductors mgtator and rotor ettrical circuit.

In the typical reluctance mesh model &or induction machmgiven in chapter

2, shown in figure 2.2.6, there iseluctance across the air gap region
representing the slot leakage flux. Haee there is also leakage flux existing

in the space occupied by the winding, as shown in figure 3.5.1 named the
winding region. To model the inductionachine behaviour accurately, the slot
leakage reluctance representing thending region leakage flux has to be
added into the induction machine reluate mesh. This section will discuss

how this reluctance is calculated.
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k— air reluctance
betwean teeth

— winding

Figure 3.5.1 Air gap reluctances between stator and rotor teeth
When the windings carry current, they gp a slot-leakage flux pattern with a
complex shape [28], as shown in figure 3.3f there is a relative large space
below the bottom conductor and its widthsigbstantially less than that of the

slot, then the field pattern is that shown in (a).

Figure 3.5.2 Slot leakage flux pattern in parallel slots, accommodating one rectangular
conductor

However, the proportions are more usudhyse of (b), inwhich the field
pattern is very nearly in the form of sght lines across the slot. This pattern is
readily analysed, and is adequate fordyeaurrents or those of low frequency,
but fails (unless the conductors atdbdivided and transposed) for frequencies
approaching normal industrial supplalues. The straight-line model is

adopted here as it is sufficiefor our industrial purposes.

For different slot shapes, different ways of calculating the leakage reluctances

are adopted. Two commonly used intgloic machine slot shapes will be
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discussed in the following section.
3.5.1 Semi-closed rectangular slot

This semi-closed rectangular slot shape is usually used for induction machine
stators. Considering the dimensions in figure 3.5.3, the permeance coefficient

per unit axial length is the ratio (areatigh) of the air path considered. The air

gap regions above the conductors aillcéfor the lip and 2h, for the
Wy w, + W,

wedge portion immediatglabove the conductor.

— T |-(--
i —L</ RI
h2

hi

Figure 3.5.3 Semi-closed slot profiles

The slot region occupied by the condudtas to be treated differently. All the
leakage flux above theonductor links the conductiomholly, but the flux at a
height x, shown in figure 3.5.4, onlynks the lower part of the conductor and

contributes only partial linkage. Thus, st has a lower density as only the

fraction (i) conductor, uniformly distributeénd is linked by the point where

is considered, as shown by x in figure 3.5.4.
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Figure 3.5.4 Schematic plot of slot leakage reluctance calculation
Consider the flux path loop shown in figure 3.5.4 whose top is x above the

bottom of the conductor, the mmf enclosed is:

- X (N 3.5.1

so that the flux in the elemental path dx is:

mmf mmf (VD) [ x
dé = - = = 1-d 3.5.2
¢ R, W, Ho W, (hlj X ( )
Ho-dx-1

which links the proportionhi of the conductor. Therefore, the flux linking this
1

part of elemental dx is:

X Ni| x
dA, =|N| — || pg—| — |- d 3.5.3
2 esa
and hence the total coil-side flux linkage is:
Iy 2.
N4 1 . hy
ﬂc = '([/JO Vs(h—zlsz ~dx = IUONZZ?,_M;S (354)

from which the reluctances of the gap reluctances representing leakage flux

are derived as:
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2.
_mmf _mmf N _Ni__ w . (3.5.5)

9{0
b A A ﬂ(fa]

3

It can be seen that by consideringtsleakage flux, the width of the slot
leakage reluctance is actuallyne third of the slot depthThis leakage
reluctance can be used in the DRM to account for slot leakage fluxes in

semi-closed shape induction machine modelling.

Instead of using one discrete reluctance element representing the slot leakage
effects between statond rotor slots in inductiomachines, two reluctances
can also be used, in a more compkchteluctance mesh. Further discussion

regarding the reluctance mesh topology will be presented in chapter 7.

3.5.2 Round slots

Round slot shapes are usually usedage rotor induction machines. The cage
bars on the rotor are round bars, deep bars, or double bars. The machine under

investigation for time being has noai slots as shown in figure 3.5.5.

Figure 3.5.5 Round slot profiles
Assume that the flux crosses the siot straight lines; the slot leakage
reluctance for this type of slot is in@endent of the slot dmeter. An empirical

formula suggested for thedkage reluctae is [28]:
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Wo

R, =
,uo(0.66w0 +k1) (3.5.3)

i.e., the width of the slot reluctance reducec((1136w0+hl). Neglecting the
slot opening the equivalent reluctangg is:

N (3.5.4)

" 1(066)

Employing the slot leakage reluctancedtth the stator and rotor sides in the
dynamic reluctance mesh method as gsham figure 3.5.6, provides a more

accurate reluctance mesh for induction machines.

Figure 3.5.6 Modified dynamt reluctance mesh for induction machine which accounts for
slot leakage flux

It is observed that the reluctances ighti colour between the stator slots and
rotor slots represent the slot leakagex ftalculated from the previous method.
With the modification of these reluctaas to the reluctance mesh of induction
machines, the simulation of the diremt line start ofan non-skewed rotor

induction machine becomes even closethto FEM results, as shown in figure

3.5.7.
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Induction machine, DOL start,speed comparison
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Figure 3.5.7 Induction machine direct on lire start speed curve, with and without slot
leakage reluctance modelled, in comparison to FEM results

3.6 Conclusion

This chapter describes the notable ioy@ments made to the original Dynamic
Reluctance Mesh modelling softwavehich makes the DRM simulations more

accurate and stable.

First, modifications of the air gap relance models are introduced and results
are given in comparison with FEM rdisuwhich show the improvement in

modelling of induction machines.

Modifications were also made for solg the system state equations. Solving
for the conservation of flux in each nodeapplied rather than solving for the
rate of change of flux, in order teliminate the residual flux caused by

computational round off errors.

In order to overcome the nonconverge problems, which happen when solving

systems with significant nonlinearity, a modified globally convergent
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Newton-Raphson nonlinear solver is apgliezhich incorporates line searching

schemes to identify a proper Newton step.

Also, simulating an induction machine et online start, # modelling of slot
leakage inductance is known to be impottd he reluctances that represent the
leakage flux between the stator andoroslots have &en added to the
reluctance mesh for induction machinesyoously described in chapter 2. The
results show that these slot leakageatances improve @nsient performance

modelling in comparison with FEM results.

With all these modifications and improvements made to the DRM simulations,
other machines with more complicated geometries can be modelled. These
include salient pole synchronous machimgth nonlinear circuit components.

Complex control schemes can also be incorporated in the simulation.
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CHAPTER 4 MODELLING AND SMULATING

SALIENT POLE SYNCHRONOUS GENERATORS

4.1 Introduction

Three phase synchronous generators arepthmary source of all the electric
energy we consume today. Some oési machines are the largest energy
converters in the world ith ratings of up to 1500 MW There are relatively
small numbers of very large generatestsich include turbo-generators, driven
by steam turbines and hydro generatorsedr by water turbines. The majority
of industrial generators have ratingg to 1000 kVA, and are driven by gas
turbines and diesel engines. They arsed for small power systems e.g. oil
platforms, ships and remote industrigkesias well as for combined heat and
power and standby cases, for such asparation systems drospital backup

power supplies.

Turbo-generators usually haaeorged, cylindrical rototo reduce the effect of
centrifugal force on the rotor structudee to their low pole number and high
rotational speed together with their relatively large diameter resulting from the
high power rating. Large gas turbine geters also follow this basic design
form. However, for the relatively lowpeed, or low power prime movers, rotor
specifications usually defe a salient-pole strugte. This covers hydro

generators and small rating industriahgeators driven by diesel engines.

After a long period of stability of the delopment in electrical power systems
in the UK, there has recently been increasing development resulting in greater
complexity and increasing scale of thewer system. Local generation in the

UK means that it becomes more and more important to simulate power system
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behaviour under different circumstanceach as fault conditions, in order to
make the whole power system more effitiand stable and to develop correct
protection strategies. Among the sintida models required of the power
system components, one key model is #ectric generator. From a power
system standpoint, this may not netm be too complex. However, the

generator manufacturer’s standpoint is different.

Small power systems are increasinggmmon and pose problems in terms of
reliable operation. The aliif to clear faults effetvely without the generator
voltage sagging to the point wheresdimination is compromised is a key
requirement. Additionally, it is not ungamon for small systems to have large,
key pieces of motor driven plant which stilbe able to be started even when
not all of the paralleled generatoase available. Such cases impose high
transient load currents though the poweuieed will be within the generator’s
capacity. These systems need to bedefled carefully from the generator

manufacturer’s point of view tensure high customer satisfaction.

Thus, for both large, complex and for small power systems the generator
manufacturer requires a detailed modkhis product which can facilitate the
development of machines that are bgitofitable to make and reliable in
operation. The key features required fas thituation are the ability to model,

in detail, the excitation, the gengom and the voltagegegulation control
systems. The model should also beatd@ of incorporating dynamic machine
loads and simple power system loadsdditionally, the model must be
sufficiently computationally efficient so that several “what if” scenarios or

different design changes can be examined in a reasonable time scale.

Various models of small salient polengeators have been proposed [2][31],
and the Dynamic Reluctance Mesh modeaing of these. The advantage of the

DRM approach is that it includes a&ssentially 2D modeof saturation and
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slotting in the machine. This can beended to pseudo 3D to incorporate skew.
However, it is not a very difficult step to extend the model to include the
exciter, the rotating rectifier and the automatic voltage regulator (AVR). This
can be difficult and very computationally intensive if attempted with Finite
Element software, though more detdil modelling of the electromagnetic
operation of the machine would be expected. Simple dynamic modelling based
on Park’s approach [32] and generaligedchine theory is much more rapid
than either of the magnetic-field based approaches but is much less able to

model the detail of saturation and slotting in the machine.

This chapter is concerned purely with modelling the generator itself and not
with the exciter and AVR. Initially the standard generalised machine model
suitable for Matlab based analysis will be developed both to introduce the
transient coupled circuit approach andstow the simplifications inherent in
this approach. The magnetic field bdisaodels, FEM and DRM, will then be
introduced. The first objective of the chapter is to show that a suitable DRM
model gives excellent results for pretthg machine performance. The second
objective is to define the degree oihgaexity of the DRM model required to
give that excellent performance. Therdhobjective is to show that the DRM
can provide excellent, thoughskedetailed, results much more rapidly than the
equivalent FEM approach. To do thissu#ts for open circuit and short circuit
transients predicted by both FEM and DRM approaches will be compared, not
only with respect to eacbther but also with pracal results obtained on an
experimental machine. A typical industrgalient pole generator is used as an
example, whose basic specifications ared¢hphase, four poles, four hundred
volts, fifty Hz, 68kW. The stator hascanventional windingThe field winding

on the rotor is fed via slip rings. Full details of this machine are presented in

Appendix 1.
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4.2 Equivalent Circuit and Generalised Machine, Mathematical

models of Salient-pole Synchronous Machines

The basic synchronous machine modais already well established, as are
termed equivalent circuit models. The model shown in the equivalent circuit

has several assumptions:

1. The synchronous rotor speed is constant, which is usually fixed at
synchronous speed.

2. Leakage reactance only exists on the stator side.

3. Winding inductances are independentcafrent, which means this is an

unsaturated machine in respect of leakage flux paths.

Under these assumptions, a synchromoashine can be modelled as a voltage
behind impedance, and the per phasgiivalent circuit for synchronous

machine under steady state conditioonsild be derived, as shown in figure

4.2.1.
Xa Xl Ra
+ ?WTW-
Eaf @ ER Va

Figure 4.2.1 Equivalent circuit of cylindrical synchronous generator

One phase of the three phase equivalent circuit is shown in figure &2id.

the armature reactance which is respdaditr generating the stator main flux

field. X, is the stator leakageactance, representing leakage flux in the stator,
andR,is the stator phase resistance, espnting copper loss in the stator.

E, is the generated voltaget speed emf, produced by the relative motion of
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stator and rotor main flux . Eis the voltage generated by resultant air gap
flux ¢5. Part of the input mechanical exgy is stored as magnetic energy

represented b}, , and V,is the phase terminal voltage, i.e. output voltage of

phase A of the generator.

Figure 4.2.2 shows the phasor diagram of the cylindrical synchronous

generator in a steady stabver-excited condition.

Direct Axis

]

Fa
Ff

FRr

Eaf Quadrature Axis

jlaXa

la laRa jlaxi

Figure 4.2.2 Phase diagram of cylindrical synchronous generator in steady state under
excited
The angl& is the load angle, which isg¢hangle between the flux produced by

the rotor and the resalt flux. Figure 4.2.2 showgquite clearly how the

machine operates in steady state, for a gendfgti@ads/, . In general, for a

lagging power factor the machine is oescited and for aelading power factor

it is under excited.
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The three phase electrical equations $omulating a simplified cylindrical

rotor machine in the steady state condition is:

E, =V, + jXl,+I,R, (4.2.1)
E, =V, + jXgl, + 1R, (4.2.2)
E, =V, + jX +I.R (4.2.3)

whereX_ = X, + X, Xg = X, + X, X, = X, + X, individually.

The salient pole rotor synamous generator is different from the machine with
cylindrical rotor in that there is a preferred magnetising direction in the salient
rotor machine because of the non-uniform air gap. Thus, for analytical
convenience, currents, voltages and fhnege resolved in the d and q axis,
where the d axis is the preferred flmagnetising direction, while the q is the

axis perpendicular to éhd axis electrically.

In salient pole generator analysis,ist more convenient to transform the
currents and voltages from the stationa8C frame to the rotating dq frame,
which rotates synchronously with tletor normally at synchronous speed.
Park’s transformation [32] is used when transforming from the stationary stator

frame to the rotor frame, abown in Equation 4.2.4. Assume:
XOdq = P ’ Xabc

wherex denotes the variables in each refece frame, such as currents,

voltages etc.. andis Park’s transformation matrix:

1 1 1
ARE 2 2
P=.=- cosd cos@—-271/3) cos@+2rx/3) (4.2.4)

sin@@) sin@-22/3) sin@+2x1/3)

After transformation to the dq frame etlequations describing the salient-pole
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synchronous generator in steady state are:
E -V, =R, + Xyl
—V, =Ry + jX,l, (4.2.5)

where X, =X+ X4 , X,=X+X,,, the direct- andquadrature- axis

rm )
synchronous reactances, according to d-axis and g-axis theoty,, éndtator

d and g axis leakage reactance, adg andX, are magnetising reactance for

d and q axis.

The transformed phasor diagram foe teynchronous generator is shown in
figure 4.2.3, when the salient pole ngeator running inthe steady state

condition, over excited.
Direct Axis

S
’

Ff

lq v Et Quadrature Axis

ld @ jlaXq

vd
la laRa jldXd

Figure 4.2.3 Phase diagram for salient-pole synchronous generator

The transformed dq model has been nm@d in previous context, however,
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in a typical salient pole synchronousachine, there are damper windings
positioned on the surface of the salient pole, and these need to be considered in
the generator’'s dq mathematical mbde well. Normally these are also
resolved onto d and g axes for thenvenience of analysis. A two pole,
three-phase wye-connected salient pole synchronous machine with damper

windings is shown in figure 4.2.4.

B axis

wr

quz/

Rty Lfd
Lkgi
/]\ Lkd
k4
Vial R il it ‘\Ifd
Rka! Ird s
Rkd Vid
_|_
Via

Figure 4.2.4 Two pole, three phase, salient pole synchronous machine windings
arrangements

A,B andCare in the three phase stationérgme, d- and g- are in the two
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phase rotating rotor frame. The ot equipped with a field winding

( fd winding), and three damper windingkd(, kqlandkq2). One damper

winding is in the same magnetic a@s the field winding, and the magnetic
axis of the second and third damper windings is displaced 90° ahead of the
magnetic axis of field winding. Also, the assumed direction of the positive

stator current is out of the terminalsnvenient to describgenerator action.

After Park’s transformation, the cotepe synchronous machine equivalent

circuit including both stator angtor is shown in figure 4.2.5.

Figure 4.2.5 Complete synchronous machad- and g- axis equivalent circuit

Where subscripts in figure 4.2.5 mean,

e d,q dand g axis quantity
e R/s: Rotor and stator quantity
« |, m: Leakage and magnetiing inductance

o fk Field and damper winding quantity

The circuit equations are:

q

. d

Vy :_jold +aﬂd —CURﬂ
. d

Vq = _qulq +aﬂq +a)Rﬂ’d

! ! d ’
Vig = Rfd'fd +a/1fd

93



Chapter 4 Modelling and Simulating Salient Pole Synchronous generators

! !
Vig = Riglyg + at —
d

!
qul qull kql ﬁ“kql

d :
qu2 quz kg2 +— ﬂ’qu

dt
where:
Ag =—Lyig +Ly(% +ig)
Ag = —Lgiq + Ling (i +1ig2)
Atg = Ligity + Ly (Hig +iig)
Aeg = Ligipg + Lng (Hg +i%)
Aen = Ligalvgn + L (Fig Fikga)
gz = Ligaligz + Ling (Flg +ikgn)
and,
L, =L+ Ly
Ly =Ly + Ly

Ll:ql = LI’kql + Lmq
LI,<q2 = LI’kq2 + Lmq
L% = Litg + L
Lig =L'ja+Lmg

With these equations derived, thegnshronous generator machine state could
be solved with commercial simulatingoftware, such as Matlab. Matlab
provide a machine library, which has some synchronous machine models with

different units and parameter inputs.

As for the other complicated characstids such as saturation and transient

state, there are various models accounting for these.
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For simulating the transient and subrsient conditions, willaga [33] and
Saccomanno [31] mentioned the salient-pole synchronous machine

mathematical model under transient and sub-transient conditions. Additional

fictitious voltages Eyand E;are added which represent the flux linkages due

to the ‘inertia’ of flux change in theotor winding during transient conditions.
Thus, two additional rotor circuits (equations) are added, one of which acts

magnetically along the dicé axis, and the otheralg the quadrature axis. For

sub-transient conditions, voltagésandE;, and another two voltage equations

are added for the same reason.

Saturation is a part of synchronousachine modelling but there is still

uncertainty as to what is the bestethod of simulation. The degree of
saturation is not the same throughthe machine because the flux density
varies for different parts of the machidue to the design of the geometry of

the machine. The saturation in the diraat quadrature axes are different.

For the mathematical synchronous maehmodel, saturation may be taken
into account by modifying the value tfe reactance used in representing the
machine [33], including both the d andegctances for the cylindrical machine

and the salient-pole machine. Variougthods have been adopted to account
for saturation in both modification of thhechnique and in the representation of
the saturation characteristic of the maeh such as the classical saturation
model, salient-pole saturation model,igthmodify the synchronous reactances,
the simple saturation representatiangd the Potier reactea [33]. Saccomanno

[31] considered saturation in the stator side and the rotor side separately and

then combined the effects.

Overall, the models developed so fag ammple. Park’s transformation assumes

sinusoidal flux distribution and winding siributions and smeglects slotting

95



Chapter 4 Modelling and Simulating Salient Pole Synchronous generators

and phase belt harmoni¢82]. Saturation is include in various ways but

rarely with any detail since leakagexipaths are not sepéedy identified and

so the dependence of leakage reamtanon winding current levels is
imperfectly modelled, or ignored. Maiflux saturation istreated in some
methods with more detail yet secondarfgets of armature reaction in terms of
cross saturation are not well modelledianore normally neglected [32]. Not

least of the problems with this rhed is the need for machine inductance
values as well as speed emf constants and saturation data if the model is able to
cope with it. This data can be determined experimentally for existing machines
but if the approach is used to analyse new designs there is a consequent need
for an additional machine design progrordetermine these values. It is very
much apparent that this type of modehisied more at systems analysis than at
detailed machine behaviour analysis.wéwer, the approach is very widely

used.

4.3 Finite Element Models of Salient Pole Synchronous

Machines

The finite element method (FEM) isvadely used field calculation method,
which can be used in many engineerirgdds, including mechanical, material,
structural, thermal, fluid, and electragnetic field calculations. It can supply
very detailed and accurate field infortioa to meet user requirements, thus
quite often, it is the benchmark afany engineering numerical simulation
results. However, although generally speaking, the FE method is accurate, the
accuracy and reliability depends on thecdetising of the intended calculation
objects and the polynomial order for imqgelation. Results would be different
using different solving parameters adi$cretising method, and interpolation

techniques.

