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A BSTR A C T

The transient behaviour of a turbine-generator is analysed using first 

order, two-dimensional finite elements in a magnetic vector potential formulation. 

The Newton-Raphson method is used to solve the non-linear problem arising from 

magnetic saturation of iron materials. Eddy currents are calculated step by step 

during the transient using conductivity matrices to allow for the effects of induced 

voltages and currents in the solid rotor body, stator and field windings.

The behaviour of an initially loaded generator when subjected to a 

three-phase short circuit followed by fault clearance and reconnection to the grid 

is calculated, incorporating changes in rotor speed and angle. Full account is taken 

of losses arising from eddy currents in the rotor, of changes in energy storage in 

magnetic fields within the machine and of power exported to the infinite busbar. 

Although the model is essentially two-dimensional, allowance is made for effects 

within the machine length, sjich as inertia equalising slits and the contribution of 

the endbell to eddy current distribution and losses. Machine governor and exciter 

models are also included in the calculation.

Two methods of representation of the stator winding axe compared. 

In the first, d and q axis winding distributions are used, and the stator trans

former voltages are ignored. In the second, the phase bands are modelled directly, 

requiring that relative motion between rotor and stator be included.

Flux and eddy current plots are presented, enabling the progress of the 

transient to be more easily visualised and the machine behaviour explained.

The calculated rotor movement, currents and voltages are compared 

with experimental results obtained by the C.E.G.B. during tests on a 12 0  MW 

turbine generator.
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CHAPTER ONE

INTRODUCTION

1.1 TURBINE GENERATOR DESIGN A N D  DEVELOPMENT.

The economic pressure to produce turbine generators of ever higher 

ratings has led to a steady increase in unit size and current loading. At the same 

time, reductions in weight and manufacturing cost and an increase in efficiency 

has been required. These aims have been met by optimisation of design and by 

improvements in cooling methods, manufacturing techniques and materials both 

for their strength and magnetic and insulating properties.

Improved methods of heat removal have made the greatest contribution 

to the increase in unit size and efficiency. Most modem large turbine generators 

feature hydrogen cooled rotors, where the gas is fed in at the base of the rotor 

slots and escapes through ducts in the winding and wedges; and water cooled 

stators, where the small size of the individual conductors, imposed by the need to 

transpose parallel conductors on the Roebel method, would require too high a gas 

pressure to achieve the necessary flow.

The rotor is normally a steel forging, machined to take the winding, 

and fitted at each end with a retaining ring, or endbell, to support the endwinding. 

The endbell is usually made of non-magnetic steel and must be able to withstand 

the large forces imposed under fault conditions and carry the eddy currents that 

flow into it from the rotor body and wedges, without reduction in strength.

To reduce vibration, it is necessary to compensate for the non-uniform 

flexibility of the rotor caused by the distribution of the rotor slots. This is done



15

by cutting flexibility, or inertia equalising, slits in the pole faces. Two common 

methods are either to cut additional axial slots, which may be plugged with steel 

bars to reduce magnetic saturation if deep, or left unfilled or plugged with con

ductive wedges if shallow; or to cut deep, semi-circular transverse gashes in the 

pole face, which are sometimes bridged with axial wedges.

The increase in current loadings and flux density levels has led to many 

design problems. Vibratory forces on conductors, at twice operating frequency, 

are proportional to the square of the current; and this leads to fatigue cracking of 

the winding and fretting of the insulation. Higher loadings require thicker teeth 

to withstand the higher forces and carry the higher flux levels, but this leaves less 

area available for the windings, despite the higher currents that they have to carry. 

Unfortunately, the rotor diameter is limited by centripetal forces, and increased 

ratings are generally achieved by an increase in machine length.

The stator has a laminated structure to reduce eddy current losses, 

but leakage fields at the ends of the machine enter the laminations axially, and 

give rise to core-end heating. One solution to this problem has been to introduce 

conductive screens of aluminium or copper, which may be water cooled.

Future developments in turbine generator design may occur in a num

ber of different Eire els; the most evident is a continual refinement of existing designs 

with improved cooling and reduced losses.