Due to the advantage of the FE method, it has been an effective method of
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investigating complicated electricaparatus, such as electrical machines,
which includes detailed flux field dr#bution, inductances calculations

although the calculation time may be vastere are also commercial software
packages developed for each kind of specific application, such as M3gNet
for the calculation of electrical machines or ANSOETfor combined

calculation of structure analysisiechanical analysis etc.

One type of salient polgynchronous generator was modelled with commercial
FEM software package. The machine rating was 68kw, 4 poles with 0.8 power
factor. By using a time stepping methdide transients of #hgenerator in the
open circuit condition were calculatedhere the field excitation voltage is
added on the rotor circuit terminal, an@ tfotor is driven by prime mover at a
constant synchronous speed. The generatator terminaloltage and field
current, and also the air gap flux nd@y distribution are examined. A
comparison of results between FEM and DRM is given in the flowing

discussion.

Figure 4.3.1 shows the solution mesbanir FE calculations at a specific time
step. Automatic mesh adaption methodsed at each timeegi calculation, so
that the program will optimise the topolog¥ the mesh in preparation for the

next time step for a more accurate solution.
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Figure 4.3.1 Solution mesh of the salient-pole synchronous machine in a specific time step
@100ms

As can be seen from the figure, the meshed elements close to the air gap and in
the stator slot and rotor surface region@easer than the others. This is due to

the air gap geometry, which is more irregular compared with that of an
induction machine, and is more important from the machine modelling point of
view, because it is the air gap that carries the flux field between stator and rotor.

In the solution mesh, there are 72,076 triangles in total.

The machine stator winding is a doaibbayer concentric winding with a coil

pitch of eight, parallel circuits, forty-ght slots and five maber of turns. The
winding was formed in each phase froouif coils. As normal in four wire
generators, to eliminate the harmful third harmonic, the stator three phases are
star connected with a 120 degree caitlpi The circuit in figure 4.3.2 shows

the simulated winding coil connections the FEM model of this type of
generator. It simulates an open ciratoindition, with a very large resistance
value connected to the stator termin@lssimulate an open circuit condition
numerically. Rated value d.c. voltage souic@pplied to the rotor side as the

excitation. All the damper bar windingse connected together as for the rotor
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of a cage induction machine.

Figure4.3.2 Electrical circuit connection modeof a type of salient-pole synchronous
generator simulated in FEM software

For the nonlinear iron material, Losil 800 stated in the generator datasheet,

is selected in the FE model from theteral database ithe finite element
software. Thus, the b-h curve is used in simulation to represent the nonlinear
relationship between the field intensignd the actual flux density in the

material.

For the rotating, transient magnetic figlalculation, it normally takes days or
weeks to achieve the rds) depending on the prash scale and accuracy
requirements. In the simulations in this chapter, a time step of 1ms was used,
simulation time was 300ms, adaptive h-adaption was used for the meshing
process, CG tolerance was 0.001 and Newton tolerance was 0.01. The total
simulation time for the full FE model was 576 hours. While for a DRM

simulation, for a time stepping methodtlwtime step to be 0.00001, solving
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tolerance to be 10e-8, the solution tifoe1ls would be taken for 10 hours. The

simulation time comparison between &id DEM is shown in table 4.3.1.

Time step | Newton Simulation | Time take | Calculation time
tolerance time for for each time step
simulations
FEM | 0.001s 0.01 0.3s 576 hours 0.52 hour/step
DRM | 10e-5s 10e-8 1s 10 hours le-4 hour/step

Table 4.3.1 Simulation time comparison between FEM and DRM
Figure 4.3.3 shows the detdl flux function distribubn result in one specific

time step for the whole machine.

Figure 4.3.3 Flux function distribution in a salient-pole synchronous machine calculated
by FEM software, results taken @100ms

Figure 4.3.4 to figure 4.3.6 show the résufor the rate of growth of field
current following initial switch on as calculated from FEM software for this

type of salient pole synchronous machine.
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Figure 4.3.4 Field current comparison between FEM and DRM calculations
There is some difference in the rise of the field current using FEM and DRM
calculation methods. This difference is doedifferent rotor resistance values
in the two simulations. FEM calculatethe rotor resistance based on the
winding drawings and material resistiiin the software, where end winding
resistance is not included, while DRMes the rotor resistance supplied by the
company datasheet, where there is an experimental data including all the field
winding resistance. Thus FEM current gdaster initially than DRM because
of the relatively small resistance uses compared to the DRM result. The
nonlinearity in the FEM curve is aoecern. At such low currents in open

circuit there would not bany saturation problems.
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Figure 4.3.5 Stator current comparison between FEM and DRM results

Figure 4.3.5 shows the stator cumrecomparison between FEM and DRM
results. Although the open circuit cotidn is simulated here, where there
should be no stator current, small statomrent exists because the circuit is not
actually open circuited but a very biglva resistance was put in to limit the
stator current to a very sithrange to simulate the apeircuit condiion. It can

been seen from figure 4.3.5 that the FEM result and DRM result agree with
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each other very well, both in phase sequence and in magnitude. The DRM
result has more ripples in the statorreat because of the much smaller time
step used in DRM simulations, whichlie-5, a hundred times smaller than the
FEM. figure 4.3.5 (b) is a zoom out picture of (a).

salient pole synchronous generator air gap flux density comparison
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Figure 4.3.6 Torque and air-gap flux dengy (magnitude) of this type of machine
simulated by FEM software

Comparison between the air gap flux density (magnitude) for the two
simulation methods is given in figure346. This air gap flux density value is
derived from the iron type reluctances on the salient rotor surface for the DRM
method, while it is derived from theuit density value along the pole surface

for FEM. Thus, flux density values are taken and compared for the same place
in the machine. From the graph it can be seen that the air gap flux density
distributions shape along the air gap circumference are similar to each other for
the two modelling methods. But moregk points were found in FEM results
due to the denser element mesh for théostand rotor surface discretisation in

the finite element method than the dymea reluctance mesh method, so that

more peak values for flux density are sampled in the simulation.
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4.4 Dynamic Reluctance MeshModelling of Salient Pole

Synchronous Generator

In previous sections of this chaptdre modelling of salient pole synchronous
machines using a basic mathematical method and finite element method have
been introduced. This section will stwibe the modelling and simulation
method of a salient pole synchronousi@ator using the Dynamic Reluctance

Mesh method.

The Dynamic Reluctance Mesh rmetl could simulate salient-pole
synchronous generators in a way bsdw the mathematical method and the
finite element method; it has fewarumber elements involved in the
calculation process and fewer machineestatriables when compared with the
finite element method, but more than the mathematical method. Based on the
induction machine’s DRM model given in chapter 2 and chapter 3, a
salient-pole generator DRM modelill now be created with some
developments. Due to its diffetengeometry and flux distribution
characteristics, DRM model for a @it pole synchronous generator is

different from an induction machine in a number of ways.

From the computational model’s powitview, the main differences are:

1. the rotor geometries are different; saluction machine has either a cage
or a wound rotor. Both have a cemtanumber of teeth, and the teeth
geometry is similar to the teeth on the stator side, while a salient pole
synchronous generator has salient teathich are equal to the number of
poles. An air gap overlap curve wwh was applied for the induction
machine in previous chapters only works for teeth pairs where the tooth
width is in the same range. Sommdifications of the air gap modelling

method have to be made in order to accommodate this method to salient
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pole synchronous generator modelling.

2. the rotor flux distributions are different. Due to the quite different
geometry of the induction machine and salient pole generator, flux
distribution inside the salient rotor ggiite different from that of induction
machines. Because the discretisatidrthe reluctance mesh in the DRM
method is based on the knowledge of fliekd distribution in the machine,
the creation of reluctance mesh in a salient rotor has to be quite different
from that of an induction machine.

3. there are damper windings on the rosorface to reduce oscillations in
salient pole synchronous generatoThis makes the machine DRM
modelling different from induction maches in that only have one set of

windings on the rotor.

DRM modelling of these different aspeetdl be described one by one in the

following text.

4.4.1 Air-gap modelling of a salient pole machine

The air gap is a key part in electricabchines because it is the intermediate
component between the rotating rotor dhd stationary stat, thus it is the
essential component of etemmagnetic energy transformation. For a generator,
mechanical energy that comes in frone tlotor is transfeed through the air
gap to the stator to become electrieakrgy based on eleomagnetic energy

conversion rules, e.g. Faraday'’s law.

Due to the above reasons, modelling #iregap accurately and effectively is
very important in the computer simulation of electrical machines, and an air
gap model is always a very important ptrtbe investigated in all kinds of
machine simulation techniques. Fosalient pole synchronous machine, the

difficulty is the non-uniform air gap geatry and the irredar flux paths in
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the air gap region.

Dynamic Reluctance Mesh modelling uses a dynamic way to create air gap
elements that connect to each pairst#tor and rotor teeth depending on the
rotor position, and achieves the effective air reluctance width based on the
extracted information from FEM results so that the fringing effect could be
accounted for. This method works well the induction machine model, as

shown and validated from the réistevaluations in chapter 3.

Due to the non-uniform air-gap shape in a salient-pole generator, flux
distribution is complicated, and would be different in different load conditions.
figure 4.4.1 shows the flux distributiowhich is from FEM software, for one
type of salient pole machine when the rotor is excited with a rated voltage, and
the stator terminals are open circuitedcdh be seen that fringing effects exist

in both the rotor pole tip ggon and the regn between the gtor teeth. The
fringing is quite heavy in the pole tip region, where there is a great space

between the adjacent poles.
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Figure 4.4.1 Flux distribution for a salient pole generator, rated field voltage excited and
stator terminals are open circuited
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However, for a salient-pole synchronous machine, the idea of the air gap
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overlap method for an induction machireutd also be adopted, but with some
modifications. In order to have the pait stator and rototeeth with a tooth
width in the same range, some virtuatteon the salient-pole rotor surface are

created; each has its own air gap c&nce connected to the stator side.

To use the effective air-gap widtmethod described in chapter 3, the
salient-pole rotor surface is divided ingeveral virtual rotor teeth that are
adjacent to each other. There is no iai between these virtual teeth. The
number of virtual teeth on the rotorriace is decided by the geometry of the
salient pole, and also tretator tooth width. The xtual tooth width on the
salient rotor surface should be the same size as the stator tooth. In figure 4.4.2,
the iron type reluctances representigch of the virtual teeth on the rotor
surface are shown by use of different shgdReluctances perpendicular to the
rotor surface represent the radial flwkilst tangential flux is represented by
reluctances parallel to the rotor surface. The number of virtual teeth on a rotor
surface should be selected with care in case of any cogging effects, as happens

in induction machines [24].
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Figure 4.4.2 Virtual rotor teeth on the surface of salient-pole rotor

These ‘surface reluctances’ stay on theface of the salient-pole rotor and
exchange flux with stator teeth tlugh the overlap curves for salient pole
machines. Due to the non-uniform air gap shape of the salient-pole machine,
overlap curves’ shape is different for tiéferent virtual teeth by their different

positions on the rotor surface. Methoolfsacquiring these effective overlap
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curves and the reason to do so have l@g@hained in chapter 3. As shown in
the left hand side of figure 4.4.2irtual teeth #5 and #6 represent the flux
relationship between the salient-pole rotor tip (#5) or the area under the rotor
tip (#6) with the stator teeth to accador the fringing effect between the pole

tip and stator tooth, as shown in tbiecle in figure 4.41. Derived from FE
software, figure 4.4.3 shows these difier overlap curves for different rotor

virtual teeth.

salient pole synchronous machine air gap overlap curves
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air gap element effective width (m)

offset (RAD)

‘—0—10+11+12+ 7+8+9 —&—5 —%—6 —%—2+3+4 —o—1 ‘

Figure 4.4.3 Overlap curves for salient-pole synchronous machines
Offset (displacement) in figure 4.4m8eans the angular displacement between

the centres of each pair of teeth, as shown in figure 4.4.4.

center of stator tooth

center of rotor too

angular displacement (offset)

Figure 4.4.4 Angular displacement okalient pole synchronous machine
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It can be seen from the overlap curves above that curves #5 and #6 are not
symmetrical to the origin. The reason aftls that in the 0 offset point, when

the centre of tooth #5, #6 and one of #t@tor tooth are ajned, flux is shed

from coming into the nor surface because the shape of the tip and the
definition of the centre on the virtual tbotThus, especially for tooth #6, the
maximum flux linkage happens in the gims which has non-zero offset other

than the origin offset point wheredth #6 and the stator tooth centre are
aligned. The asymmetrical of curve #Gdads on how the centre of the virtual
tooth #6 is defined. The ader the centre of tooth #6 to the pole tip, the less

asymmetrical shape the air gap overlap curves have.

Another difficulty in air gap modellings the non-uniform air gap length. The
length of the air gap reluctances of thestual teeth are different due to their
different positions on the rotor surfad&ccording to the usual pole geometry

of a salient pole generator, in orderget a more sinusoidal shape flux density
waveform on the air gap circumference, the salient pole shape is designed so
that the further the distance from tleeth to the pole centre, the longer the air

gap element length.

In the work discussed in this chaptair, gap lengths are lkcaulated to be the
average value of the left end and rightd of each air gap element connecting

each pair of virtual rotaieeth and stator teeth.

Virtual rotor teeth on théwo sides of the salient-pole rotor are symmetrical
due to the symmetry of the pole. Their overlap shapes are also symmetrical

about the pole centre.

Flux distribution in electrical machines changes when the winding currents
change, and more leakage flux existeewhhe winding currents are large due

to the saturation characteristic of the iron material, such as in the transient of
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the direct on line starting of inductianachine and short circuit condition of
synchronous generator. In a synchronousegaor, due to the large air gap in
between adjacent poles, in some ragniconditions, such as short circuit
testing, a certain leakagdjex exists which could not be ignored. Some more air
gap reluctances must be additionaflgided to account for tip area leakage
fluxes between the pole tips, which are called inter-pole air gap reluctances in

DRM. These leakage and inter-pole mtances are shown in Fig. 4.4.5.
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Figure 4.4.5 Reluctance mesh shows the leakage air-gap reluctance
and inter-pole reluctancesin salient-pole machine

M. G. Say suggests an empirical form[{2&] of calculatingleakage flux for a
low speed salient pole synchronous machine, as shown in equations 4.4.1 and

4.4.2.

e Flux between shoes (for each pole paip): = 2¢, + 44,

by = uF {2 Léhs +20h, Ioglo(1+ O'S”bﬂ (4.4.1)

S S

e Flux between poles (for each pole paig), = 24, + 44,

L,h, 057b,
P = HoFi| —2 +15h; log,g 1+ — (4.4.2)

p P
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whereF, is the mmf of the winding, and paramdterL ,h,,h;,c,,c, b,b are

pr'lsriiprsy

shown in figure 4.4.5.

To fit the above equations represagtileakage fluxes between salient poles
and pole shoes, corresponding inter pelactances representing these leakage

fluxes need to be added in to tiyynamic Reluctance Mesh modelling.

Assume reluctanck, represents the leakage flgx R,represents the leakage

flux ¢,, R,representg,and R, representg,. From equation 4.4.1, following

equations could be derived:

Lh
¢ = 1ok - é > (4.4.3)
4, = uoF, - 29N, Ioglo(1+ O'S”bj /4 (4.4.)

Considering the relationshipetween flux and reluctanege= F, /R,

R, =—2 (4.4.5)

RN, = (4.4.6)

29, Ioglo(lJr O'Sﬂbj

When considering the total leakage floath between the pole shoes, based on
the leakage flux calculating method frowhG. Say, there are three parallel
leakage flux paths between each pair of pole shoes, as shown in figure 4.4.6,

which could be represented by:

Ry =R, R, IR, (4.4.7)
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Figure 4.4.6 Parallel leakage flux path between each pair of pole shoes
thus, inter pole leakage reluctanémseach between each pole pair is:
1 o
Ry = - s 05 (4.4.8)
Hols | 1 145, |ogm(1+ ' j

S

Compare this equation to a typical air type reluctance equation:

Ry = E , where |, wy anddy are the length, effective width and depth
HoWy g

of the leakage reluctance between pakespectively. So the effective width,
length and depth of the reluctance betw pole shoes pairs taking the leakage

flux effect into account would be:

ly =c (4.4.9)
w, = hg (4.4.10)
dy = Lg + 145c Ioglo(1+ O'SﬂbJ (4.4.11)

If the same calculation process is kb to the leakage flux between poles,

then (F, / 2s utilised because the this leakag in the middle of the pole)

1 L h
by ==tk - —F (4.4.12)
2 C,

05b,
#: = tF; - 18, logy,| 1+——= | /4 (4.4.13)

p

and the reluctances are:
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Ry=—" (4.4.14)

R, =

(4.4.15)

057b, ’
15u,h, 109, 1+ .

p

the leakage reluctance representirgylédakage flux between poles are:
R, =R /R, R, (4.4.16)

Cc
R, =t . : (4.4.17)

0.57b,
L, +15c,log,,| 1+ c

p

and the effective width, length andpdle for leakage reluctance between the

poles are:
I, =c, (4.4.18)
w, =h, (4.4.19)
dmerm5%kmm@+ofmﬂ (4.4.20)
p

With the inter pole leakage air gaguetances modelled, the whole air gap

reluctance mesh of a salient padgor is shown in figure 4.4.7.

. -

To stator tdeeh ©°

o
9
U 1)
to another pole .ia{other -pole

Figure.4.4.7 Whole air gap reluctance mesh for salient pole generator, including leakage

and inter-pole reluctances
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4.4.2 Meshing of salient pole rotor

After finishing the modelling of the air gap part of the machine, this section
will continue to model the iron part of the generator. A salient pole
synchronous generator stator has allamgeometry to an induction machine
stator and the same reluctance mexgiology for induction machine could be
adopted. However, this is not the eam rotor reluctance mesh creation.
Because the rotor geometry for a salient-pole rotor generator and induction
machine are so different, the rotor mesh has to be quite different to in order to

account for the different flux disbution inside the rotor pole.

The advantage of Dynamic Reluctance Mesthat the relatance mesh could
be simplified by the given prior-known knowledge of flux distribution in the
machine. For a salient pole synchrongaserator, the main flux distribution in
the salient pole is known from expamce, thus the salient pole could be

discretised into the reluctanoeesh based on empirical knowledge.

The main principle of dividing the iron geof a machine intoeluctance mesh
is that the direction of the reluctancsisould be in approximately the same
direction as the flux dir¢ion, although some smallgplacements are allowed,
and there have to be reluctances ehtiyere is flux path. Reluctances should
lie in both radial and tangential diremtis in the iron to allow radial flux and
tangential flux to pass through, and cthnces in different direction can be

overlapped, because their fluxes have different directions.

Based on the discretisation principigven above, reluctance mesh for a

salient-pole rotor can be cted as shown in figure 4.4.8.
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Figure4.4.8 A typical complete salient pole rotor reluctance mesh

In the rotor surface region of a salient@aleluctance mesh is modified due to

the presence of damper bars. A similar tgpeeluctance mesh for a cage rotor

in the induction machine is adoptedrénan the damper bar regions. One
reluctance represents the air gap element across the bar, and other elements
represent iron around the damper baroider to take account of the surface

flux in rotor, and also the flux flowing b®v the damper bar, two layers on the

top of the rotor surface are added. Ehare three elements between each pair

of damper bars because there midkt some flux distortion between two
damper bars, as can be seen from the damper bar region in figure 4.4.8, thus an
additional central reluctance is addecitzount for the possible flux difference
between bars. Mmf sources are modellethe same way were done with the

cage rotor induction machine.

In the meshing process, topology okthirtual teeth on the rotor surface
decides the topology inside the rotor, and these all depend on the approximate
flux distribution inside the pole. Thus,rfthe tangential direction, apart from

the first two layers which are situatedl the damper area, another tangential

115



Chapter 4 Modelling and Simulating Salient Pole Synchronous generators

layer of reluctance mesh is neededalihconduct the pole tip flux to the pole
centre, representing tangential flux @3 the pole, although it is normally
small. Also, a tangential path which acats for the tangential flux path in the
middle of the yoke and connects with theer pole leakage reluctances in the
leakage area, needs to be added to the reluctance mesh. In the shaft area, there
is also a tangential path to accounttfwe circular flux around the shaft, as can
be seen in figure 4.4.8. The tangehnti@uctance mesh of the salient pole

generator is shown in figure 4.4.8.

As to the radial flux in the salient pole, the meshing process could be created
based on the discretisation thie virtual teeth on the salient rotor surface that
have already have been sgt Each virtual rotor tootbn the salient pole rotor
surface connects with one branch of reluctance mesh representing radial flux.
These radial reluctance branches aredéd into central branch and pole tip
branch. Central branches will end apthe node around ehshaft area, while

pole tip radial reluctance branch with@ up at the pole tip a@a facing the shaft.

In central reluctance branches whicpresent the radial flux, two mmf sources
exists in each branch itne pole yoke area. This due to the fact that one
tangential path separates the radiahnch and thus there has to be two
reluctances in each of the radial mhes. Since two mmf seces are situated

in each radial branch, the winding matgmaotive force has to be split evenly
between the two mmf sources. The radliat reluctance mesh of a salient pole
generator could be shown in figure 4.4.8. Given the reluctance mesh shown in
figure 4.4.8 for the salient rotor polegetHux in the pole tip area could flow to
anywhere inside the pole through theligh and tangential network, if mmf

potential difference exists.

4.4.3 Damper winding modelling

In previous sections, the dynamic mance mesh for the salient rotor
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synchronous machine as well as the non-uniform air gap modelling has been
introduced. This section will concentrate on the modelling of the damper bars
in the salient pole. Some modelling approaches different to the methods that
have been adopted for induction machines will be used to model the damper
bar electrically and magnetically, besauof the irregular spacing of these

damper bars on the salient rotor surface. Details of damper bar modelling for a

salient pole synchronous rotor whiié given in this section.

Damper bars are acknowliged as one of the mastportant method to reduce
the instability during synchronisation caipid change in load for salient pole
generators. Thus damper bar modelling igery important aspect in simulating

a practical salient-pole synchronous machine.

Damper bars here are different from that of induction machines in that they are
not equally spaced and the reluctances between each damper bar is not just one.
The DRM principle of modelling mmfs that: a magnetic loogequires that no

‘fake’ internal loop should exist, sthat no ‘fake’ flux would exist in the
proposed reluctance meshing solutibhus, if one mmf source were added for
each damper bar, as shown by the circles in the radial direction flux branch, in
figure 4.4.9, there would be ‘fake’ imteal flux circulating around the bars, as
shown by the arrow in figure 4.4.9. Tneinate these ‘fake’ internal fluxes,

other reluctance mesh topology for damper bars has to be proposed.

Salient-Pole rotor surface
Damper bar

AA I_o_lf\

Figure 4.4.9 Reluctance mesh topology for modelling of damper bars
which has ‘fake’ internal flux loop

To solve this, some virtual damper bare added, as the way done to virtual
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rotor teeth for the salient pole. Thus, there is one damper bar associated with
each virtual tooth on the safit pole rotor surface, soroéthe damper bars are

real and some are virtual ones, shown in figure 4.4.10.

Salient-Pole rotor surface

Virtuai Damper Bars Damper har

Figure 4.4.10 Virtual Damper Bars and mmfs
By modelling the damper bars as shown in figure 4.4.10, there is no possible
fake internal flux circulation existg in the reluctance mesh. In the DRM
simulations, the real damper bars anduwal damper bars are discriminated by
their resistance: real ones have norbal resistance, while virtual ones have a
very big resistance to stdpe current flowing throughsuch that there is no

physical influence by the adding of these virtual damper bars.

Each virtual rotor tooth has damper bar associatedthwvit now, either a real
damper bar or a virtual one. Thus,salient-pole rotor dyamic reluctance
model is unified with an induction achine rotor dynamic reluctance model,
and the same electrical loop modeauld be applied from the induction

machine.

As to the right-most flux branch ithe salient pole rotor mesh, the virtual
damper bar is positioned between two poles. This is a realistic assumption
because damper bars on one pole @rgsically connected with the damper
bars on another pole by the short citcitraps [27]. These are made with

copper, as show in figure 4.4.11. TRRM model for virtual bars between the
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two poles can be shown in figure 4.4.12.

Damper bars Inter pole damper bars connection

= ]

LY | | TI ]
| 1 \ J 11
- | |
Salient-rotor Pole Salient-rotor Pole

Figure 4.4.11 Real damper bar construction between two poles

Salient-Pole rotor surface
Virtual Damper Bars Damper har

Inter-pole Virtual VIVIF

-

Figure 4.4.12 Virtual damper bar modelling between two salient-poles
With the models of damper bars tl@tve been set up, a DRM model creation
of the whole salient-pole synchronowgnerator could be completed. A

complete salient-rotor reluctance mesh is shown in figure 4.4.13.
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Figure 4.4.13 Proposed complete salient pole rotor reluctance mesh
After completing the creation of theluetance mesh and the modelling of the
damper bars and air gap, a comp@RM model for the salient pole rotor and
air gap were set up. The stator reluctammsh could be similar to that of an
induction machine, due to the similarogeetry and flux distribution inside the
stator. In the following section, the state equations and state variables for the
single salient pole synchronous generatall be given, to simulate the

machine behaviour.

4.4.4 Equations and state variables for salient pole machine

The operating condition of a usual synchronous machine is that the shaft, to
which the salient pole rotor is connected, is driven by agnraver rotating at
synchronous speed. Excitation voltage is igglplo the rotor teminals, and a.c.
currents are generated on th@ator side by the relag rotation of the flux

fields and the stationary stator coils.

To solve for the system state, and thus calculate the machine performance,

system equations have to be given ouisBection will give the state variables
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describing the system state and the system state equations.

The equations describing the node npotentials are the same for different
types of machine in a DRM modelling thed, as long as they have magnetic
circuits. Similar to thabf induction machines, equation 4.4.21 is satisfied for

each node connecting the reluctances for a salient pole synchronous generator.

n-1
> 4 (mmf,-z,mmf,-l)=0 (4.4.21)
j=0

The rotor electrical circuit equation is:

: dg,
—Vf +|fRf +T—O (4422)

where v, ,i; andR, are the terminal voltage, field current and resistance of the

rotor, andp is the flux flowing though the field winding.

Damper bar circuit equations almost hétve same format as that for induction
machines cage bars, after the modification of the modelling by virtual damper

bars. Thus, electrical equations for adjacent damper bars are:

-i-R +ii—1'R—l_%:0 (4.4.23)
dt
i, = mmf,,, —mmf, (4.4.24)

Parameters here have the same specification as that in chapter 2.

Stator three phase electl equations are as same as that of induction

machines:
. &de, dg
-V o | —a ., 7 =0 4.4.25
. deg dg
Y/ o —2. =0 4.4.26
LRI (4.4.26)
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S
—vC+RC-iC+Zj—Z°-%:O (4.4.27)
i1 g,

The research work in this thesis isitwestigate the simulation of electrical
generator’s behaviour by using dynam@uctance mesh simulation method.
Thus, the mechanical fea&uof the machine would nbe considered here, and

the mechanical shaft speed will be sed tixed value to be synchronous speed.

Therefore, dynamic rotating equation remains as:

o, _ Y _ (4.4.28)
ot

wherew, is the shaft mechanical speed, that is a fixed value in the DRM

simulations here in this thesis.

Another point that should be memtied in the simulation model of a
synchronous machine is that the numbetuofis per slot for stator winding is
calculated. The following formula is used [33]:

_ 3TN,
° T,

c

(4.4.29)

wheren,: number of parallel pashin stator winding;T: turns per coil for

stator;N, : number of stator slotsT , : turns per phase.

Given turns per phase in the machine diteet, turns per coil for the stator

winding will be calculated which wilbe used in DRM simulations.

4.5 Results

In this section, a typical salient-pasgnchronous generator is simulated using
the dynamic reluctance mesh modellimgthod for the salient pole machine
described in previous sections. Thmachine is a four pole, 85KVA, 68KW,

fity Hz, with 0.8 power factor, tkee-phase, star connected synchronous
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generator. The schematic drawing of the machine electrical connection is

shown in figure 4.5.1.

Figure 4.5.1 Schematic drawingf electrical connection for tre generator to be simulated

In the testing that is done in this seati the rotor is excited by a d.c. voltage.

In practise, a rotor terminal is usuallgd by an exciter, which is actually
another a.c. generator, through a rogtirectifier. However, it is excited
directly through d.c. voltaga the tests in this chégr, for the reason that a
single generator test is wanted, rather than a complicated system testing.

Testing for the complete system will be performed in the next chapter.

An open circuit test and a short airctest with the DRM model will be
presented in this section, and alse tiesults compared to the experimental
results. System performance with awithout damper bars in sudden short

circuit condition is alsesimulated and investigated.

4.5.1 Open circuit & short circuit test

Testing conditions for open circuit test large resistive loads connected to
the stator three-phase simulate open circuit conitbns. The big resistance
virtually limits the phase current su¢hat stator open wuit condition is
simulated numerically. Different rotor efation voltages are applied to rotor
terminals, and stator terminal linedioe voltages are recorded as the output

voltage. The rotor speed f&xed to the synchronouspeed numerically as
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mentioned in the previous section.

Experimental data of the open circurtdashort circuit test is shown in figure

Open Circuit & Short Circuit Test
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5500 —— —— L e — «L e — —‘— —— 1 275.000
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184.200
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Figure 4.5.2 Experimental result of open circuit test and short circuit test
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The DRM result for the open circuit test is shown in figure 4.5.3. As can be
seen, the simulation result is quite closeh® experimental results, especially
in the rated generating voltage areajolihis 400 volts. Maximum error in the
result comparison is —8.7%, and the averagor in percentage is 2.5%, which
is excellent for engineering simulatioriBhe relatively big error in the result
with the increasing of field current is due to the material saturation. The
material used in a DRM simulation is slightly different from that used in the
experimental result. Thus, the small difference in material saturation
characteristic can cause the result défexre in figure 4.5.3. Iron material that
has been used in DRM simulation is L&90 for both the stator and the rotor,
while the material used in the real machine is Losil 800 for the rotor and

DK70-65 for the stator.
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Generator stator voltage(Volts)
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Open circuit test results comparison between DRM and experimental
data
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Figure 4.5.3 Open circuit result conparison for DRM and experiment data

Error%
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60.000

In DRM simulations, rotor resistance rise with regards to temperature is also

considered by using rotor resistancecukdted from the experimental data

sheet.
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A short circuit test is also simué by the DRM modelling technique. The
testing condition for a shocircuit is: zero edctrical loads areonnected to the
stator terminals, and the rotexcitation d.c. voltage is varied to derive the full

testing curve. Stator phase cuitseare recorded as the output.

Short Circuit Test result comparison between DRM and experimental data
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Figure 4.5.4 Short circuit test result comparison between DRM and experiment
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Figure 4.5.4 shows the short circuisteesult comparison between the DRM
simulation result and the exjrmental result. They are quite close, and error is
within 2.5%, with an average error of 1.135%, which is excellent for
engineering simulations. Agaithe relatively big error in the saturation region
is due to the different material usedtire DRM simulations compared to that

used in the experiment.
4.5.2 Sudden short circuit test

Sudden short circuit conditions are partant in generator performance
evaluations, and could cause great damigeot properly treated. In this
section, sudden short circuit cotidn of synchronous generators will be
simulated, and the effect of dampkars during the slden short circuit

condition will be investigatedyy using a DRM simulation tool.

Sudden Short Circuit Test; Stator line-to-line Voltage

800 ‘ ‘

UM - = T
w T

200 ‘ ‘
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-400 | ‘

-600 - ‘

0L -

Time (s)

Figure 4.5.5 Sudden short circuitest, stator line-to-line voltage
Figure 4.5.4 shows the generator statnmminal voltage waveforms during
sudden short circuit operating conditions. The short circuit happens at 3.5
seconds. It can be seenaththe stator terminal rle-to-line voltage value

becomes very small as expected.
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Figures 4.5.6 to 4.5.9 show the champiof stator phaseurrent and field
current during sudden short circuit tsgants. Due the theorem of constant
linkage [27], flux linkage in an inductmagnetic circuit tends to remain the
flux to be a constant level when thereaisudden flux change in the circuit.
Thus, rotor current respam$o the sudden changefaix generated by sudden
change of stator short circuit currerdsid very large rotor current generated.
Actually, these rotor current variatioteke place partly inhe rotor winding,

partly in other closed paths available for current flow, such as damper

windings.
Sudden Short Circuit test: stator phase A Current
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Figure 4.5.6 Sudden short circuit test stator phase current
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sudden short circuit test, stator phase B current
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Figure 4.5.7 Sudden short circuit test, stator phase B current

Sudden Short Circuit Test: stator phase C current
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Figure 4.5.8 Sudden short circuit test, stator phase C current
At the moment of short circuit of are-phase machine, the flux linking the
stator from the rotor isaught and ‘frozen’ to the abr, giving a stationary
replica of the main-pole flux. For this puase each phase will, in general, carry
a d.c. component, which will cause doffset or asymmetry in the waveform
of the stator current with respect time, and will disappear with time. The

guantity of d.c. offset depends the relagpasition of the star and rotor in the
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instance of short circuit. As can be sdem figures 4.5.6-4.5.8, d.c offset is

different for the stator three phase current.

The initial short circuit currents arlimited by the transient reactangend
sub-transient reactangg, which characterises thefeftive leakage inductance.

The steady state short circuit current, however, is limitex] bwherex, is the

synchronous reactance of the generator.

sudden short circuit, field current
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Figure 4.5.9 Sudden short circuit test, generator field current
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Figure 4.5.10 Sudden short circuit test, damper bar current

Damper winding plays an important part in synchronous machine transient. It

reduces the oscillations in currents dmadps maintain mechanical stability. As

shown in figures 4.5.6-4.5.10, compared with the machine that has damper

windings, stator phase currents of theg@ator that has ndamper winding are

lower and field current is more in adden short circuit cas&his is because

the damper bar is a part of the rotandings, and it accounts for part of flux

change in the whole rotor windings,aapfrom the field winding. A simple

comparison for the current between thachine with damper bars and without

damper bars is shown in table 5.1.

Field current Stator phase current
No damper bar generator more less
Damper bar generator less more

Table 5.1 Comparison of currents in geerators with and without damper bars
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max B in in stator tip elements during sudden short circuit test
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Figure 4.5.12 Sudden short circuit test, number of NR iterations

Figure 4.5.11 shows the maximum flux stator tooth tip elements for a
generator with a damper bar. It can seen that the stator tooth tip iron is
saturated during short circuit traesce. The number of Newton-Raphson
iterations also increased during shaoitcuit transience due to the sudden

change of the machine system state, as can be seen in figure 4.5.12.
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4.5.3 Damper bar investigation

With the help of DRM software, ¢h damper bar effects in synchronous
machines could be investigated. Figdrs.13 shows the damper bar currents in

open circuit running conditions.

damper bar current comparison
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Figure 4.5.13 Adjacent Damper bar currents
Figure 4.5.13 shows the adjacent damper bar currents. As can be seen from the
figure, there are phase offsets between the currents of adjacent bars. They are
caused by the different damper bar posgi@n the salient rotor pole surface.
Thus, current in one damper bar leads the current in the next bar following the
rotating direction. The phase offsettween the currentdepends on both the

speed of the rotor and the distance between the bars.
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Field current comparison,with and without damper bars, rated load running condition
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Figure 4.5.14 Field current canparison for generators withand without damper bars, at
a rated load running condition

Darabi [32] mentioned the damper bareeffin genset alternators, that damper
bar will introduce a slot harmonics to fileturrent, as can be seen from figure
4.5.14. Field current for a machine widlamper bars has more slot harmonics
than the one with no darepbars. Figure 4.5.14 shewhe damper bar current
with slot harmonics in it, and thearmonics frequencis tooth passing

frequency, which is 48*25=1200.

4.6 Conclusion

This chapter introduced and validatedway of modelling and simulating
salient-pole synchronougyenerators efficiently based on the Dynamic
Reluctance Mesh method. Detailsf the modelling method, including
reluctance mesh creation, the moawgjliof the non-uniform air gap, virtual
rotor teeth model in accardce with air gap meshing, and virtual damper bar
model have been described. Open dirtest and short circuit test from the
DRM model have been simulated awdlidated by experimental results.
Results have shown that the DRM model could achieve excellent results

compared with the experimental stdts. Sudden short circuit running
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conditions and the effect of dampears have also been simulated and

investigated.

Compared with the Finite Element Med, results that come out of the DRM
model are quite satisfied, both with accuracy and speed. Thus this Dynamic
Reluctance Mesh model could providefaster and more effective way of
simulating salient-pole synchronous get@rsin engineering solutions, which
can be used in further analysis such as generator system simulations and
investigations, where currently commetdt&M software was not able to cope.

This will be mentioned further in later chapters.
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CHAPTER 5 SMULATION AND INVESTIGATION OF

BRUSHLESS GENERATING SYSTEM

5.1 Introduction

In this chapter, the DRM models fbrushless generating systems, including
the models of the exciter, the rotating rectifiers, and the automatic voltage
regulator (AVR) will be discussed. TIERM model for the main generator has

been described and validated irapter 4 and will not be given here.

This work is a significant advanan conventional methods of simulating a
generator system. Normally, systenodels are analysed using programs like
MATLAB ™ Simulink where conventional siscidal dg machine models are
employed. Such machine models are very limited and neglect many saturation,
harmonic and slotting effects inherent in a practical machine. Modelling using
the detailed field models of machines is also normally confined to a single
machine at a time such as a generator. That is system models are not examined.
The work presented in this chapter includes detailed field models of both the
generator and exciter as well as models covering the rotating rectifier and AVR
all. That is the complete system ssmulated at one time with the entire
practical machine features included. Thigroach ensures that design of the
system can be highly refined and criticglerating conditios associated with

voltage recovery following a fault can be optimised.

The work presented includes an initial examination of generator and exciter
systems to show that the system chomsethe most appropriate for general
study. Generator systems normally comprise the excitation systems, which

supply d.c. current to synchronous generators field winding, although some
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small generators are sometimes built with permanent-magnet field excitations.
Since the rotor is rotating, a speciatasigement is required to get the d.c.
power to its field windings. There aseveral common approaches to supplying

this d.c. power [34] [35]:

1. Supply the d.c. power from an exterdat. generator tthe rotor by means
of slip rings and brushes, as showrfigure 5.1.1. D.c. current is generated
by a d.c. generator whose rotor is maehon the same shaft with the main
generator rotor, and themgrated d.c. voltage is connected to the main rotor
field winding through the slip ringand brushes. This excitation method
creates a few problems, when it i:edsto supply d.c. power to the field
windings of a synchronous machineintreases the amount of maintenance
required on the machine and brusbltage drop can be the cause of
significant power losses on machineghmarger field currents. Despite
these problems, slip rings and bruslveere used on smaller synchronous
machines, because no other method of supplying the d.c. field current was

cost-effective.

Generator
Sensing Only

Slip Ring

AVR

d.c.exciter F *

Figure 5.1.1 Conventional excitation of generator systems

2. There is also another choice, whishstatic excitation for the synchronous
generator systems. There are no rotagags in this excitation system, and
the excitation power is supplied frometigenerated voltage itself, as shown

in figure 5.1.2. Generated voltage frone timain generator comes to a static
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rectifier and also the AVR then d.c.reent is fed into the main generator
field windings. The advantage of thisnd of system is that it is more
compact than the first one in size, lutvill lose excitdion in the case of
generator fault, and also slip ringad brushes are needed which increase

maintenance.

Generator

Sensing and
Powering

v

Slip Ring

Figure 5.1.2 Static excitation of generator systems

. Large synchronous generators and modedustrial generators are equipped
with a brushless excitation systemsg)ich means no slip rings and brushes
are needed. Excitation is supplied mother a.c. generatownhich is called

an exciter. The exciter is a small agenerator with its field circuit mounted

on the stator and its armagucircuit mountean the rotor shafas shown in
figure 5.1.3. The three-phase output of &xeiter generator is rectified to
direct current by a three-phase rectifienrguit also mounted on the shaft of
the generator and is then fed into the main d.c. field circuit. Exciter field
winding is supplied and controlled byetautomatic voltage regulator, which
senses the voltage that comes frme main generator stator. Since no
mechanical contacts ever occur betw#enrotor and the stator, a brushless
exciter requires much less maintena than slip rigs and brushes.
However, in the case of generatshort circuit fault, there would no
excitation for the generator system, which is still a problem. Nevertheless,
this configuration is the most common and is the one to be simulated in this

chapter.
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Generator
Sensing and
Powering

a.c. exciter
Rotating Rectifiers

] AVR
=011

Figure 5.1.3 Brushless excitation of generator systems
4. To make the excitation of a gerteracompletely idependent of any
external power sources, a small pilot exciter is often included in the system.
A pilot exciter is a small a.c. gené&wawith permanent magnets mounted on
the rotor shaft and a three-phasending on the statorit produces the
power for the field circuit of the eker, as shown in figure 5.1.4, which in

turn controls the field circuit of the main machine.