A full slotless generator has been proposed [l] in which both rotor 

and stator windings Eire placed entirely in the airgap, so permitting the airgap 

flux density to be increased. Special methods of attachimg the winding must be 

provided to enable them to transmit transient torques several times the full load 

value, without damage. Modem developments in carbon fibres, epoxy resins and 

plastics materials are likely to be utilised. A 280kW d.c. motor has already been 

built with a slotless rotor.
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Turbine generators with superconducting rotor windings are another 

possible development. The excitation loss is thereby reduced to the power required 

to run the refrigeration plant, and the very high current densities can produce 

fields of up to 5 T without the need for iron in the rotor. This allows a substantial 

reduction in size and weight, but gives rise to problems of greater winding forces, 

eddy current losses, reduced machine damping and a very small machine inertia. 

Design problems to be overcome include providing for the integrity of the machine 

should the superconducting properties be lost for any reason, and assuring machine 

stability with a very light rotor. Recent discoveries of materials which become 

superconducting much closer to room temperature than any previously known, 

may renew interest in the superconducting generator.

1 . 2  M A C H IN E  M ODELLING

The ability to model the steady state and transient behaviour of elec

trical machines is required so that they may be reliably operated within their 

capability, and that that capability may be established.

The machine designer would like to know that the design specification 

will be achieved, and be able to locate the areas of high mechanical electrical and 

thermal stress, to ensure adequate strength in design, and sufficient cooling.

The designer of machine control systems needs to know the steady 

state, dynamic and transient behaviour of the machine in order that the control 

systems may be designed to extract the optimum performance from the unit.

Power systems analysers are also interested in machine performance, 

to enable the accurate design, location and specification of protection systems to 

be determined; and the effect of the machine dynamics on the power system to 

which it is connected to be assessed. The response of the machine to sudden load
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changes, system faults and disturbances is also required so that system stability 

limits may be set, maximum power transfer capability calculated and the siting of 

power system stabilisers and optimal controllers determined.

1.2.1 Circuit analysis.

The most commonly used type of machine model is the machine equiv

alent circuit based on the general two-axis equations developed by Park [2 ] and 

Kron [3], More recent applications to synchronous machines have been made by 

Canay [4], Adkins and Harley [5] and Shackshaft [6]. A useful summary of different 

models in current use was made by Dandeno et al. [7].

The advantage of the generalised theory is the small number of param

eters required for the model and the speed of solution. However, the theory is only 

approximate, and makes fundamental simplifying assumptions such as neglecting 

harmonics and saturation, and representing the machine as a small number of 

interlinked electric and magnetic circuits. Usually the turbine generator is mod

elled by two circuits on the d-axis, one of which represents the field winding, and 

one circuit on the q-axis. These few circuits are required to model the complex 

transient behaviour of the rotor body, wedges and poles as eddy currents are in

duced in them during a fault. Tests by the C.E.G.B. at Northfleet have shown the 

inadequacies of such models, [8].

A further, and fundamental, problem with equivalent circuit models 

arises in providing the required data. Some of these may be estimated from the 

machine design, but this is very difficult to do accurately for the damper circuit 

parameters.

In the past, accurate determination of machine parameters has only 

been made using practical test methods [6,8,9,10]. Tests in the manufacturer’s
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works axe usually limited to the open circuit and sustained short circuit charac

teristics and the sudden short circuit test at reduced terminal voltage. These tests 

only give d-axis parameters. Standstill frequency response tests have also been 

used, which can be performed to obtain data on any machine axis. The stationary 

machine is excited from the stator over a wide range of frequencies, the stator 

input impedance measured and the results are fitted to a transfer function derived 

from the machine model required. Since the machine is not operating at normal 

speed, temperature or saturation level, the frequency response method has been 

criticised for producing unrepresentative parameters [1 1 ].

Decrement tests are made with the machine operating under near nor

mal conditions. The machine is run at rated speed under stator or rotor excitation, 

with the unexcited winding either open or short circuited. The excitation is then 

removed, and the rate of decay of voltage or current used to determine the equiv

alent circuit parameters [6]. Both d- and q-axis parameters may be found this 

way.