Voltage
Sensing Only vr

a.c. exciter
Rotating Rectifiers

Main Generator

AVR
—— y ——

Figure 5.1.4 Brushless excitation with pilot exciter of generator system
It is not common for people to simulatee generating system including main
generator, exciter and AVR altogether, because this involves two machines and
also the power electronic componentdtses state equations need to be solved
simultaneously. For a simple mathermatimachine model, the whole system
state equations may be solved. Howevier the latest Finite Element
technology, commercial software could isathulate two machines at the same

time, although it might be possible in the near future. Darabi [36] simulated the
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brushless generator system with aalirealient-pole synchronous machine and
an exciter including AVR using FEM. kever, the exciter model was not an

FE model but a parametric model béhem self and mutual inductances.

Due to the great flexibility and effiency of Dynamic Reluctance Modelling
technology, the complete bhlsss generating systentianding the exciter, the
rotating rectifiers and the main generat@nd voltage regulator, as the system
shown in figure 5.1.3, can be simulate simultaneously. However, the AVR that
is modelled here in this chapter isitgua simple model. It would not be a
problem to utilize a more advanced Rynodel and control algorithms into the
generating system, so that the maoealistic voltage rgulation could be
investigated. Even for the brushlegenerating systenncluding the pilot
exciter, the DRM could accommodate tkiad of simulation without a great
effort. 1t would all just require moreork and the objectivlere is to show
how the full field models of two or mme machines can be incorporated with

the control algorithm quite easily using the DRM approach.

In this chapter, the complete brustd generator system, including exciter,
rectifiers and main generator and a denputomatic voltage regulator will be
modelled. The generator model using theMDRas been described in chapter 4,
and results have shown that the NDRnodel gives good accuracy from an
engineering point of view. Exciter mdtieg will be described firstly in this
chapter, and the rectifier model described next together with the system
equations and state variables. Sirtiala results are given together with
experimental results to justify this mpeof the model. Then the design and
modelling of the AVR controller is desbed. Finally, the DRM simulations
result of the complete brushless gatag system are then described and

discussed.
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5.2 Exciter Modelling Scheme

The exciter is effectivgla reversed synchronousaatine with field winding
staying on the statornd armature winding stayy on the rotor side. The
exciter geometry that is to be modeliadhis chapter is shown in figure 5.2.1.

Details of the exciter can be found in appendix 7.

Figure 5.2.1 Exciter geometry, with field winding staying on the stator and
armature winding on the rotor

5.2.1 Meshing the exciter

Based on the geometry of the exciter stator and rotor shown in figure 5.2.1, the
same kind of meshing schemes for te thduction machine given in chapter 2
are applied to the exciter discretisatiprocess. The only difference in the
discretisation from that dhe induction machine is th#tere is less number of
stator teeth in the stator of exciteor@idering that there will be leakage flux
flowing through the stator slots and rotor slots, for the reason described in
chapter 3.5, and that saturation of the teeth will probably be high, one
additional reluctance representing teakage flux crossing the slots between
the two teeth is includedlhe cross-section of the typical exciter reluctance

mesh is shown in figure 5.2.2.
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Exciter Stator

Aty Gap
Raluctances |

Exciter Rotor

Figure 5.2.2 Sections oéxciter reluctance mesh model

Hollow rectangles in figure 5.2.2 represent the iron reluctativesjrcle is the

mmf source due to winding currents, and filled rectangles are the air type
reluctances, including dage reluctances between slots and dynamic air gap
reluctances connecting stator and rateeth. The method of calculating the

reluctances is the same as described in chapter2.

5.2.2 Air gap reluctance curve of the exciter

Air gap reluctance curvemethod, which is named for method 3 in chapter 3,
can be applied to differérkinds of machines, anthe number of reluctance
curves depends on the detailed aip geeometry. There is only one air gap
reluctance curve for the induction machine due to its uniformed air gap length
and the similar width for the stator anator teeth. Several air gap reluctance
curves are essential for salient padgnchronous machines due to their
non-uniform air gap length design atite very big inter-pole area, which

makes inter pole leakage flux significant.
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By applying the method described inagiters 3 and 4, thair gap reluctance
curves for the exciter machine can be derived. In deriving the air gap
reluctance curve, the eakation coil is put on the rotcside, as has been done
with both induction machine and synohous machines. Fluxes entering into
each virtual stator tooth are then exatbd. Thus the effective flux linkage
between a virtual stator tooth and a rdimoth can be calculated for different
offset positions in the form of ¢h effective width of uniform air gap
reluctances. Figure 5.2.3 shows the aip geluctance curve for this type of

exciter machine.

e T e
T x |
N T

Effective width

-(JS -J.Z -J.l § 0}1 OTZ 0‘,3

- +<r - L

Offset (RAD)

—&— CENTRAL —%—SIDE

Figure 5.2.3 Exciter air gap reluctance curves
There are two curves in the figure, wiare for the central and side virtual
teeth for the stator respectively. 3 virtual teeth exist on the stator teeth of the
exciter, for the reason that the relativehder stator teethvidth compared to
that of the rotor. Comparison of thensilation results from different number of

virtual teeth will be made in chapter 7 later.

5.2.3 Exciter machine system equations

In creating the system equations, tlj@aions for the node mmfs are the same

for all types of machines, indendent of machine geometry.
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nz_ll¢] (o, i ;)= 0 (5.2.1)

j=0

Equation for the electrical circuit dfie field winding, which is staying on the

stator side for an exciter, is:

v, +i,R + % o (5.2.2)
dt

Equations for the electrical circuit adhe armature windings, which are

staying on rotor for an exciter, are:

de, dg

-V, [ =0 5.2.3
+R,- +Z dg o (5.2.3)

de, d¢
-V Iy =0 5.24
*Rohe Z dg, dt (5.2.4)

de, d¢
-V, 3 5.25
c+R: +Z P (5.2.5)

The dynamic equation for rotating angle is:
o, _%: 0 (5.2.6)
dt

5.2.4 Simulation results

With the dynamic reluctance mesh model up for the exciter, simulations
have been done to verify the functiog of this model. An open circuit
condition for the rotor starting with zerfield current and an applied field

voltage has been examined and tisults are shown in following figures.
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(b) Exciter stator current (zoom in view) in open circuit condition

146



Chapter 5 Simulation and Investigation of Brushless Generating System
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(d) Exciter rotor current (zoomed in) in open circuit condition
Figure 5.2.4 Exciter current waveforms in a numerical simuléed open circuit condition

It can be seen from the result thaerén is d.c. current on the stator of the
exciter, and the high frequency harmonics is caused by slotting on the rotor.
The slotting harmonics frequency is 1026*42, where 25 Hz is the rotor’s
mechanical speed and 42 is the number of rotor teeth. There is a very small
rotor current in this simulated open circuit rotor condition, because the open

circuit condition is simulated numericalby adding a very big resistance load
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to limit the physical current. The sloty on the stator side causes the

harmonics in the rotor current. The harmonics frequency is 175=25*7.

5.3 Rotating Rectifier Model

In generating systems, ghrectifier converts a.c. current generated by the
exciter to d.c. current which is fed intioe field winding of the main generator.

It is always mounted on the shafidamtates together with the shatft.

In Industrial applications, where three-ghaa.c. voltages are available, it is
preferable to use three-phase redtif@rcuits, compared to single-phase
rectifiers, because of their low rippt®ntent in the waveform and a higher
power-handling capability. The threegse, six-pulse,full-bridge diode

rectifier shown in figure 5.3.1 B commonly used @uit arrangement.

J; DI Jﬁ D2 D2
Vait) 3
Vbt R§ Fri)
Felt)

D4 zlins ZFD.S -

Figure 5.3.1 Six diodes full wave three-phase bridge rectifier

The small brushless generating system modelled in this chapter uses the
full-bridge rectifier shownn the figure above. To model each single diode in
the rectifier, different diode modelsan be used. The idealized model of a

diode is shown in figure 5.3.2.
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Figure 5.3.2 Ideal diode and its circuit symbol

When the diode is forward biased, begins to conducwith only a small
forward voltage across it, which is dhe order of 1V. When the diode is
reverse biased, only a negligibly ainleakage current flows through the

device until the reverse breakdown voltage is reached.

In the DRM modelling, each of the diodte the full wave bridge rectifier is
modelled as a voltage function withode input current [37], as shown in
figure 5.3.3. The reason why this modelsed in the DRM modelling instead

of an ideal model is that the ideal model will cause numerical difficulties due to
its complete non-linearity and the disconity of its first oder derivative. By
using the v—i characteristic shown in figure 5.3.3, the diode-i
characteristic becomes first order caobus which aids mathematical stability.
The characteristic shown in figure5.3.3 is also the real characteristic of a

practical diode.
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Diode v-i Characteristic

Current(A)

Figure 5.3.3 Practical diode V—i Characteristic
In the first quarter of the pracal diode function graph, th&—i relation of a

silicon diode is:

| =1(e" -1) (5.3.1)
wherel _is the leakage current wiiicbetween the range of 1ao 10°, and
factornpis approximately 2 for a silicon alile, but for silica diode at high
currents and for geranium diodeg,=1. In room temperature (2C),

e/ KT =40v~*. Thus, equation 5.3.1 is converted into the form of equation

5.3.2 for a silicon diode under room temperature:
| =1, -1) (5.3.2)

For the negative voltage part the practical diode function, due to its very big
breakdown voltage the diode'$—i characteristic is modeled by a very large
resistance, which limits the physical rese current in the diode model. The
value of the resistance deperals the slope of the positive—i function at

the origin to maintain a continuowope change, thus reducing numerical

solution difficulties.
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The diode model finally used in the DRsystem model is as shown in figure
5.3.4. It is build with a practical dile model shown in equations 5.3.2 in

parallel with a very large resistance.

N
>

—
| I |

Figure 5.3.4 Diode model in the rotatig rectifier model in the DRM Modelling

5.4 Equations and State Variakes for the Power Generation

Part of the System

Figure 5.4.1 shows the comf@eslectrical connectioof the generating system
except the AVR control. It can be seiat there is onlelectrical connection
between the exciter rotor windingsada the rectifiers, and also between
rectifiers and generatorelid winding. No magnetic il link exists between the
machines and the rectifiers. Thus, to model the complete system performance,
only the electrical link beteen the two machines and the rectifiers need to be

considered.
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Figure 5.4.1 Schematic generating system diagram
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To solve the current value flowing tugh each diode in the rotating rectifier,
electrical circuit equ#ons should be defined based upon the number of
independent variables in the loops. ddasng the star connected three-phase

generator winding, the circuit loop of the complete generating system is shown

in figure5.4.2.
D1 Jgoz D3
vail) % + +
T R §
Vo) o p e vig ¢ Vi e
X ng zli D& # D6

Figure 5.4.2 Electrical circuitdiagram of generating system
As can be seen from figure 5.4.2, tiecuit is actually a 3D topology circuit
and there is more than one return Idopeach a.c. winding. In order to get a
clearer view of the electral loops in figure 5.4.2, rearrangement is made to the

electrical circuit in figure 3.2, shown in figure 5.4.3.

Rf

D5 ]Z

Figure 5.4.3 Rearranged electrical circuit of generating system
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The arrow close to the element shows thference current direction of each
element in figure 5.4.3. Positive diode currents are taken to be from anode to
cathode, and winding currents the exciter rotor winicigs are taken to be

flowing into the neutral point ahe star connected windings.

To solve the electrical state of texpanded electricahetwork above, the
independent solution variables have e defined and the number of the
variables should equal the number of jpeledent electrical loops in the graph.

It can be seen that from figure 5.4tl3¢ number of independent electrical loops

is six, shown by the circulated arrows, and the loop associated with each
independent variable is marked withobed character. Althe other electrical

loops are different combinations ok#e six electricdbops shown above.

Thus, the independent solution variablee assigned as: the currents flowing

through diode®,, D,; the rotor winding cuents of the exciter phase B and C;

the current flowing through additional resistaRgg and the d.c. current in the

main generator rotor, as shown in Table 5.4.1.

Independent solving variables for currents

Exciter rotor phase B winding current

Exciter rotor phase C winding current i

Diode D4 current

Diode D5 current

Resistor R, current

Main generator rotor winding current

Table 5.4.1 Independent variables in solving electrical network in figure 5.4.3

The reason why the exciter rotor phd&end C’s currents are taken as the
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independent variables is because therratodings are star connected in this

machine, thus two variables are sufficient.

Then, the currents in other elemewtn be derived easily by using simple

additions, which are shown in Table 5.4.2.

Current Flowing through

Diode D1 current i i i
4 b c
Diode DZ2current i — i,
Diode D3current g +ige —1,—ls—1,
Diode D6 current i iy —i, —ig
Exciter rotor phase A winding current —i, —i
C

Table 5.4.2 Currents flowng through each element in electrical network
With the independent solution variableyag, the electrical circuit equations

in each independent loop can be derived, as shown in equation 5.4.1 to 5.4.6.

For exciter rotor winding phase B’s loop:

Nb%Jr R, — N, %-‘r R,(i, +i.)+volt_dio(i, +i, +i.)—volt_dio(i;—i,)=0
(5.4.1)

For exciter rotor winding phase C's loap:

dg, dg,

N, =%+ R =Ny =& + R (i, +ic) + volt_dio(i, +1, +i.) ~Volt_dio +ig; i, ~is —ic) =0
(5.4.2)

For loop i,:

N, dd"ic +Ri_—N, d(ia +R,(i, +i,) —volt_dio(i,)+volt_dio(i +iy —i, —i)=0
(5.4.3)

For loop ig:
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+Rj. =N 3% R (i 40 )—volt_dio(i,)+volt_dio(i,) =0

Nb d¢b dt

dt
(5.4.4)

For loop i,
Ry +Vvolt _dio(iy +iy —i, —ig)+volt _dio(iy +i4—i,—i5—1.)=0
(5.4.5)

For main generator rotor d.c. loop, loap :

L9 o
f?‘i_ tloe = Raglag =0 (5.4.6)

where volt _dio(i )s the diode’sv —i characteristic function.

Then the solution variable vector will be:

exciternodeO mmf potentialf,

exciternodeN,_,,.—1mmf potentialf

enode enode-1

exciterstatord.c.current
exciterrotor phaseB winding current
exciterrotor phaseC winding current
diode4 currenti,

diode5 currenti,

currentin additionalresistance,

x =| generatonode0 mmf Potentialf ,

generatonodeN —1mmf potential f

gnode

generatofield current

gnode-1

generatodampetbar0 current

generatodamperbar N, -1current
generatostatorphaseB current (5.4.7)
generatostatorphaseC current

rotatingangled
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conservatn of flux atexciternode0

conservabn of flux atexciternodeN 1

enode
exciterstatord.c.electricaloopequation
electricaloopequatiorfor exciterrotor phaseB, equatiorb.4.1
electricaloopequaitorfor exciterrotor phaseC,equaitorb.4.2
electricaloopequatiorfor diode4,equatiorb.4.3
electricaloopequaitorfor diode5,equatiorb.4.4
electricaloopequatiorfor additionalresistorgquations.4.5

F(x) =| conservatnof flux atgeneratonode0

1

maingeneratorotord.c.electricaloopequatiorb.4.6
electricalequationfor dampetbar0

conservatn of flux atgeneratonodeN

gnode

electricalequatiorfor dampetar N, -1
electricaloopequatiorfor generatophaseB (5.4.8)
electricaloopequatiorfor generatophaseC
speeckquation

Given these equations and variables dbsw the brushlesgenerating system,

the system state can be solved by the technique given in chapter 2 and 3.

Simulation results from the system model described in this chapter will be
given in next section, which include the exciter connected to the rectifier and

also the main generator apeircuit testing curves.

5.5 Simulation Results of theComplete System, Excluding AVR

Results will include the open circuit tesji of the exciter, rectifier and as well

as the main generator as a whole system.

Experimental result of the brushlesstgm including the exciter, the rectifier

and the main generator open circuititegturves are shown in figure 5.5.1.
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Experimental result of exciter+rectifiers+generator
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Generator stator line-to-line voltage (V)

1
1
|
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150 +

100 4

remanence flux line

50

: 1 .
T 10 1‘5 2‘0
| |

N
[&)]

w

o

35 40

-50 - |
Exciter stator voltage (V)

‘—O—experimental result=#= modified experimental resutt-&— resamence flux Iin%

Figure 5.5.1 Experimental result forexciter+rectifiers+main generator

It can be seen that there is an assumed remanence flux line, shown by the line
with triangle markers in the figure. This is because in the experiments, there is
remanence flux remained in the iron material. Thus this causes a different open
circuit saturation curve compared with the DRM simulation result where there

is no modelled remanence flux in the material. The remenance effect is
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particularly noticeable in the low voltage section of the saturation curve. The
small remanace in the exciter generate aiiirethe field of the main generator.
The exciter magnetic circuit uses a drfnt magnetic material to the main
generator and has in effect a shodergap thus maintaining the remanance
flux more easily. It can be seen from theulés of chapter 4 that there is little

remanance effect in the generator itself.

The remanence flux line is derived lagsuming that no remanence flux is
present at the working point, e.g. tta¢ed voltage, and zero generated voltage
is assumed when the excitation voltage is zero. A linear variation of the
remanence voltage is assumed. Aodified experimental result after
eliminating the remanence flux in therris shown in figure 5.5.1 by the line
with rectangular markers. The genedatmltage now starts from zero when
there is no excitation. Now the compansbetween this modified experimental

result and DRM result is shown in figure 5.5.2.
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Comparison of results from DRM with experimental result

550 4 ‘ ‘ ‘ 4 14
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50 f—A—rd —r — — — —
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|—0—modified experimental resuit—#——DRM_3 tip result- - & - - error in percentag*a

Figure 5.5.2 DRM simulation results in comprison to modified experimental results for
open circuit testing

It can be seen from the result comgpan in figure 5.5.2 that DRM result and
modified experimental result show perfect agreement in the region below
saturation. The bigger ddfence between the two results above the knee point

is due to the slightly different matatithat have been used in the DRM
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simulation and experiment, this is the same reason for the difference in the

open circuit test results in chapter 4.

5.6 AVR Controller Modelling

The DRM model of the exer, rectifier and main generator have been
investigated and validated in the piaws in this chapter. To model the
complete small brushless generating system, the excitation controller will now
be modelled. The design and implemeptatof a digital excitation controller

will be presented in this section, as well as the DRM simulations results.

5.6.1 Introduction

In a typical electrical pwer generation system, theaitation control system is
essential and a key component to the power systeititgtabhd controllability.

The functionality of the ecitation control system ithe structure of a power
generating system is to supply the field voltage to the main generator, as well
as to control the stability of the gerating system. Normally, the excitation
control system comprises the Automatic \oltage Regulator (AVR) and the

Exciter a.c. generator, agown in figure 5.6.1.

The first block in the middle row in figar5.6.1 is a controller, which generates
the excitation voltage needed by the exciter stator based on the voltage error
between referenced voltage value ah& main generator stator terminal
voltage value. The field voltage ofetlmain generator is fed by the exciter

output through the tating rectifiers.

The aim of the excitation system is tedp the stator terminal voltage of the

generating system equal to the reference alueThere are power stabilizers

in figure 5.6.1. The aim of adding the pemstabilizer is to add an additional

torque component to reduce the rotor kettons following transients. This is
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because the output power of the genegasiystem is depend on the mechanical
power of the shaft in steady state, b transient power idecided partly by
the control of the excitatiogystem. In the case thatkte is a disturbance, the
AVR control signal may have too many dkstions to react to the power swing.
In certain conditions [41}this adjustment by the AVR to the field current of
generator may have a negative effentthe rotor damping current. Thus the
power stabilizers are added to adjusttthree constant and transient response of

the power system and to oscillations.

Vref
+
b Ve . Vi, It
Ver \__J* Terminal voltage transducer and load compensator «—
Ifd
L»
Voltage ; |

rmu'mor v - e '-:

Vi Excitation

system <

stabilizer
Vs Power system Vst
g I E—

< stablizer

Figure 5.6.1 General functional block diagram for generator excitation control system
There have been a wide range of eximtasystem models, as can defined by
the IEEE standard 421.5 [42] [43], and@lsome modifie@xcitation models
from IEEE committee report [44]. Figair5.6.2 shows one of the simplified

models of the excitation system.

vneg vmnm—/

sKﬂhsTE?]
+E8 g )1+8 T gy

Figure 5.6.2 [44] IEEE std. 421.5 Type AC5Asimplified rotating rectifier excitation
system representations
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A practical excitation control system for the small brushless salient pole
generating system described in the thesishown in the Simulink diagram of

figure 5.6.3 [45].
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Td_botd

Stabilizing (amping)
Blodk

Figure 5.6.3 [45] The practical excitation system model for the generating system in the
thesis

In figure 5.6.3, the automatic voltagegulator, exciter, generator and the
stabilizer have all beenadelled. There are other mdsiehat have been used

for small salient pole generators [42].

However, for the brushless generatingteyn simulations in this thesis, only
the simplest excitation controls wile applied because the addition of the
control is only to demonstrate thatfull system may be modelled using the

DRM method.

The structure of the whole small bhlisss synchronous generating system to
be simulated in this thesis is shovin figure 5.6.4. A PID (Proportional,
Integral and Derivative) controllewas designed and implemented as the
automatic voltage regulator. The DRM model for the exciter, rotating rectifiers
and the main have been described aatidated in prevdus sections. This

section will concentrate on the coolter design and implementation.
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vref 4+ Verr Automatic Vr . vid Vit
Voltage >~ Exciter >
regulator

Ve

Voltagesensing <

Figure 5.6.4 Excitation control model usd in the simulation in this thesis

5.6.2 Transfer function of exciter and main generator

With the simplified model as shown in6¥4, the transfer function model of the

system takes the form shown in figure 5.6.5.

Scope2

(st+a)(stb) ' 1 ' 1 :l
s(s+c) Te.stl Tg.stl

Zero-Pole exciter gain exciter generatorgain - generator Scope

A\ 4

Step AVR Gain

Figure 5.6.5 Transfer function model of excitéion control system described in the thesis
The parameters are as shown in the graphand 7, are the first order time
constants of the exciter and generatgy. represents the delay caused by the

a.c. exciter in the brushless system tuaductances, capd@nces and filters.

It is value is normally between 0.1 absl depending on the size of the machine.

r,can be derived based on the field current growth curve of the exciter, as

shown in figure 5.6.6. Thexciter time constant is the time taken for the exciter

field current to reach 68% of the steady state value.

For afirst order system, whose transfanttion is as shown in figure 5.6.6:

J a —

R(s) G(s cE

A\ 4
|
A 4

Figure 5.6.6 First order system transfer function
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For a step inputR(s) =1/ s, the step response is given by:

a1

C(s) = R(5)G(s) = = (5.6.1)
s+a s
the step response in time domain is:
ct)=c,(t)+c,(t)=1-¢e* (5.6.2)

time constant for first order system is defined as: L , when:
a

C(t)|t=1/a - (1_ e*at )t:j_/acin = 0632:m (563)
Where c(t s system output signal, aggis system input value. Thus, the time

constant for the exciter could be derivgiden the field rising curve in exciter

stator, shown in figure 5.6.6.

Exciter field current
0.7 r

.— Stead state value of field current =0.61A
0.6 Fmm === == e e e e mm - -

0.5

/ 0.632*steady value of field current=0.38552

S
o~

I
w

Stator current(A)

0.2

0.1 r field time constant=the time when field current reach 0.632*steady state value = 0.0778

0

0 0.03 0.06 0.09 0.12 0.15 0.18 0.21 0.24 0.27 0.3 0.33 0.36 0.39 0.42 0.45 0.48
Time(s)

Figure 5.6.6 Deriving the feld time constant of exciter

And r.is:r, =0.0778&.

For the time constant of the generatog,represents any delay caused by the

generator main field winding due to its inductances (L/R time constants). Its

value is dependent on the machine that the AVR is connected to and should be

taken from available data and generatmdels. Its value is normally between
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0.25 and 2s depending on the sizenwchine. Using the same method in

deriving the time constant for the exciter, could be derived. The rising of

field current of generatas shown in figure 5.6.7.

generator field current

15 - Steady state value of field current =13.67

1 / 0.632*steady state value of fi urrent = 8.64

Current(Amps)

field time constant= the time when field current reach 0.632*steady state value=0.9533

/

0 0.2 0.4 0.6 0.8 1 12 14 16 18 2 22 24 2.6 2.8 3 3.2 3.4 3.6 3.8 4

time(s)

Figure 5.6.7 Deriving the field time constant of main generator

And 7, is: 7, =0.9533

As for the loop gain, includingK,andK, based on the experimental data
from the sponsor, the gain from the field voltage to stator terminal per phase
voltage is:

_ Qenerator stator phase voltage
exciter stator field voltage

K. K

€ 9

~1873139619 (5.6.4)

In the feedback loop where the gereraoutput voltage is sensed, the
three-phase stator voltagmlue has to be transforohdo a single value, in
order to compare with the single refezervalue. In a practical AVR controller

or complicated models, shown in figuBe6.3, this is done by the voltage
detector. Here in the simulations in this thesis, the stator terminal voltage

needed by the controller was deriveaimerically by transformation using the

commutator and three phase to two phage/) transformations [32]. Thus

the delay caused by the v@tadetection was neglected.
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The transformation in DRM program from the three phase, C) magnitude

value to two phaseq, #) value is as shown below:

X, _\F 1 -12 -12) o
x|~ 5'{0 J312 _@/zkb (5.6.5)

where x represents the stator voltage magnitude

The transformations yield the peak value of the a.c. voltage multipli%%by

The commutator transform converts the two phase a.c. representation into two
phase direct voltage representation o& dhand q axes and the peak value is

extracted from by squaring these gqmnents, adding them and taking the

square root. Thus,, = % A2=1.732.

Then this magnitude will be fed back to the controller, as shown in figure 5.6.8

below.

genset olitput voltage, per phase

(s+a)(s+b) b 1 p
s(s+c) Te.stl

Step AVR Gain Zero-Pole exciter gain " exciter generator gain  “generator 3-2 voltage transfoym ~ Scope

Figure 5.6.8 Simulated voltage sensing in DRM simulation
Considering all the gains included inettoop, the transfer function for the

exciter and the main generator finally becomes:

KKKy 4374431167
(r.s+1)r,s+1) (s+128534704)s+1.04898772]

G,(9) = (5.6.6)
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5.6.3 Design of PID controller

A typical structure of a digital PID contter [46] [47] [48] is shown in figure
5.6.9.

» Kp
Verr *
Vref + + Vr
> Ki/s
Ve *
» s/ (1+T¢s)

Figure 5.6.9 Digital PID controller used in this thesis

Where, K, is the proportional gain;K;is the integral gain;K; is the
derivative gain;T,is the low pass filter time constant. And the relationship

between these coefficients and the integral time constant, derivative time

constant are:

K =—2 (5.6.7)

Ky =K,7p (5.6.8)

and the digital PID controller’s trafer function is in the form of:

(K,

K K K K
+"T“')sz+(_|_p +—P)s4+ P
G, (s) = f

f T Ak

1 (5.6.9)
s(s+_|_—)

f
Using the controller design technique continuous domain, the root locus
controller design method is used. Intuitiyetlvo zeros in ta controller will be
added close to poles of the exciteldahe main generator [46]. And another
pole in the controller is added to ensure the root locus passes through the
design point. Details of the controller design procedure for the brushless

generating system described in thiedis can be found in Appendix 5. The
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controller is designed toave a damping ratip= 0. ,80 guarantee that there is

not a large overshoot, and the natural frequeney #s25Hz .

Designed controller’s transfer funatiof the controller takes the form:

5.614s+19)(s+4)

s(s+100) (5.6.10)

G.(s) =

where for digital PID controller,K =1 259 7;=0.3, 7,=0.035,

T, = 001

In order to use this continuous DPlcontroller in computer code, Z

transformations have to beade. The transfer functicafter Z transformations

is:

V. () =K.E(t)- (@2B+C1+e™) - AT)E' (t-T) +(B+Ce™ — ATe™")E’ (t - 2T)
+(L+eNV (t-T)-e™V, (t-2T)

(5.6.11)
where V', (t )is the output voltagef the controller, E’ (t js the error input for

the controller,

K, =5.661
Ao K194
100
B=K,-C
c - (K (19+4)-A)
100
a=100 (5.6.12)

sample time used in DRM simulation is 0.01s, and the details of the controller

design can be found in Appendix 5.
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5.7 Simulation Results of TheComplete Brushless Generating

System, Including AVR

With the AVR controller modelled, & complete system model for small
brushless generating system can beupewith the DRM modelling technique.
This section will simulate the suddenly load apply case for the system to look

into the voltage dip of the system.

A reference voltage for the generated \gdtaf the main generator is put into
the system, and numerically simulate@en circuit operang condition is
applied from Os to 1.5s. Rated electrical load for the generator is applied
suddenly to the generatond voltage dip happens at5s in the simulation.
Results are shown from figures 5.7.1 to 5.7.6.
Stator generated voltage/phase
100

300 —

200 |

Generated voltage (V)

-200 -

-300 -

-100 ‘

40—

Figure 5.7.1 Generated stator per phase voltage for the complete generating system
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Error (Volts)

Figure 5.7.2 Error between reference voltage value and feedback voltage value
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Figure 5.7.3 AVR controller output value

Figures 5.7.1-5.7.3 show the generated main generator stator voltage waveform,
the system error and AVR controller output waveform in a numerically

simulated open circuit case. It can leers that the system®&vershoot is small

and the response time is fast.

170



Chapter 5 Simulation and Investigation of Brushless Generating System

Stator generated voltage/phase
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Figure 5.7.4 Generated stator per phase voltage for the complete generating system
during a voltage dip
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Figure 5.7.5 Error between reference voltage value and feedback value during a voltage

dip
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AVR controller output
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Figure 5.7.6 AVR controller output value during a voltage dip

From figures 5.7.4-5.7.6 it can be sdabat during a sudden load apply, the
AVR controller response fast to theatb change, and remain a constant

generated voltage for the complete system in steady state.

5.8 Conclusion

This chapter modelled and simulated the complete brushless generating system
based upon the salient pole synchrongeiserator model described in chapter

4 using the DRM modeliig technique of electrical machines. A brief
introduction of the brushless system wgsgen first in thebeginning of this
chapter, followed by the DRM model of the exciter as well as the simulation
results for the exciter only. Models suitable for numerical simulation for the
rectifiers and system state variables and equations describing the system’s
behaviour are also given. A compansof the DRM simulation result with
experiments are made and it is showat tthe DRM result has an excellent

agreement with experimental results.

To model the complete brushless gatiag system, an AVR controller is

added into the system model, desigigdroot locus technique to be a PID
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controller. DRM simulations incorporating controls for the complete system are

made, and results show that the AVRrk&fine in a voltage dip condition.
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CHAPTER 6 MULTIPLE MACHINE SYSTEM-
CAascaDED DouBLY FED INDUCTION MACHINE

SIMULATION

6.1 Introduction

In previous chapters, DRM modelj of small salient-pole synchronous
generator and the modelling of brustdegenerating system, including exciter,
automatic voltage regulator, rotating rectifiers and the generator, has been
investigated and validated. It hagem shown that DRM modelling of an
electrical machine is an effective afhekible method, and its application could
be further extended to the simulation and investigation of multi-machine
systems. Such a system is a cascatbedbly fed induction generator for use in

wind energy generation.

In this chapter, the multiple-machingystem-cascaded, doubly-fed, induction
generator, which is a research interaghe field of wind energy generation in
recent years, will be modelled andnsiated by the Dynamic Reluctance
Method. Simulation results in the respetpower flow and frequency changes

in the cascaded doubly fed induction machine system will be discussed. In the
beginning of this chapter, some simpi&roduction of the application field of

cascaded machine is presented.

Renewable energy, such as wind ggehydro energy, geothermal energy and
solar energy invokes great interest thgsars, due to the increasing concerns
for the environment and finite hyatrarbon resources. These renewable
energies are clean energy suitable ttoe next century, and have minimum

environmental impact.
Among these energy sources, wind andrbydnergy are the most widely

adopted renewable approaches for indaisélectricity gengation applications.
For example, more than 20% of dhegty consumption in the west of
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Denmark is provided by wind energy [4%nd their utilization is felt to be
very promising to help provide thetfue energy requirements. Offshore and
remote regions offer great potentiat fxploiting wind energy. Research into

cost effective solutions for such Idmms is currently being carried out.

Many wind energy generation systems hbeen proposed over the years [16]
[50] [51]. Current maximum power ratjs are around 5 MW £ [53] but are
increasing with time due to developnt®mn technology. From the electrical
machine point of view, wind energy generators could be classified as
asynchronous generator, synchronous gdoes and even reluctance rotor
machines. Asynchronous generators are most common for a small rating wind
generating system under 2MW, and direct-driven permanent magnet

synchronous machines are gmeéd for a larger rating.

Many types of wind generators haveel proposed and validated, among them,

the common type of wind generating system can be shown in figure 6.1.

grid

soft {
starter \
| transformer
Induction machine | | |
1

v capacitor bank

Figure 6.1.1 Fixed speed wind generating system

Figure 6.1 shows a fixed speed winchgerting system, with capacitor bank
staying on the stator side,theen the grid and the gaator, which is a widely
used commercial choice due to its simplicity in design and low cost. The
machine has normally two set of statandings with different pole numbers,
thus implement fixed frequency curratittwo different shaft speed. Although
this kind of fixed speed system is reliable and simple, it limits the power output
of the wind generating system beocaud the capacitor bank. Efficiency in
power extraction from the wind is criitin defining the economic limit of

application of a wind turbine.
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grid
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transformer

Gearbox

Induction machine converter

Figure 6.1.2 Variable speed wind generatig system with stator side converter

For a variable speed wind generatisgstem, figure 6.2 shows one of the
system arrangements. Power of a ecagtor induction generator can be
controlled and improved by a power corteerconnecting t@enerator stator,

and a unity power factor operation is possible [16][51]. The stator side power
converter supplies the requireeactive power and aldwndles the full active

power generated by the machine. Tikialso commercially available.

However, the full-power converter ahown in figure 6.1.2 has to handle all
the power transmitted to the machine, and normally the converter would be big

and expensive.

i i
pe| T

converter

Figure 6.1.3 Variable speed wind generatig system with rotor side converter

To reduce the cost and size of the powenverter, nowadays research from
wind energy generation is concentratedthe so-called doubly-fed induction
machine, which is a three phase a.c. machine with twessibbe three phase
windings from which power can be fed @o extracted fromilt has a back-to-
back converter connected to the rotoitled generator thrgih a slip ring, and
stator connected to theidrdirectly. In this case, power converter rating

depends on the range of the operatingeslp and it only needs to handle the
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slip power of the machine, thus tkeze and cost of the whole system are
reduced substantially. But, maintenagost would be high due to the presence

of slip rings and brushes.

Viable alternatives for the doubly fenduction machine have been proposed to
get rid of the slip rings and brusheshich are called brushless, doubly-fed,
induction machines [51]. The cascaded doubly fed induction machine, as

referred to by Hopfernsperger [28H], is one of the alternatives.

6.2 Cascaded Doubly-fed Induction Machine in Wind Energy
Technology

A single doubly fed induction machingDFM) [54], has the topology as
shown in figure 6.1.3. The stator windi of a wound rotor induction machine

is connected to a stiff voltage supply and the rotor winding is connected to a bi-
directional power converter. The main dimek of this kind of arrangement is
the slip ring brushes combinatio20]. The brushless doubly fed induction
machine is designed to take the slipgrand brushes out of the machine system.
Cascaded doubly fed induction machi(@DFM) is one of the brushless

arrangements.

Cascade doubly fed induction machine is the arrangement that connecting two
wound rotor induction machine togethengchanically ancklectrically. The

two machines stay on the same shaifi one stator winding is connected to
the grid, while the other stator windingdsnnected to the power converter. Its
structure is shown in figure 6.2.1. Since two rotors have a stiff mechanical

coupling no brushes are need fioe slip ring connection.
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converter

Figure 6.2.1 Cascaded doubly-fed induction machine (CDFM)
Excitation to the rotor of machine A figure 6.2.1 is transferred between the

stator of the induction machine thatcisnnected to the converter (machine B)
to the machine that is generating (machine A).

There are two kinds of electrical connection for the cascade doubly fed
induction machine: positive phaseqaence connection dnnegative phase
sequence connection. Positive phase sequence results by connecting the rotor
windings together with the same phasguence. And negative phase sequence
result by swapping the phase sequenceside 3 of machine B. If the two
machines mechanical coeeted in series, as tlease in figure 6.2.1, with a
negative phase sequence &ieal connection, the ratiag flux field on the two
rotor would be opposite relative to thmetor, and the developed toque for
machine A and B are co-acting in tlegative connection case. However, if
the rotors are connected positive connection electally, the rotating fields
have the same rotating direction. Theveleped torque is counter-acting for
this negative sequence connection [S5&herefore, with the two machines
connected in series mechanically,yotlie negative phase sequence connection

of real importance is undeowsideration in the thesis.

But, things would be different for aabk-to-back machine arrangement [54]. A
positive phase sequence would be appropriate for back-to-back connected
cascaded machines, to generate caigdbrque on the two machines and also
generate opposite direction rotor rotating flux fields relative to the rotor. In this
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case, the positive phase sequence is of importance and could be generating the

current with the frequency that is needed.

As mentioned in reference [20][54§p the resulting frequency relationship
for a CDFM machine connected in serletween machine stator current and

rotor currents is:

fi=(PatPe)fn—Ta (6.2.1)
wheref, andf, are the stator side frequenciesside 1 and side 4 for machine
A and machine B in figure 6.2.Jp, andpgare the number of pole pairs in the
two machines,f_ is the mechanical rotor fregncy. In the 4 pole, cascade

machine system described in this thetfis,stator of machine A is connected to
the 50Hz electric grid. Side 2 and 3 &entical apart from the phases due to
the negative phase sequence connections. The CDFM machine reaches the

synchronous point of machine A at 750 rpm, while=f,= . Ohe
relationship of these frequaes is shown in figure 6.2.2.

Frequency relationship in cascaded doubly fed induction machine (series connection)
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Figure 6.2.2 Frequency relationship in seriesonnected cascadedoubly fed induction
machines

As seen from figure 6.2.2, in synchron@peed, which is 750rpm in the case
that is considered here, the converterostaide 4 frequencis O, d.c. voltage is
supplied to the converter side maa@hiB, and 50Hz current should come out

from the grid side stator in machine A. In other shaft speed cases, where shaft
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speed is above or below the synchronous speed, the frequency on stator side of
grid side machine A would be changedtygative or positive according to the
frequency characteristic\g@n in figure 6.2.2. In anbér word, from the power

pint of view, electric poer flow into the cascaded doubly fed induction
machine system with a shaft speed lptian synchronous speed, and flow out

of the system in the higher shajpeed than synchronous speed, wiigis

positive. P.s. assume power flowingtanthe cascaded machine system is

negative in sign, power flowing into the grid is positive in sign.

In later simulations of cascaded machgystem presented in this thesis, two
typical cases: shaft speed to be 550 gmd 950 rpm, will be considered and
simulated. The frequencies in the stator terminals, rotor windings, as well as
the powers that are flowing in or out of the system, will be investigated.

However, the DRM modelling of cascaded machines will be described next.

The advantage of DRM modelling ithat saturation, skew, phase belt
harmonics and tooth harmonics can all be examined in detail and their
influence on system performance assessed. These practical issues of
implementing a large system might well cause problems for the control and
power electronic componentk. has already been o®nstrated in chapter 5

that incorporation of these elementdo DRM simulations can be readily
achieved. It is thus possible to sintelan detail the complete wind energy
recovery system and examine designng/es to obtain a viable solution quite
quickly. The following work however concentrates solely on the electrical

machine aspects.

6.3 DRM Model of Cascaded Dobly-fed Induction Machine

Detailed DRM model of induction mackis has been introduced and improved
in chapter 2 and 3 separately. Here is tthapter, the concentration would be
the electrical and mechanical contiea of the two cascaded machines.

180



Chapter 6 Multiple Machine Sysem-Cascaded DFIM Simulation
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Figure 6.3.1 Electrical and mechanical conneitin diagram of cascaded machine system

As is shown in figure 6.3.1, machikeand machine B are connected on the
same shaft, and in series sequeneehanically, different from the back-to-
back mechanical connection used irierence [54]. With this mechanical
connection, in order to generate consfaequency under different shaft speed,
the negative phase sequemrtectrical connection betwedime two rotors has to
be utilized, as mentioned in previossction in this chapter. In figure 6.3.1,
phase B and phase C of the rotors tfee two induction machine have been

swapped, for a negative phase sequence.