Each method of determining machine parameters will yield a different 

set of values according to the different initial conditions and levels of saturation 

in the test. The choice of the most appropriate set for any particular simulation 

is a matter for engineering skill and judgement.

More recently, numerical methods of simulating these different tests 

have been developed, which enable the parameters to be determined before the 

machine is built, but the basic criticism of the inadequacy of the equivalent circuit 

method of modelling machines remains.



19

1.2.2 Electrom agnetic analysis.

Simple methods of analysing electromagnetic problems reduce the com

plexity of the solution either by making the assumption that only that part of the 

magnetic circuit which is in air contributes to the reluctance of the flux path, or 

by simplifying the machine geometry. These methods are still unable to model 

local saturation effects.

A more detailed treatment of the magnetic circuits of a machine con

sists of lumped reluctances assigned to each flux path to represent stator and rotor 

teeth, flux leakage paths and the air gap reluctance. These magnetic circuits link 

the electric circuit provided by currents in the slots, and can be used to produce 

a set of simultaneous equations describing the machine. The method was used by 

Binns et al.[12,13] to calculate turbine generator steady state load performance, 

and more recently by Haydock [14] to model flux decay tests. Haydock’s work is 

also interesting in that he has shown exactly the assumptions required to progres

sively simplify such a model until any of the familiar equivalent circuit ones are 

reached. These lumped circuit models are reasonably fast and simple to solve, but 

require that the general form of the field distribution is known.

The field within a turbine generator is described by Maxwell’s equa

tions, and a solution of these throughout the machine would completely specify its 

electromagnetic behaviour. Finite element and finite difference methods attempt 

to produce a numerical solution that is a close approximation to the Maxwell equa

tions at a number of discrete points throughout the machine. The finite difference 

method was used by Demerdash [15] in an analysis of steady state load operation 

of turbine generators, but has now declined in popularity at the expense of the 

finite element method.

The finite element method was pioneered for many engineering appli

cations by Zienkiewicz [16], and for electromagnetic and electrostatic problems by
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Silvester [17,18]. The technique involves dividing the region into a finite number 

of triangular elements over which the field is assumed to vary in a known man

ner. The problem is then solved at points throughout the region defined by the 

apexes of the elements, and if the discretisation of the region is fine enough, the 

calculated field variation within the element is a close approximation to the real 

solution. There have been a very large number of machine problems solved using 

the finite element method in both two and three dimensions. Two useful reviews 

of methods and applications have been made by Chari et al., [19,20].

Three basic types of field solution can be identified, magnetostatic, 

steady state but sinusoidally excited and transient. Magnetostatic solutions can 

be used for the calculation of the steady state performance of rotating machines by 

adopting a rotor frame of reference, in which the field is stationary. Sinusoidally 

excited steady state problems, such as occur in static frequency response tests, 

may be solved using a complex-variable form of the magnetic vector potential 

to enable phase differences to be modelled. In both these types of solution, a 

single calculation only is required to completely describe the field, although it 

may be necessary to iterate to the solution because of magnetic non-linearity. A 

full transient analysis, on the other hand, requires the field to be calculated at 

successive instants in time, allowing for changes in iron permeabilities at each. A 

large number of calculations may thus be required to specify a full transient field 

solution.

The finite element method is a differential one. The Maxwell equations 

may also be solved using an integral formulation [2 1 ], in which the field is calculated 

only at the points at which it is required. Integral methods are particularly useful 

for problems with open boundaries, and where the field must be computed to 

a high degree of accuracy. Because the problem is only solved at the points of 

interest, the solution is ecomomic to compute, although the matrix formulation 

is densely packed. Unfortunately, errors tend to arise where the field is mostly
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contained within non-linear iron regions; and where the solution is required at a 

large number of points, such as across a winding, the solution becomes uneconomic. 

Simkin has made a useful comparison of the finite element and integral methods 

[2 2 ]. Hybrid methods, using both methods where appropriate, axe being developed 

[16,23,24] and show promise for problems which feature non-linear iron regions 

surrounded by air. For most rotating machine studies, though, the region outside 

the core-back may be ignored.