The electrical loop connection betwedime connected rotors in the two
machines is shown in figure 6.3.2. The out&p, loop B, ighe electrical loop
that connects phase B in machine B phdse C in machine A. The inner loop,
loop C, is the electrical loop thatrmeects phase C in machine B and phase B

in machine A.
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shaft

machine B machine A

Figure 6.3.2 Electrical connection loop beteen the rotors in cascaded induction

machines

The electrical loop equation for outer loop B is:

¢]b d¢1a ¢Zc d¢2a

Rl.bl +R1a(| +|)+N2<: RZcb 2a +R2a(| +|) O

(6.3.1)

and the electrical loop equation for loop C is:

¢1c d¢1a ¢2b
dt

+R2bc_ 2a ¢2a+R2a(| +|) 0

+ Rl = Ny, + R (ip +ic) + Ny — =
(6.3.2)

Where, subscripts 1 and 2 means the first machine, e.g. machine B, and the

second machine, e.g. machine A. The independent varidds are the phase

B and phase C current of machine B, as shown in figure 6.3.2.
The mechanical connection of the twaachines is quite simple: they are
connected to the same shaft in sersag] the shaft speed is fixed numerically

to a constant value during the simulation.

Therefore, the system variables tbe cascaded doubly fed induction machine

system are:
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machineB node0 mmf potential

machineB nodeN; —1 mmf potential
machineB statorphaseB current
machineB statorphaseC current

two machinegommorrotor currenti, (6.3.4)
X =| two machinegommorrotor currenti,
rotor rotatingangle

machineA node0 mmf Potential

machineA nodeN, —1mmf Potential
machineA statorphaseB current
machineA statorphaseC current

and the equations that describe the cascade machine system are:

conservabn of flux in machineB atnode0

conservatnof flux in machineB atnodeN, -1
machineB phaseV ,;electricakquaiton
machineB phaseV ,.electricakequation
equatior6.3.1,loopB (6.3.5)
F(x) =| equaitor6.3.2,JloopC

speecequation

conservatn of flux in machineA atnodeO

conservabnof flux in machineA atnodeN, -1
machineA phaseV ,;electricakequaiton
machineA phaseV,.electricakequation

Having these system equations and systariables, the system state could be
solved by using the globally comgent Newton-Raphsomethod mentioned
in chapter 3. The simulation result wile shown in next section, and also

some discussion of the results.

6.4 Simulation Results

In this section, the DRM simulath results of the cascaded doubly fed
induction machine system will be discussed and investigated. Currents and

power flow between the machinasd terminals will be shown.
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Three operation circumstances of the system will be considered: sub-
synchronous speed, synchronous speed and super-synchronous speed. The
machine system is two identical indiwnn machines, with 4 poles each with 48
stator slots and 36 rotor slots. The quich of the machine stator winding is

10 and 8 for the rotor winding. Furthdetails can be found in appendix 2.
Synchronous speed of this system is 750 grstated in the previous section.

The super-synchronous operation case 980wl be considered as a typical

case in this section, while subr&ronous case would be 550 rpm. The
operation range of this turbine would 63 p.u. to 1.26 p.u.. Rated load at
1.0pf is applied to the grid side of the machine system, and the load is star

connected.

6.4.1 Sub-synchronous speed, shaft speed - 550 rpm

When the shaft is rotating at sub-synchronous speed, a low frequency a.c
voltage source is applied to the stator side 4 of machine B, through the
converter. Normally in a controlledascaded doubly fed induction machine
system, the frequency and the appliedage are controlled by the converter.
However, in the discussion and simulatiarthe thesis, a voltage source with
fixed frequency and voltage value, whits decided by thehaft speed, is
applied to converter sideagor directly, and no contrdetails will be discussed

here. Frequency relations in sub-synchronous speed, which is 550 rpm, can be

seen in figure 6.4.1.
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Figure 6.4.1 Frequency relations in sub-synchronous speed — 550 rpm for CDFM

As can be seen in figure 6.4.1, 1342 frequency stator voltage source is
applied to the converter sidéator, e.g. side 4, thtise stator fluxield rotating

in a counter-clockwise direction. Thfsequency is determined by the shaft
speed (electricalwith respect to the synatmous speed othe cascaded
machine system. The desired generatrequency is 50 Hz, which comes out
of side 1 of machine A, consideritige shaft speed is sub-synchronous speed,

thus the slip frequency should bapglied by the converter. Thus, current

frequency for side 4 in machine B should 75(;;350) -50Hz = 133Hz.

In order to generate a stBatorque in electrical maates, the stator flux field

and rotor flux field have to remain stationary with respect to each other, thus
the resultant rotor flux field rotating epd and direction has to be the same
with that of stator. In @chine B, rotor is sitting on the shaft, which rotates at

the electrical frequencyZ%): 1833Hz (each induction machine has 2 pole

pairs), and it is opposite to rotation of staflux field. Thusthe rotor flux field
rotation direction with respect to theashshould be counter-clockwise and its

frequency is1833+ 1333= 3167Hz. Due to the negative phase sequence
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connection between the twamtors of the CDFM system, rotor flux field
rotation direction in machine A is clockwise, which is the same direction with
the shaft rotation, as shown in figure @.4To remain the flux field in stator
and rotor to be the same in machine A, stator flux field frequency will be the
sum of the electrical rotation frequencytbé shaft, which is 18.33Hz, and the
rotor flux field rotating frequency with respt to the shaft in machine A, which

is 31.67Hz. Thus, the generated ataflux field rotation frequency is
18.33Hz+31.67Hz=50Hz.

Figures 6.4.2-6.4.4 show the statodaotor current waveforms in machine A

and machine B for CDFM system in sub-synchronous speed.

converter side stator (machine B) current@ 550rpm

o Tiééjiiii
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Figure 6.4.2 Converter side (side 4nduction machine stator current waveform

Current frequency in figure 6.4.2 is 1342, as what is expected according to

the analysis in previous context.
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Rotor phase A current@550rpm
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Figure 6.4.3 Cascaded machine tor phase A current (side 2 & 3)

Rotor current frequency in figure 634is 31.67Hz, as what is expected.

grid side stator (machine A) current @ 550rpm
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Figure 6.4.4 Grid side statorcurrent waveform (side 1)

Figure 6.4.4 shows the generated statorent waveform for machine A, its

frequency is 50 Hz, as what is expected.

From the DRM simulation result in figur@4.2-6.4.4, it can be shown that
DRM could simulate the cascaded doubly fed induction machine system
voltages and currents in both machirfesllowing context will show that DRM
could also be used to analyse the pofi@v conditions in cascaded machine

system.
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The power flow conditions in sub-symonous speed for CDFM are shown in
figure 6.4.5.

mechanical power (shaft power) generated electrical power (machine A)
—_— side 3 side 2

AC

converter electrical power (machine B)

Figure 6.4.5 Power flow condition in sub-synchronous speed

Mechanical power flow into the cas@&t doubly induction machine system
through the shaft, and shaft speed i®Wwethe synchronous speed in this sub-
synchronous speed case. Bessathe shaft speed is lower than the synchronous
speed, converter electrigabwer will flow into thecascaded machine system,

as shown in figure 6.4.5. Power relations for the cascaded machine system
speed condition would be:

(6.4.1)

|Pmech| = Pconverter dectrical T Pgenerated dectrical T |Ross|
In the sub-synchronous speed casenverter electrical power would be
negative (assume power flowing inteethascaded machine system and power
loss is negative in sign), and generagdelctrical power in side 1 would be
positive (assume power flowing into the grid is positive in sign). Power flow

simulation by DRM method is shown in figure 6.4.6.
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Power flow relations@550rpm
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Figure 6.4.6 Power flow relaibonship between terminals in sub-synchronous speed

As can be seen in figu&4.6, the steady state mecical power is —8.9KW,
generated electrical power is 9.6KW, converter electrical power is -5KW. If no
power loss is considered, the converter side machine should be coping with slip
frequency power, but it isot the case in the simulations here. This is due to
the induction machine simulatdere is of small ratingshus the copper loss is
relatively bigger in percentage than the machine with larger ratings, and power
loss have to be considered to mgk@wver transformation consistent. From
equation 6.4.1, the power loss of tikole system would be around 4.3 KW.
Total system copper loss from DRMrgilation is shown in table 6.4.1.

Copper | Stator | Stator Stator | Rotor Rotor copper Rotor | Machine

loss current | copper copper | current | loss/phase(kW)| copper | total
(peak) | loss/phase| loss (peak) loss (kW)

(kW) (kW) (kw)

Machine | 27 A 0.38 1.14 25A 0.326 0.978 2.118

B

Machine | 26 A 0.353 1.058 | 25A 0.326 0.97§ 2.036

A

System 2.198 1.956 | 4.154

total

Table 6.4.1 Copper loss for sub-synchronous speed operating condition

189



Chapter 6 Multiple Machine Sysem-Cascaded DFIM Simulation

The power loss difference between 4.3 KA the copper loss, which is 4.154
KW, would be the computation errorsaused probably by the inaccurate
calculation of the rms value of curremsring the loss calcations as well as

harmonics losses.

6.4.2 Super-synchronous speed, shaft speed - 950rpm

For super-synchronous speed, the frequastations between the stator flux
and rotor flux fields for the two inducin machines are different from that of
sub-synchronous speed.

side 4 stator flux retation frequency side 1 stator flux rotation frequency
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Figure 6.4.7Frequency relations in super-synbronous speed — 950 rpm for CDFM

Figure 6.4.7 shows the frequency relations for super-synchronous speed. Flux
field rotating direction fothe stator flux field for enverter side machine B is
opposite to that of sub-synchronous spéetl such cause the machine B rotor
flux field rotating frequencychanged with respect tghaft. With a different
mechanical speed of the shaft, andoaresponded rotor flux field frequency,

50 Hz stator current comes out of the@taerminals of the grid side induction

machine, thus, a constant frequency, variable speed cascaded doubly fed
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induction machine system is fulfiled. @ants in stator and rotor in the

cascaded machine system could be shown from figure 6.4.8 to 6.4.10.

converter side stator (machine B) current@950rpm
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Figure 6.4.8 Converter side (side 4nduction machine stator current waveform

Stator current frequency of machineiBfigure 6.4.8 is 13.3 Hz, calculated
based on the running condition of the shaft speed. It is the frequency of the

applied voltage through convertto machine B’s stator,.

Rotor phase A current@950 rpm
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Figure 6.4.9 Rotor currentwaveform (side 2 & 3)

Rotor current frequency in super-synmmous speed 950 rpm in figure 6.4.9 is

18.33 Hz, as what is expected in figure 6.4.7.
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Figure 6.4.10 Grid side (side 1) indction machine generated current waveform

Figure 6.4.10 shows the generated statorent waveform for machine A, its

frequency is 50 Hz, the saméth theoretical value.

Power flow relations in super-synchronaeed are shown in figure 6.4.11.

mechanical power (shaft power) generated electrical power (nachine A)
—_— side 3 side 2

AC

converter electrical power (imachine B)

Figure 6.4.11 Power flow conditn in super-synchronous speed
For super-synchronous speed running comai power relations inside the
cascaded machine system follows theme power relations as shown in
equations 6.4.1. But, due to the super-synchronous speed the system is
operating, converter eleatal power will flow out of the machine system
instead of flowing into, as showhy the arrow in figure 6.4.11. DRM
simulation for power flow condition irsuper-synchronous running state is

shown in figure 6.4.12.
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Power flow relation @950 rpm
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Figure 6.4.12 Grid side induction macime stator current waveform (side 1)

As can be seen from figure 6.4.1@neerter electrical pogr changed the sign

to positive, which means power is flowirnyit of side 4 to the grid. This is

what is expected in theory. The maaltal power is -33.7KW, generated
electrical power is 19.07 KW, andetlconverter electrical power is 6 KW.

From equations 6.4.1, power loss oé twhole system would be around 8.63
KW. Total system copper loss frodRM simulations for super-synchronous
speed 950 rpm is shown in Table 6.4.2.

Stator Stator Stator Rotor Rotor Rotor Machine
current | copper copper | current | copper copper | total
(peak) loss/phase| loss (peak) loss/phase| loss (kW)
(kW) (kw) (kw) (kw)
Machine | 40 A 0.835 25 356A | 0.66 1.98 3.48
B
Machine | 36 A 0.676 2.03 356 A | 0.66 1.98 4.01
A
System 4.53 3.96 7.49
total

Table 6.4.2 Copper loss for super-synchronous speed operating condition

Power loss difference between 8.63 lAd 7.49 kW copper losses is the

computational errors.
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6.4.3 Synchronous speed, shaft speed - 750 rpm

In synchronous speed, d.c. voltage ppleed to the statoof converter side
machine, as shown in figure 6.4.13.
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Figure 6.4.13 Frequency relations in synchronous speed — 750 rpm for CDFM

As can be seen from figure 6.4.13, stator flux field for machine B is stationary
due to the d.c. voltage applied to iffo maintain the same direction and
frequency of the stator flux field, rotflux field rotating direction would be in

the opposite direction to th&haft rotating dection with respecto the shaft,
such that the total rotor flux field walilbe stationary to the frame. After
machine A’s rotor flux field rotating dection is changed by swapped phases,
50 Hz stator currents are generated froachine A, side 1, as shown in figure
6.4.13. Figure 6.4.14 to 6.4.16 show the current waveform of synchronous
speed running condition for CDFM.
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Converter stator phase C current (side 4J@750 rpm
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Figure 6.4.14 Converter side (sid 4) stator current waveform

Figure 6.4.14 shows the three-phaseostatirrent of machine B. Phase B and
C are d.c. current practically, and ph&seurrent is zero in steady state. This
is due to the O frequency sinusoidal wiaven applied the stator terminals in
machine B.
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Figure 6.4.15 Cascaded machine tor phase A current (side 2 and 3)
Rotor current frequency is 25 Hz, asawls expected isynchronous running

condition.
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Generated stator current (side 1)
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Figure 6.4.16 Generated grid sidstator current waveform (side 1)

Figure 6.4.16 shows the generated statorent waveform for machine A in

synchronous running condition, its frequems¥0 Hz, as what is expected.

In synchronous speed, converter poweldrdndles the power to iron loss, as
have been stated in previous sectidAswer flow condition can be seen in
figure 6.4.17.

mechanical power (shaft power) generated electrical power (nachine A)
—_— side 3 side 2

AC

converter electrical power (imachine B)
Figure 6.4.17 Power flow condition in synchronous speed for CDFM system

Converter power is supposed to flewing into the CDFM system to
compensate for the system losses. Power relations as shown in equations 6.4.1
should be satisfied. DRM simulation restdt power flow is shown in figure
6.4.18.
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Power flow relations @750 rpm
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Figure 6.4.18 Power flow relationshipbetween terminals in synchronous speed

As can be seen in figure 6.4.18, theamanical power in steady state is 4.09
KW, generated electrical power is 3.8%/, and converter electrical power is

0.414kW. From the calculation in equatiofg.1, the total power loss in the

system would be around 1.384 kW.tdlosystem copper loss from DRM

simulations is shown in Table 6.4.2.

Stator Stator Stator Rotor Rotor Rotor Machine
current | copper copper | current | copper copper | total
(d.c) loss/phase| loss (peak) loss/phase| loss (kW)
A (kW) (kw) (kw) (kW)
Machine | 14 A 0.204 0.408 14 A 0.102 0.306 0.714
B
Machine | 15 A 0.117 0.352 14 A 0.102 0.306 0.658
A
System 0.76 0.612 1.372
total

Table 6.4.3 Copper loss for synchronous speed operation

The power difference between 1.372 KWaf copper loss and 1.384 kW for

total system loss is due to computational errors.

With the help of DRM simulation, thigequency relationship and power flow
conditions in three operations sté&be cascaded doubly fed induction machine

have been simulated and analysed. Omggtheeds to be pointed out is that;
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obvious harmonics distortion can be gpdtin power flowconditions figures
for all of the three runningonditions. This is due tthe slot harmonics in the
two machines, and might cause contradlppem for the controls in cascaded

machine systems.

6.5 Conclusion

This chapter extends the DRM modelling method further to the modelling and
simulation of the multiple-machine, system-cascaded, doubly-fed, induction
machine system, which involves two caded induction machines to replace
the slip ring in doubly fed inductiomgenerators. Simulation results are
investigated considering sub-synchous speed, super-synchronous speed and
synchronous speed respectively. Power flow conditions and current frequencies

are investigated as well.

There are slotting harmonic effects whishow through as distortion in the
current waveforms and are clearer i thower waveforms. These effects in
this case are not particulayrong but could fall into the current bandwidth of
the current controllers of a practicalstem and may well cause voltage
distortion. However, the siulation here is for small power machines which are
skewed thus substantially suppressing #fotting effects. Skewing is much
less common in high power machineslgractical designs may therefore see
considerably greater slotting problemghiiy are not designed appropriately.
The DRM approach obviously has the capgbib assist fully in exploring and
controlling these design problems.
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CHAPTER 7 RELUCTANCE MESH TOPOLOGY
INVESTIGATION IN THE DYNAMIC RELUCTANCE

MESH MODELLING METHOD

7.1 Introduction

Dynamic Reluctance Mesh modelling & effective way to model and
simulate electrical machines and multiple machine systems, as have been
studied and validated in chapter 4, 5 and 6. The accuracy of the simulation
results from DRM model depends on maspects, including the topology of
the reluctance mesh, the numerical parameter settings as well as the solving
accuracy of the solver. Among them, topology of the reluctance mesh is a

key factor.

However, the creation of ¢htopology of reluctancenesh is determined by
experience, based on the prior known knalgke of the flux distribution inside

the electrical machines, both the iron part and the air gap part. Different
topology of reluctance mesh will givefidirent machine simulation behaviour;
and the different modelling of the aap region, which involves leakage flux
modelling, gives the most differences.

This chapter will concentrate on thdliuence of reluctance mesh topology on
machine simulation results. The inflwenof the modelling of slot leakage flux

in induction machines; the discretisationsbétor tooth tips in exciter and the
discretisation of salient pole iron pawill be investigated and discussed
separately. The objective of the work in this chapter is to determine what is
important in reluctance mesh creatibased upon the prior knowledge of flux
distribution in the machine.
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7.2 Induction Machine Reluctance Mesh Investigation

As described in section 3.5, there lakage fluxes flowing linking windings

in the stator and rotor slots, thus, additional reluctance representing leakage
flux between stator and tar teeth needs to be added, as shown in figure 7.2.1.
Topologies using 1, 2 and 3 mmfs aredelled in the tooth part of the
induction machine, with correspondsltaeluctance representing leakage flux,

2 reluctances and 3 reluctances.

Figure 7.2.1 Induction machine reluctance mesh topology

considering leakage flux across slots

In each case, if the magretsteel of the teeth iperfect and has infinite
permeability, the leakage flux values obtained will be the same. However, with
finite permeability and particularly it high levels of saturation the three

models will not yield the same leakage flux.

Figure 7.2.2 shows the DRM simulati results for a non-skewed rotor
induction machine, with 1mmf, 2mmfsand 3mmfs in stator and rotor
reluctance mesh. Reluctances represesitage fluxes in between stator and
rotor slots and are calculated by leakegjactance calculadinh method given in

section 3.5.
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Figure 7.2.2 DRM simulation result of inducticn machine speed rising curve, with Immf,
2mmfs and 3mmfs in reluctance mesh

As can see from figure 7.2.2, the simwatiresults from the reluctance mesh
with 2mmfs and 3mmfs giva better agreement to FEM result compared to the
result given by 1mmf. Theeason is that the slope thie acceleration curve of
the induction machine depends the rate of se of flux and current inside the
machine, which is influenced primigr by leakage flux. By modelling the
leakage flux reluctance between stator and rotor slots for the 2mmfs and
3mmfs modelling, the leakage effectstile machine is accounted for more
effectively as it is a dtributed phenomena. Initially all three curves agree
because there is limited winding curremd the acceleration is very low. As
the winding currents build up several times the rated value saturation of the
leakage flux paths in the teeth becosignificant and the acceleration curves
diverge. Thus a better agreementtloé acceleration curve compared to the
FEM result occurred with the 3 mmfadel which allows for this saturation
effect more effectively.