There axe thus a variety of different techniques available, of varying 

degrees of complexity and precision, for the modelling of turbine generators. The 

more commonly used were summarised at a recent IEEE symposium [25].

1.3 O BJECTIVES OF THE RESEARCH.

The objective of this work has been to develop a finite element based 

method for simulating the widest possible range of turbine generator transient 

behaviour. In particular, to analyse the electromagnetic and mechanical response 

of a machine, under load, to a transient such as a transmission line fault sequence 

consisting of fault imposition, clearance and reconnection to the system, and pos

sibly subsequent tripping of the set. The method should be capable of including 

the actions of the machine controls, and of predicting pole-slipping behaviour.

Such a technique would enable the machine transient performance to be 

directly investigated at the design stage. (At present the nearest approach to this 

is to use the finite element method to simulate works’ tests, from which parameters 

are obtained for equivalent circuit simulations of the transient response.) It would 

also enable design optimisation of details such as machine damping characteristics, 

and provide a first step towards incorporating a thermal analysis. A complete 

machine model could be used as an accurate test bed for the design of excitation
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and governor control systems, and the development of power system stabilisers 

and optimal controllers.

The provision of an accurate machine model would also enable a de

tailed study of the performance of equivalent circuit methods to be undertaken. 

This would allow investigation of the applicability of using one set of machine pa

rameters for modelling a wide range of system transients under different operating 

conditions and, arising from this, is how one set of parameters might be modified 

in a simple way, in the course of a simulation, to more closely model the actual 

machine behaviour. This requires the development of novel ways of deriving the 

necessary parameters.

1.4 O UTLINE OF THE THESIS.

The thesis describes a continuation of the work of Turner and Macdon

ald [26,27,28]. Using the nodal method, and the concept of conductivity matrices, 

the transient finite element numerical equations are formulated in an efficient 

manner that permits the iterative solution of problems containing magnetically 

non-linear iron materials.

Two methods of modelling the stator windings axe presented in detail. 

The two-axis method is more familiar, but neglects the stator transformer effect 

component of the transient response in order that the time step length may be 

gradually increased and the total time in computation may be thereby reduced. 

The phase band model provides a full solution, but requires substantially more 

computational time, due to the need to accurately model supply frequency wave

forms.

In order that the two methods may be validated, simulations are 

performed of two actual system transient tests, undertaken by the C.E.G.B. at
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Uskmouth in 1979. One of the tests to be simulated demonstrated pole-slipping 

behaviour. The results obtained axe discussed at length.

The behaviour of the machine is studied with reference to flux and 

eddy current plots, winding currents and voltages, rotor angle changes, power 

dissipation in rotor eddy current heating and power flow into magnetic circuit 

energy storage. These combine to give a detailed picture of the machine transient 

performance.

Parameters for an equivalent circuit machine model are calculated di

rectly from the finite element solution, for both axes of the generator. The damper 

circuit parameters are particularly concentrated upon, being found at intervals 

throughout the transient period. Previous methods, based on curve fitting, have 

assumed them invariant. With this method, their variation over time may be 

studied.

1.4.1 Contribution o f the thesis.

A brief description of the contents and contribution of each chapter is given below.

Chapter 2. An introduction to the finite element method is made and the nu

merical equations are established using the nodal method. The cal

culation of currents and voltages within the machine is developed 

in a general formulation, the concept of the conductivity matrix 

is introduced, numerical allowances for effects within the machine 

length are described and the A-average technique is presented. A 

recently published method for accelerating the solution is applied to 

the transient problem. This is believed to be new.

Chapter 3. Two well established methods for calculating rotor torque, Maxwell’s 

stress tensor and the virtual work principal, are outlined and rejected
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in favour of an entirely new method based upon performing a power 

balance within the machine. This proves simple to compute and 

provides a deeper and more useful insight into the transient process. 

Methods of efficiently incorporating Laplace-transform-based gover

nor and automatic voltage regulator models into the finite element 

calculation are described. The work of this chapter is the first known 

attempt at introducing into the finite element method the mechani

cal behaviour of a rotating machine under transient conditions.