Therefore, in DRM modelling, the dditional reluctances representing
distributed leakage flux in the machine should be created to account for
leakage flux, particularly when the machine transient behaviour, which is
considerably affected by leakage eeffs, is the research interest. Quite

satisfactory results can be obtainedusyng 2 mmf sources per tooth though 3
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would be better in critical cases. Theppears to be no need to use more than

3 mmf sources per tooth in normal machines.

7.3 Exciter Reluctance Mesh Investigation

Exciters have a slightly different geometn the respect of the relative width

of the stator and rotor &¢h tips in comparison tamduction machines: the tooth

tip widths of the stator and rotor ingtfnduction machine are in a similar range
while for an exciter, the stator tooth fp much wider than that of the rotor.
This is due to the machine type, isalient pole, and a small number of
armature slots for cost reasons ircieer. For the exciter, high frequency
currents are generated to feed to the rotating rectifier and then to the generator
field winding. The number of poles inglexciter is commonly much more than
that of the induction machine. Also, d.caigplied to the exciter stator, and the
number of stator teeth designed to be equal toetimumber of poles, avoiding

a complicated a.c. winding to reduce manufacturing cost. Therefore, the
reluctance mesh discretisation of the stator tooth tip in exciter could be the
same as that of induction machine frahe geometry perception, but also
could be different considering the widstator tooth tip widt with respect to

the rotor tooth tip width.
In this section, three diffent discretisations of the @ier stator doth tip will

be used in DRM simulations, shown in figure 7.3.1 to figure 7.3.3, and then

their resultant machine behaviour will be examined and compared.

203



Chapter 7 Reluctance Mesh Topology Investigation in the DRM Modelling Method

Exciter Rotoy

Figure 7.3.2 Reluctance mesh of the exciter, tyf# three reluctances on stator tooth tip
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Figure 7.3.3 Reluctance mesh of the exciter, ty® four reluctances on stator tooth tip

Fxciter Rotor

When comparing figur&.3.1, figure 7.3.2 and figure 7.3.3, differences of these
reluctance meshes are the number of elésnarthe stator tooth tip area. It can
be seen that exciter stator teeth is did into three elements in mesh type 2
and into four in type 3 respectively, bomly divided to one in mesh type 1.
For mesh type 2, the width of each virtual tooth in the stator is of the similar
width with that of rotor. The reasomhy reluctance mesh type 2 and 3 are
utilized is because the flux distribution is assumed to be normal to the tooth
surface (constant potential surface) instnéype one, although practically this
may not be the case due to saturateducing the relative permeability. Some

of the flux distribution in th tip region of the tooth wilbe distorted due to the
different geometry of tip area and toattgion. By dividing the tooth surface
into more than one reluctance elemeéis flux distortion can be accounted for.

In each case however, a finite elementded of the air gap and teeth has been
used to work out the air gap relantes which are to be used. Air gap
reluctance curves for these three typestafor tip discretetion are shown in
figure 7.3.4. It can be sedhat the air gap curvesave different width and

magnitude due to the different discretisations.
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Figure 7.3.4 Air gap reludance curves for the three discretisations
for exciter stator tooth tip

The relatively wide center part of the air gap reluctance curve for 1 stator tip
reluctance is explained by the much widgator tooth tipvidth compared to

the rotor tooth tip width. Thus a constair gap reluctance width is expected
while rotor tooth is withirthe stator tooth region.

Comparison of DRM simulation resultsrfthese differentypes of reluctance
mesh in a simulated open circuit case are shown in figure 7.3.5 to 7.3.7. It can
be seen that the current and voltage ripple are bigger for reluctance mesh type 2

and 3 compared to mesh type 1.
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Figure 7.3.5 Exciter stator current comparisons for different reluctance meshes, mesh
type 1,2&3

Stator current ripple, as shown figure 7.3.5, has the slot harmonic ripple
caused by the slot opening on the rotatiotpr. Its frequacy is the slot
passing frequency, which B5x 42=1050 [28]. It can be seen that mesh 2 and
mesh 3 give a bigger ripple due tcetlifferent way of modelling the tip
elements that touch the air gap. M@ements on toothgiarea can account
for the flux non-uniform distribution in thi®oth tip area but cause an effect of
ripple in stator current. This is duettee division of the sitor tooth producing
virtual teeth on the stator. However tlilere was not appretble saturation of
the stator tooth tip elements therewdd be no appreciable difference between

the models.

Figure 7.3.6 shows the exciter rotor cuatrdor the three different kinds of
reluctance meshes. It can be seen that mesh type 1 and mesh type 3 give a
similar average exciter rotor curramiveform, although result for mesh 3 has
more harmonics, which is due to thdditional discretidgon on stator teeth.

There are bigger exciter rataurrent harmonics in éhresult of mesh type 2,
compared to mesh type 1 and 2. It looks like mestives a substantial
cogging effect, the same as for inductrmoachines, when the number of stator
teeth equals the number of rotor teethmash type 2, theaumber of virtual

teeth of exciter stator is 42, while the rloen of rotor teeth ofhis exiter is
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also 42, the same number of teeth foriex stator virtuateeth. According to
Alger [25], cogging effect due to statand rotor having same number of teeth

happens.

Exciter rotor phase current
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Figure 7.3.6Exciter rotor current comparison for di fferent reluctance meshes, mesh type
1,2&3
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Figure 7.3.7 Exciter rotor terminal open circuit voltage comprison for mesh type 1,2&3

This cogging effect could also be seen from figure 7.3.7, the exciter open
circuit rotor terminal voltage waveforms. It can be seen that compared with

mesh type 1 and 3, result comes outfrmesh type 2 has obvious cogging.
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With different discretisation approaches for the stator tooth tip in the exciter,
different currents and voltage wavef@nfor the stator and rotor could be
achieved. Each of them reflects reahahine behaviour in some aspect, and
tooth harmonics effects could be sintath However, the only real difference
between the models is the stator totiphreluctance elements. If the tooth tip
elements of the models 2 and 3 beca®® then these models reduce to model
1. This would suggest that there is a twgree of saturation in the tooth tips of

the exciter under normal operating conditions.

The conclusion here is that not onlyiisnecessary to apply the concept of
virtual teeth with salient pole forms ahachine but it is also necessary to
model the air gap reluctances and tobfhreluctances effectively. This is

particularly true for machines with tsmated salient pole tips under normal or

faulty operating conditions.

7.4 Salient Pole SynchronousGenerator Reluctance Mesh

Investigation

Considering the reluctance mesh foliesg pole synchronous generator, two
types of reluctance mesh will be investeghin this section: one with 6 virtual
teeth on the central pole, while the atlome with doubled # virtual teeth in

the central part of the salient pole. The geometry of the salient pole examined
in this section has a stepped airgap in the middle of the salient pole,
specifications of this machine is detailed in Appendix 6. The two reluctance
meshes to be investigated are show figure 7.4.1 & 74.2, referenced as
DRM case 1 and DRM case 2.
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Figure 7.4.2 Dynamic reluctance mesh typ2 for salient pole synchronous machine

The static field induance of the generator modeltlwihe two kinds of meshes
would be calculated by the DRM simtin results. Inductance is calculated
by the rotor flux linkage divided by thetor field current, shown in equation
7.4.1.

L, =20 (7.4.1)

whereL, , 4, andi, are the rotor inductance,ut linkage and field current

respectively. Flux linkage is derived from the DRM simulation by summing
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the flux in all the reluctances that agffectively sitting vertically on rotor

surface.

These inductance calculatioesults from the two tectance meshing methods

of the salient pole are thesompared to the inductee calculated from FE
model, with different element sizes and for specific iron permeability. Results
can be shown in figure 7.4.3. The fietdodelling accuracy of the finite
element result depends on the element size ifirthe element discretisation.
The smaller the element size, the higtier accuracy of the field models but
the greater the potential foounding errors incomputation.In the results
comparison below, two inductance caltiga results from finite element will

be presented: one is the inductanceuwated from automatic discretisation
meshing, the other is calculated frailme discretisation that allocates the

maximum element size in the machine to be 0.3mm.

Inductance Comparison

Inductance (Henry)
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Figure 7.4.3 Inductance comparison from DRM and FE method

And the error with respect to FRodel is shown in figure 7.4.4.
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Inductance Error
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Figure 7.4.4 Inductance comparison error for DRM with respect to FE

It can be seen that DRM case 1 produces less error compared to finite element
results, than DRM case 2, which mearet the more number of iron elements
discretised, the more accurdbte result would be, even for the central salient
pole part which conducts main flux machine’s magneticircuit. All the

errors decrease with the increase of the iron permeability. Permeability is
involved in the result sheet is becatise air gap overlap curve that has been
used in the salient poky/nchronous machine DRMnsuilation is derived from

a simplified FE model with a very big permeability, (=135000), while in

the DRM simulations in this sectiothe iron permeability used in DRM
simulation is not that big, and this wilesult in a discrepancy between the
DRM and FE simulation results, showin figure 7.4.4. The larger the iron
permeability used in DRM simulations, the closer the simulation result will be
to the FE result.

It can also be seen that the smallee element size in the FE model, the

smaller the errors, which proves the riilat the smaller elements size makes a

more accurate field model.
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In this section, by comparing different ygof discretising iron elements in a
salient pole, the effect of iron discretisa has been investigated. It is shown
from the result that the discretisationunsaturated iron doesn't influence the

simulation result a lot, from the inductance point of view.

7.5 Influence of the ReluctanceMesh in a Single Machine to

Multiple Machine System

In previous sections, different rebance mesh topologies for induction
machines, exciters and salient pole synchronous machines have been
investigated individually. Irthis section, the influexe of the reluctance mesh

for one machine in a multiple machine system will be examined.

This section will look at the mesh distisation influence in DRM simulations

for the brushless generating system trest been simulated and investigated in
chapter 5. Different exciter stator relaste meshes are applied, and the whole
system open circuit curves will berded and comparisowill be made to
experimental results. Different reluctance mesh for exciter is applied here
instead of for salient pole rotor i®tause the exciter is non-skewed, thus a

saturation effect is promineand could be spotted easily.

By applying the exciter stator reluctammodel type 1 and 2, the open circuit

curve of the whole system is shown below in Figure 7.5.1.
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Open Circuit Comparison for complete brushless generating system
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Figure 7.5.1 Open circuit testsimulation result comparison for generating system, with
different reluctance mesh of exciter

Clearly the greater discretisation of teciter stator poles not only influences
the harmonic content of the rotor current waveform as seen in the previous
section, but also altersdhshape of the open cirtwurve for the brushless

generator. It is clear that the exciter must have saturated pole tips and suffer
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from armature reaction since increasitige number of virtual stator teeth
increases the agreement between expatah@nd simulated results. Armature
reaction increases with exciter load current and reduces the net flux in the
exciter producing a lower field currenttine main generator. The results show
better agreement between the model®wtgenerator output voltage and thus
low load and low armature reactiooralitions in the extér. As generator
output voltage increases the open circuives of the different models diverge
and the lower discretisation models whitannot evaluate armature reaction in

the exciter effectively, becomecreasingly in error.

It is quite difficult to obtain experimeally the rotor current waveforms of the
exciter when it is operating as part of a brushless generator set simply because
the signals are on the rotating rotor.vwéver, the overall system performance
yields sufficient information when éhadditional component models have
already been verified as accurate.dpears that to obtain sufficient accuracy,

the number of virtual teeth on each stgiole has to be similar to, or slightly
greater than the actual number of teaththe rotor since 3 virtual teeth gives

very good results for a rotor withteeth per polen this case.

7.6 Conclusion

The accuracy of DRM modelling techniqgdepends partly on the topology of

the reluctance mesh. Thepblogy of the reluctance mesh is decided by the
prior knowledge of the flux distributh in the machine. This chapter
investigated the influence of the diféat reluctance mesh forms on the DRM
simulation results, taking the exciteraohine, salient pole generator and the
whole generating system as examples. The objective was to examine what is

important in terms of this prior knowledge.

The research has confirmed the imporeant modelling in d&il the leakage
reluctances in a machine wheregti winding currents under transient
conditions cause saturation of leakage flux paths. There is also a need to use

virtual teeth with salient pole machindssaturation of the pole is to be
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considered as is almostevitable due to armatureeaction. This has been
clearly demonstrated with the open aitccurves for the brushless generator
when different virtual teeth numbers have been examined for the exciter. The
results show that a similar number oftual teeth are required to the actual

number of teeth carrying the armature winding.

A further conclusion is that when usitige finite element models to evaluate
the air gap reluctance values it is best to use permeance values for the iron
parts of the machine which approxim#ethe values likely to be found under

normal operating conditions assateid with the main flux path.
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CHAPTER 8 CONCLUSION AND FUTURE WORK

8.1 Introduction

This chapter summarizes the main conclusions drawn from the thesis and

discusses relevant future woof this research area.

8.2 Conclusion

This thesis developed and validatedcamputationally efficient, detailed,
modelling method for electrical mackinsimulations derived from field
behaviour. It is suitable for machinesth both uniform and non uniform air
gaps such as induction motors asdlient pole synchronous generators
respectively. It is particularly sulkée for modelling multiple machine systems
which may include nonlinear poweelectronic components and control
schemes. The method is based on and exigmaddly, simple, traditional, finite
difference, lumped reluctance, machmedels. Comparison of results between
DRM simulations and those obtained nggsifinite elements as well as those
obtained experimentally have shown that this method gives excellent
agreement within engineering accurackasithermore, this method can also be
applied to other related systems with complicated control and power electronic

schemes in place.

The modelling approach developed in tissis sits between system modelling
using SIMULINK and idealised dg machine models and the finite element
modelling of individual machines. Commaaktfinite-element models are just
beginning to include control systems but they still do not include multiple
machine systems and control. In dsrrent form the DRM program does not

have the flexibility of SIMULINK but it includes saturation of main and
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leakage flux paths, slotting and space @ effects in detail in the machine
models which dqg analysis can not do. While the DRM machine models
evaluate effectively all of the majoadtors which make athines non ideal,
they are not as comprehensive as a full finite element model developed
specifically for a particular machine. tever, being computationally efficient
they take far less time to solve than FEM models offering iterative design

procedures not only for the mak but also for the system.

A summery of the research work and dethconclusions is presented in each
of the relevant chapters. However, the main conclusions are summarized as

follows:

In the modelling of electrical machines more accurate method of modelling
the air gap reluctance in the DRM method, called air gap overlap curves, was
proposed based upon the simulation results from FE calculations. This air gap
overlap curve method extradte useful informatioabout the flux distribution
between the stator and rotor in the machines which takes fringing effects into
account and thus a more accurate rhadethe air gap flux connection is
achieved. This method can be used in itidacmachines but it is particularly
useful for salient pole synchronous machine which have non-uniform air gap
geometry where it is difficult for the original air gap reluctance creation rules
of the DRM to be applied effectivelylhis thesis detailed the method of
deriving the air gap overlap curve foetkalient pole synchronous generator in
chapter 4, and resulteom open circuit tesand short circuit test as well as the

air gap flux density distribution have showhat they agree well with both the

FE result and experiments. Howevelisthir gap overlap curve derived from

FE only works accurately for a modexy nonlinear iron; for a heavily
saturated iron, flux distribution as well e overlap curves between the stator

and rotor will be slightly different.

218



Chapter 8 Conclusions and Future Work

Detailed DRM models for electrical manks, such as slot leakage modelling

in induction machine and inter polestl modelling and damper bar modelling

in salient pole synchronous machinesyevalso addressed in the thesis. The
discretisation method of the solid rotpole is also desdsed, because it is
different from the reluctance mesheation for induction machine previously
applied. Comparison of the DRM results FE and experiments have shown
that when these measures are included, the DRM can supply simulation results

with a very good accuracy fromelengineering perspective.

A key part of any finite difference dfE program is the non linear equation
solver. The Newton-Raphson solver orggly used for the DRM software was
further improved to overcome the nonconverge problems when solving system
with great nonlinearity.A globally convergent NR solver was proposed
introducing line seahing schemes to identify a proper Newton step. This
improvement increased the stabilitytbe solving process thus enabling more
complicated system simulations whidchave significant nonlinearities and
control schemes will be tackled more easily. This expanded the field of

application of the DRM method.

This thesis also applied the DRModelling technique to the simulation and
investigations of multiple machine systems, namely, the small brushless
generating system and the cascaded ddeblynduction generators used in the
wind generation industry. This is significant advance on conventional
methods of simulating machine systems. Normally, system models are
analysed through traditional windingicaodels. These machine models are
very limited and neglect many sadtion, harmonic and slotting effects
inherent in a practical system. Withe DRM machine modelling technique,
the complete system incorporating ltipple machines and power electronic
components as well as control schenean be simulated with the entire

practical machine features modelled. #ils is achieved within a reasonable
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computation time. This is a task which commercial FE could not cope with

nowadays.

To complete the research of the DRM modelling technique, the influence of
different reluctance mesh topoleg on the machine behaviour was
investigated in chapter 7. Results camgon for different reluctance mesh
forms of calculated and experimental desghow that more refined reluctance
mesh models may be needed whereitbe is heavily saturated by main or
leakage fluxes. That is in deep stastots where leakage fluxes contribute to
tooth saturation it is not sufficient tnodel the slot leakage in one reluctance
linking the tooth tips. Didding the slots and teethtontwo or three sections
along the length of the tdeintroduces additional slot leakage flux paths across
the slots which share out this leakage flux and reduce excessive tooth
saturation. Two sections areeaplate in most cases lthtee sections give very
good results. Additionally, it was shown tlsalient poles should be treated as a
number of parallel virtdateeth and that even in very heavily saturated
machines the number of virtual teeth slaolsé similar, but not exactly equal to,

the number of teeth on the armature.

The findings above have fulfilled the origiraims of the research program and
have widened the knowledge of multiple machine simulation techniques, and
also expanded the application fietef the dynamic reluctance modelling

technique.

8.3 Suggestions for Future Work

There are a number of suggestions foture work which can extend the
understanding and application of thdgnamic reluctance modelling method

and increase the DRM modelling accuracy. These are:
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1. Air gap reluctance models in the machines can be improved to

accommodate heavily saturated iron. This could be implemented by
applying different air gap overlap s depending orhe saturation
degree, e.g. the flux density value in ghator or rotor teeth. Thus, different
flux distributions which depend uponethsaturation of the iron can be
accounted for. This isparticularly useful in the simulations where
saturation phenomena are important to the electrical machine’s behaviour.
More realistic models and complex control schemes for the AVR controller
can be applied to the simulationodel of small brushless generating
systems, other than the simplest Ri@ntroller currently simulated in the
thesis. Their performance could valuated by the modified DRM
simulation tool in the thesis.