Chapter 4. Details of the generator, its controls, the generator transformer and 

the transmission line used by the C.E.G.B. in transient stability tests 

at Uskmouth are presented. Methods of modelling them, and the 

two particular tests to be simulated, are described and discussed.

Chapter 5. The general formulation of Chapter 2 is applied to a turbine gen

erator model where the stator winding is represented in a two-axis 

formulation. The solution of the resulting asymmetric matrix, in 

an entirely new and highly efficient manner by combining the A- 

average technique with a modified Gaussian elimination scheme, is 

described. The analysis deliberately neglects the stator transformer 

component of the transient response in order to obtain a more rapid 

solution of the problem. Methods of increasing the computational 

time step length are discussed, and a further reduction of the stator 

model to a current sheet is described. Specific problems associated 

with the incorporation of an infinite busbar representation into the 

method are dealt with and the results of a simulated transient com

pared with those measured in the C.E.G.B. tests. This computation 

of the transient behaviour of a generator on load, where the flux axis 

is not aligned with a machine axis, is entirely new.
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Chapter 6. To perform a full solution of the machine transient, a phase band 
stator m odel is adopted. The problem of allowing for relative mo
tion between rotor and stator is overcome by backwards rotation  
of the stator phase bands w ithin a  fixed mesh. M ethods of rapidly 
calculating the initial condition w ith  the machine under load are 
described, and the results of sim ulating two of the C .E.G .B. tests, 
one involving pole- slipping, are presented. The outcom e is, unfortu
nately, not good, as an overprediction of stator voltage on clearance 
of the fault leads to substantial errors in the calculation of rotor 
angle. Possible reasons for this are discussed at length. The new 
power balance calculation of rotor torque is compared favourably 
w ith the well known Maxwell stress m ethod, and an example design  
study shows the benefits of changing the specification of the rotor 
slot wedges. This m ethod of analysis of a machine transient from a 
loaded initial condition is also new.

Chapter 7. A new m ethod for calculating equivalent circuit parameters directly 
from the transient finite element solution is presented. The basic 
machine reactances are computed using an established m ethod, but 
the damper circuit values are calculated at intervals throughout the 
transient by equating the power dissipative terms in the equivalent 
circuit and finite element models. The variation of resistance values 
obtained proves interesting, but the calculation of inductance unfor
tunately gives non-physical values. To attem pt to understand why 
this is, the axis values derived from the finite element solution are 
compared w ith those given by a standard solution of the equivalent 
circuit m odel.

Chapter 8. A summary of the main results and conclusions described in the 
previous chapters is made, and an outline of future work is described.
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CH APTER TWO

TH E FINITE ELEM ENT M ETHOD

2.1 IN TR O D U C TIO N .

The finite element m ethod is now an established technique for solv
ing electromagnetic field problems. Originally applied to  linear, two-dimensional 
m agnetostatic cases, these restrictions have been gradually removed, although not 
all the problems have by any means been resolved. Incorporation of the external 
circuits coupled to  a machine has proved difficult to  achieve in an efficient man
ner, particularly where the orientation of the main flux axis w ithin the machine is 
unknown.

This chapter describes the application of the finite element m ethod  
to  a two-dimensional com putation of the transient, non-linear, electromagnetic 
field variation w ithin a turbine generator. The machine is considered to  be initially  
on load and is subjected to a fault on the high voltage side of the generator 
transformer, followed by clearance of the fault and reconnection of the machine to  
the grid through the transmission line. The nodal m ethod is used for formulating 
the governing equations and the Newton-Raphson technique for iteratively solving  
them  at each tim e step.

The calculation of induced voltages and currents w ithin the machine 
during both steady state  and transient operation is described, and the concept of 
a conductivity m atrix is introduced to  represent current terms in the problem  
formulation. M ethods explicitly allowing for field and material variations within  
the machine length are discussed.
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Time stepped solutions inevitably involve long com putational tim es, 
and the chapter presents several ways of reducing these, such as the A-average 
technique and m ethods designed to  minimise the number of matrix inversions 
required at each tim e step.