. This modified DRM machine simulath tool might be applied to other
machines or machine system simulation fields, where various control
schemes and machine designs neebet@valuated but with a reasonable
simulation time. Such a case midgh¢ a full, doubly fed wind generator

system.
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APPENDIX 1 SALIENT POLE SYNCHRONOUS

GENERATING SYSTEM SPECIFICATIONS

1.1 Main generator technical details

synchronous Generator

Technical details (lamination drawings given below)

Core length

Lamination stacking factor
Stator skew

Lamination material
Winding style

End winding overhang length

Number of poles
Frequency

300 (No overhang of rotor/stator)

97%

1 slot

DK70-65

Double layer concentric

Stator = [65mm Max left, 80mm Max right],
Rotor = 32 mm [average of 22mm & 42mm]

4
50 Hz

Stator specification (parallel sided teeth):

Number of slots
Number of coil groups
Coils per group

Coil pitch

Turns per coil
Conductor size
Connection

Slot fill

Resistance per phase
Outer diameter
Inner diameter

Air gap

48

12

4

1-12 2-11 3-10 4-9

5-5-5-5

9 conductors of 0.95mm DIA in parallel
2 parallel circuits

76.8%

0.055 Ohms @ 20 °C

. 340mm

236mm
gmin = 1.lmm

340 dia |

274.21 dij
(slot fill limit)

9.41 dia

8.06

236 dia

All dimensions in mm unless stated

\ Angle = 22.50°

Rotor specification (parallel sided teeth):

Number of turns per coil
Coil per pole
Wire diameter

84 (8-Layers 11/10)
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ole rad =I 10.69
Plus offset=621 |77 ¢ 46

[l dimensions in mm unless stated

>
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1.2 Main generator rotor lamination drawings

TOY WIRILYN 40 NOUDIHG MOTI04 OL SAvmazd (i}
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TWANOZISOH ONY WOLNIA ML OL JAL¥TIN SNOWISOd QILVLS

HIGHL #0 UnJGZO') MIHLW 38V SIOVIHNG ONY SII0H TV
LYHL HONS 38 01 $1 NOUYNINYT 3HL 40 AHIINO3D 3W ()

=BiON

01 1075 A0 3NN 3N

NMOHS SV
HONDEHL DALIOTS 0'8/5Z'98
(306 HIVI NI Z) S30H-8
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—
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9076 _ \
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{16 = FwIE) Sdu 3W0a 30 VL3I0

Figure A1.2.1 Rotor lamination drawings
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1.3 Main generator stator and rotor details

FRAME KVA Kw PF PH
uczzac a5 68 0.8 3
t
340 dia fron = DK70-65
sots. = 48
dia
W B.O& 13.70
[7.63]
7.42
deg 2250 N 0.80
T 3.75 1.00
236 dia otal = 15.50
volts = 333
Km = 1.01
Kn = e
phi.F = 0.0261
area length B AT/mm AT
core o019 120.6 1.37 0.0925 n
tooth 0.028 9.1 1.47 0.6 1
e 0.055 110 0.748 724
AT.cig = 746
PALT = 0.0252
phil = 0.0005
phl.P = 0.0257
phl.PF = 0.0266
pole 0,023 41.9 1.13 0.21 ?
yoke 0.023 43.6 1.13 0.21 ?
AT.py 18
AT.total 764
AUTOLVWIRE-D.xls

HZ
50

1.50
1.58
0.805

1.25
1.25

225

V.LL
400

core =

sack =

spfph =
layers =
avg span
Pitch %

gmaxn/min
gmin/Tp=
TefTp =

STAR

2.00
0.0060
0.750
0.823
1105

366
101
1.03

0.0287
AT

22

25

e

B2é
0.0278
0.0005
0.0284
0.0293

1o

Figure A1.3.1 Stator details

AMPS
123

1.64
.70
0.863

1.38
1.38

tiph =
fects =

max el

wire dia

no.in £/

volts =
Km =
Kn =
phiF =
AT/mm
0.58
i

AT.cig =
PhLT =
phLL =
phlP =
phLPF =
0.38
0.38
AT.py
AT.total
Fid Amp=

POLES

40
2
5

0.95
9

0.986
0.811
0.379
0.959
0829

102

1.05

0.0314
AT

o1z
12.04

1500

1.74
1.78
0.904

1.47
1.47

net wdg

riph@2

AC/mm
fovald 21
UMPkn/
Xd(pu)

@ volts:

afsgmm

AT.ctg =
PHLT =
phil =
phiP =
phlPF =

AT.py
AT.total
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Field Copper
/— L3 \ Round/ Rect = Round
pole rad 110.69 veoll = 84 ATa = 3114
offset = 621 4.6 21.6 layers = 8 ATp = 77
— tp= 1 == v/l max= 11 * ATa+p = 1191
5.3 t/l min= 10 ATp/ATa= 0025
78 Wire dia 2.65 If = 38.0
200 "I 314 Vi = 47.2
,/"'_-T__H"\ Imt = 0.87 400 a/sgmm = 6.89
]__ 49 res 20C= 0.91 {* AT factor = 1.0)
150 yoke dia kg = 14.5 If = 374
Vi = 46.5
/‘\ W=
72 shaft dia 366 afsgmm = 6,79
uca24G Cage Details - NB: REGULAR spacing assumed
Bars/pol= 4 (12 MAX)
Bar Prch= 17.53 (Av.mm) Bar Dia= 7:275
FIELD FORM FACTORS A B
gmax/min 2.00 Al = 1.29 «x 0.764 = 0.9856
Adl = 1.125  x 0.721 = 0.811 s
gmin/Tp=  0.0060 Agl = 237 x 0.16 = 0.379
Kphi = 1.087 «x 0.882 = 0.959
To/Tp = 0.750 KdkKe = 0.958 «x 0.866 = 0.829
STATOR SLOT
depth to shoulder of sq slot 17.3 mm
width a/c bottom of sq slot 9.9 mm
max overall condr dia 1.034 mm
thickness of liner(s) 0.27 mm anea = 1.4 sq mm
separator(s) 0.4 mm area = 8.2 sgmm
closure{s) 0.4 mm area = 7.8 sgmm
depth of sep/clos limbs & mm
gross area of slot 151.5 sqmm
net winding area 124.0 sq mm
STATOR WDG
average lead length: Initial = 0.80 m Final = 0.4 m
no. of leads 24.00
ohms/m @ 20C 0.02426 chms/m
kg/km 6.42 kg/km
Imt 1.07 m
res/ph @ 20C 0.05884 ohms/ph
total kgAUTOLVWIRE-D.xls 160 kg

Figure A1.3.2 Rotor details
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1.4 Exciter machine details

ws = 28 702 1

pobe rad oz
= 3

24892 wp

136195 yoke Inner rad

155.575  yoke outer rad

Exclrer UC

FIELD FORM FACTORS A
gmax/min 1.00 Al = 1.155 X
Adl = 1.06 -
gmin/Tp= 0.0168 Agl = 143 x
Kphl = 1.046  x
TrfTp = 0.620 KdKe = 1.000 %
ROTOR SLOT
depth to shoulder of sq slot 158 mm
width afc bottom of sq shot L7 mm
max overall condr dia 1.034 i
thickness of iner{s) 0.35 mim
separator(s) ] mim
chosure{s) o mim
depth of sep/clos fimbs o mm
gross area of sloc 75.57 sgmm
net winding area 63.5 g mm
ROTOR WDG
ohms/m @ 20C 0.02426 ohma/m
kg/km 642 kgfkm
L 0.240 m
res/ph @ 20C 0.0814 ohms/ph
‘ol kg 1.03 g
EXCITER-a.xls

Figure Al.4.1 Excier stator details

0.95
0.89
0.285
052
1.000

area =
area =

ared -

(HL Resw

227

Fleld Copper
icoll =
wire dia

no, bn A

1097
0.943
0.408
0.962

12.1 sq mm
0.0 s mm
0.0 sgmm

0.0898 )

50
0.85

0.25
45.61

0.193
20.45
35

Full Load Conditicn

o= 187
VE = 42.1
alsgmm = 3.29
Overivad Condiion

I = 43
Vi o= 969
afsgmm = 7.59
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FRAME KVA Kw PF PH HZ
Excitar UC 1.8B6 1.89 1 3 175.0
Overload reqt. =
l shaft
463.5 dia fron = M1000-65A
170 dia slos = 42
[3.70]
170 -
dia
w 9.059 14.325
[6.10] @1/3rd
6,10
deg 2248 N\, 0538
1 3.50 — 1067
204.724  dia ol = 15.930
volts = &1
Km = 1.00
Kn = 1.00
phlF = . 0.00081
area length B AT/mm AT B
core 0.00413 13.10 0.20 0.01 0 022
tooth 0.00105 17.96 1.10 024 4 124
£2p 0.00183 0.758 0833 - 427 0712
ATetg = 431
phiT = 0.00078
phil = 0.00008
phiP = 0.00087
phiPF = 0.00080
pole 0.00097 20.97 080 0.72 22 1.01
yoke 0.00150 3274 0.58 04 13 065
Assume "Hi-Rem® steel AT.py 35
used on pele and yoke. AT.towal 4656
EXCITER-a.xls

VLl
34.96 STAR
7622

core = 40

stack f= 0.97

gmin = 0.758

s/pfph = 1

layers = 1

AVE span 3

Pitch % 100.0

gmax/min 1.00

gmin/Tp=  0.0166

TefTp = 0.620

Ka = 0.860

Kg = L1z

vols = &9

Km = 1.00

Kn = 1.00

phiF =  0.00091
AT/mm AT
o.01 1]
0.29 5

- 480

ATctg= 488

pHiT = 0.00088

phil = 0.00010

phiP = 0.00088

phi PF = 0.00102
0.84 25
0.48 18

AT py 41

AT.otal 526

Figure Al.4.2 Excter rotor details
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3
6788

024
1.37
0782

072

tph =
Hocts =

max tlel

wire dia

nodn /f

Al =
Adl =

Ephi =
Kdke =

Em =
Kn =
phi.F =
AT/mm
o.01
0.39
ATetg=
phiT =
phil =
phiP =
phi PF =
1
0.56
AT py
AT.total
Fid Amp=

POLES
14

54

0.95

1.097
0.943
0.408
0962
1.000

76
1.00
1.00

0.00101

AT

0

7

534

541
0.00087
0.00011
0.00108

o.00113

48
589
2.36
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APPENDIX 2 NDUCTION MACHINE SPECIFICATIONS

Nameplate data:
Manufacture
Phases
Connection
Poles

Power

Volts
Frequency
Current
Speed
Torque
Efficiency

Construction details
Stator

Rotor

Inertia

Core Length

Air gap length
Stator slots

Rotor slots

Sator winding details
Conductors per slot
Layers per slot
Configuration

Coil pitch

Brook Crompton
3
Delta
4
15 kw
415v
50 Hz
27.08 A
1454 rpm
99.5 Nm
0.891

Figure 2.1
Figure 2.2
086713 Kgm2
14.605 cm
0.05842 cm
48

36

22

2
three tier concentric
9 slots

229



Appendix

| i <

TS K |

0. 00667 Kg[0EMGITY OF WATERIAL

|wss o FinisHED couPonenT

IMAHINE. WHERE. WWRKED f REMVE ALL BUFFS & SufP ED0ES [

peeed £ —— o] N vl
AN EIEF
Hale W4
N i
5 Nl (] (%
k 4=-ALHEHH
o E 252 8|55 g =
% : Eg I 1
' Pl

B0 s R
covg. 007152 HIOIA dItS

AN T2 SIVID ¥

303 GN1VeL

—
2

| 48 SLOT, @261.315mm 0D,
X | % |#165.10mm BORE, 257.175mm PITCH.
BT

[N} | e
10-04-88 160 FRAME STATOR LAMINATION
] *

BT

0.1° TO FEED LINE. (€31
48 EDUALLY SPACED SLOTS
. x| |

51,175 Pl H‘E
X
X
X
X

X
I
[

i =
AEERHE
n!il

TATIDN -
a8
Ve
s o
..

AL s
o 3
= .
"

i o
e

-
|0

+0.050
3175 5 000

XA

SCALE 2 1

ENLARGED VIEW OF SLOT

AL OTHER ALTS. OM AS400

AZ 1420 X S841

Figure A2.1 Stator details
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£0.02 ' 40 EQUALLY SPACED S.0TS
a. ‘
v ' +0.050
‘ N ¢ # 57150 g a0p
S
N e

NOTESE

DIMENS| ONS ARE. FOR FINISHED LAMINATICN, AFTEA
] |0l REMOYAL PROCESE. OIL REMYAL Td ELECTRICAL
DESJGN SPEC.: - ELDSS1020

Wk, BURR PROMRUSION

b.OTE

LAMINATION MATERIAL THICKMESS TO
ELELTRICAL DESIGH SFEC.: -

EL&S1050

STEEL GRADE #5 ELECTRICAL DESIGH SPEC.:-
ECSSI BE

SIMGLE SLOT AREA
TOTAL SLOT AREA

A7, 2minS)
H1l.Hmm5)

RPN % 5 1]

Lo T I I I N U N

LANINATION FLATHESS TOL. % - |aQim

B.05|A

LMTILERAMCED DIMERS JOMNS H1.0R

14,966

TOOTH PARALLELISW - FOR TOOL MAMLFACTURE &

TNITTAL COMMI S5 10WING

@ 3.333
IREFa1

FOTOR
0 gor

k.
# 57, 15mm

175.768 10.05
la

ENLMIGED YIEW OF
ROTCR S.0T.
SCAE 321

Figure A2.2 Rotor details
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APPENDIX 3 RELUCTANCE CALCULATION METHOD

FOR SALIENT POLE ROTOR

This appendix will introduce how theoim reluctances in salient rotor pole are
calculated. Figure 3.1 shows the reluctance map for a salient rotor pole.

Reluctances in the left side of the rotor.

[ L !L0 DO
r

f]WWn

el w[]mlllmum
1&&1«”@

q ‘wh ‘I O . G i radial flue
NNIN

Figure A3.1 Salient pole relutance mesh calculation graph

m:
lu.u

The left side of the salient roteeluctance mesh in figure A3.1shows the
discretisation of the tangential flux inside the salient pole, and the right part
shows the discretisation of the radilaix inside the salient pole. Because the
symmetry of the pole, only half of theluctance mesh for tangential flux and

radial flux is sufficient.
The area of each the reluctance in fegé3.1 is shown by the shadowed area

around the reluctance. Given the geomefrthe salient polethese reluctance

width, length and depth can be calculated as shown by figure A3.1.
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APPENDIX 4 FuLL WAVE BRIDGE RECTIFIER

In Industrial applications, where three-phaa.c. voltages are available, it is
preferable to use three-phase redtif@rcuits, comparedto single-phase
rectifiers, because of their low rippt®ntent in the waveform and a higher
power-handling capability. The threegse, six-pulse, full-bridge diode
rectifier shown in figure A4.1 is @ommonly used circuit arrangement.

% D1 % D2 D3
Va(y) 9

Vit Rg Vift)
Vie[t) -

Figure A4.1 Six diodes full wave three-phase bridge rectifier
The voltage waveforms for the circuli@vn in figure A4.1 are shown in figure
A4.2, where the solid lines arecthroltage across the resistance.

Three-phase Full Wave Bridge Rectifier Voltage Waveforms
1.6
I I

YWoltage Waveform

Figure A4.2 Voltage across resistanc®ad in a full waveform bridge rectifier
In figure A4.2,v is the voltage of point P withespect to the a.c. voltage
neutral point n, and,,is point N's voltage, which is the negative d.c. terminal
voltage, with respect to neutral point.cDvoltage across the resistance load
would be: ( N is the neutral voltage, ie zero and P is the positive terminal of the

resistive load or rectifier positive quit. N is alos the mmtive voltage output

from the rectifier ie two separateirlgs, hence Vnn is the voltage between
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negative and neutral. Vd is the effeetivutput voltage acrosise resistive load
which moves up and down with respect to the neutral voltage)

Vy =V =V (A4.1)

as shown in figure A4.3.

Three-phase Full Waveform Bridge Rectifiers

n

o

=
n

Three-phase ac voltages and rectifiered dc voltage
)
n

Figure A4.3 D.c voltage vaveform of three phase full wave voltage rectifiers

By integratingv, , which has ripple in its waveform; we could derive the
average d.c. voltagg,:

Vy, = Lo J2V,, cosmt d(wt)= E\/E\/LL =135/, (A4.2)
°  gm3%xls Vs

and by using the definition of rms cuntein the phase current waveform,

which is a sinusoidal waveform, the rms value of line currenthis idealized

case is:

I, = \/%Id = 0816, (A4.3)

and fundamental-frequency componegraf ac line current has an rms value:
I, = 1\/@d = 078, (A4.4)
T

wherel ; is the current flowing ttough the resistive load.
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In this kind of full wave bridge rectdr, each diode conducts for 120’, as

shown in figure A4.4.

120 wt

Y

D1 120

D3 D3

D6 D6

D5 D5 D3
[]

D2 D2

Y.

Figure A4.4 Time sequence of conducting ofach diode in full wave bridge rectifier
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APPENDIX 5 RooT Locus DesiGN oF AVR

CONTROLLER

The system response requirements @& #xcitation control system are: a

desired damping ratip= 0.8, to guarantee that there is not a big overshoot.

The natural frequency és, = 25Hz. Thus the desired close loop root would be:

S, = —Cw, £ 0,4/¢? —1=-20+15] (5.1)

In designing the controller, the corresponded time constant for a digital PID

controller, such the integral time constant derivative time constant and

the low pass filter time constant have to be considered meanwhile. Especially
for the integral time constant, which will affect the error reducing in the
system response. Too bigwill cause the system error reduce too slow to

notice.

After adjusting the parameters in analodri® controller, which is in the form
in equation 5.2.

K (s+Db)s+c)

C(9) = s(s+a)

(5.2)

the final controller is in the form:

5.611s+19)(s+4)

Ge(5) = s(s+100

(5.3)

and corresponded digital PlDmtroller parameters are:
K, =1259,

7, =03
7, =0.035
T, = 001.

The system'’s response in simulation is satisfied. The root locus of the

system is shown in figure A5.1.
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System: untitedl
Gain: 1.01
Pole: -20 + 15i
-~ - \ Damping: 0.8 ™ __
201 "~ ! Overshoot (%): 1.52
0.985 _ | Frequency (rad/sec): 25

8 60/

Imaginary Axis

-10

30}

a0}~

50 N N
-100 -90 -80 -70 -60 -50

Figure A5.1 Root locts of AVR controller
It can be seen that the root locustlué system pass the design point, thus the

design requirements are satisfied.

Once the transfer function of the conteolin frequency domain is derived, in
order to use the controller in the digitally sampled system of the DRM model,
it has to be transformed to z domaline transformed z transfer function is:

AT N B(z-1 C

G.(2) = 5.4
(D=t (5.4)
where A, B and C are constants derived frimand poles of controller:
A K. *12853470441.048987727 (5.5)
a
B=K.-C (5.6)
c - K. (1285347044 1.04898772] - A (5.7)
16
thus, the final digital control signal to the exciter field voltage is:
V.(2)=(K,-(2B+C(@Q+e ™)~ AT)z'+(B+Ce™ - ATe *")z2*)E(2) (5.8)

+(@+e™ M)z -eT 2PV, (2)
taking the inverse z-transform, the numerical algorithm for the computer signal

for controller outpLN/r* (t ds:
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V () =K.E (t)- (2B+CA+e ™) - AT)E (t-T)+(B+Ce™ — ATe ™ )E (t - 2T)
+L+eTV (t-T)-e™V, (t-2T)

(5.9)

this is the final PID controller thatas been used in brushless generating
system DRM simulations.
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APPENDIX 6 SALIENT

POLE SYNCHRONOUS

GENERATOR WITH A STEP IN THE SALIENT ROTOR

SPECIFICATIONS

Fig. 3.8

<<<< RESULTS OF DESIGN ANALYSIS - EXAMPLE - M/C 2 >>>>

*%  Winding data *¥*

KVA rating d
Voltage Eline; 3
Current (line

Winding type

No. of layers

Turns/

Parallel circuits
Distribution factor Kd
Chording factor Ke
Conductor size

Max. o/dia. of wire H
Conductor section
Current density
Gross area of winding
Percentage slot fill
Iength of mean turn
Resistance/phase
Stator copper loss
Copper weight H

e e wa

: 0.9239
: 5.0 of 1.000

1.093

1 9.43

: 11.21

: 64.51

1 69.90

: 1156.5

: 0.075 (cold)
1 3543.35

0.106 (hot)
10.41

*%  Stator dimensions ***

Stator material z
Gross core length H
Stator bore
Stator o/dia :
Slot pitch "
Slot depth

Tooth width (av.) :
Gross slot area s
Het slot area

Newcor 1000

*%*% Rotor dimensions ***

Rotor material
Rotor o/dia

Yoke diameter

Shaft diameter
Effective shaft dia
Pole width

Minimum airgap
Maximm airgap
Pole arc

Pole pitch

[T
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Fig.3.8 cont.

**% Rotor winding details

L d

Field turns/pole
Field L.M.T.
Conductor size (wire)
Conductor section
Total resistance
Copper weight

as e ws ss o=s we

1.060
(cold)

##%  Magnetic areas and
Fole

Areas : 0.0217

Iengths : 53.975

¥ Constants ***

Gmax/Gmin

Gmin/Pole pitch
Pole arc/Pole pitch
Wiesemans coeff. Al
Wiesemans coeff. KO
Wiesemans coeff. Ad1
Wiesemans coeff. Agl
Ka (=ratio Ad1/A1)
Carters coeff. Kg

*** Pple permeance and

Pole permeance
Total flux

Leakage flux
Pole flux

*¥%  Reactances ***

Leakage reactance
D-axis mag. reactance

Q-axis mag. reactance

Ratio Xsd/¥sq

: 0.1204
: 5.2829
D-axis synch. reactance :
: 2.4098
Q-axis synch. reactance :

5.4053
2.5302

: 2.1355

240

Gap
0.0608
1.0750

ochms
ohms

ohms

17.76  (hot)

Tooth

0.0537
2.3570
2.4107
1.0752
1.1289

0.0275
12.570

p.u.
Pal.
p-u.
p-u.
p.u.

Core
0.0229
128.79



Appendix

el
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Fig. 5.1 Mesh used for Finite-Element Analysi
of Machine 2
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