2.2 G OVERNING  EQUATIONS.

A region of space containing current sources may be described by 
M axwell’s equations in terms of the magnetic field strength H_ by

V A  H  =  J  (2.1)

where J  is a vector o f current density.

Displacem ent currents are assumed to  be insignificant. Equation 2.1 is used in 
conjunction w ith two constituitive equations :

H_ =  vB_ (2.2)

and
J  =  a E  (2.3)

where B_ is the m agnetic flux density  
E_ is the electric field strength  
v  is the material reluctivity ( 1/perm eability ) 

and a  is the material conductivity

There are many possible solution functions for 2.1. For two- dimen
sional problems the magnetic vector potential function A  is m ost often used, since 
it has only a z-directed component, and points of equal potential are on a common  
flux line. Thus the difference in the value of A  between two points is equal to  the 
flux per metre between them.
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A  is defined by :
B  =  V  A A

and B  o f equation 2.3 may be w ritten as:

(2.4)

E  =  -V ( f )  -  A  (2.5)

where <j> is a potential function representing impressed voltage sources. 

Combining equations 2.1 - 2.5 gives

V  A (i/V  A A) =  —oV<j> — a  A  (2.6a)

or
V  A (i/V  A A )  =  J s — o A  (2.65)

where J -  is a vector of source currents.

2.3 FORM ULATION.

2.3.1 The nodal m ethod

A technique is now required for converting the continuous equation
2.6 into a form suitable for solution at discrete points. Two m ethods are widely  
used, Galerkin weighted residuals [16,29,30]; and energy functionals [31,32]. How
ever the one adopted here, the nodal m ethod of Hanalla and M acdonald, [33], has 
particular advantages in ease o f formulation and application to  transient studies. 
It uses the integral form of eqation 2.1, which is Ampere’s Law.

j H . d l  =  I  (2.7)

where 7  is a vector of currents applied at a finite number of points, or nodes, 
throughout the region.
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These nodes are arranged to form the vertices of triangular elements 
over which the potential solution (A) is approximated by a known function. In 
this work, first order elements are used, which assume a linear variation of A, and 
thus constant values of B_, v  and J ,  throughout the element. Material boundaries 
m ust therefore be co-incident w ith element boundaries - implying that the physical 
outline o f the problem must be approximated by straight lines. The use of higher 
order elem ents relaxes some of these constraints, but is not considered to be of 
benefit in solving this specific type of problem.

The formulation of a discrete version of 2.6 is described in references
[26] and [34], and yields an equation of the form :

[ 5 ]  (A )  =  ( / )  -  [A * !]  ( A )  -  [Acr2 ] ( M )  (2 .8)

where [ S  ]

[AcTi]

[ A ct2]

and ( / )

is the system  m atrix, a square, symmetric and sparse matrix
formed from the element geometries and reluctivities
) are conductivity matrices relating the induced
)) voltage at a node to  the resulting current 
is a vector of impressed currents flowing at nodes

The solution of 2.8 as a set of simultaneous equations requires A  to  
be specified at at least one node. In rotating machines this is usually done by 
setting a Dirichlet boundary condition of A =  0 at the node at the centre of the 
machine cross section.

Since it can be assumed that the amount of flux escaping from the 
stator core back is very small, the core back may be specified as being coincident 
w ith  a flux line, all the points thereon being specified as having A =  0. This 
reduces the order of the matrices in equation 2.8.
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2.3.2 Periodicity.

A further reduction in problem size may be achieved by recognising 
that a turbogenerator has a symmetrical cross-section which results in points one 
pole-pitch apart having equal but opposite potential. Thus it is only necessary 
to  solve for one pole pitch of the machine if a ‘periodicity ’condition is used to 
enforce th is. The m ethod of incorporating this boundary condition into the finite 
elem ent equations v ia  the [S] m atrix is described by Chari and Silvester, [35] and 
Turner, [27].

2.3.3 D iscretisation.

If the nodal m ethod is applied in the machine cross section, and 
the machine is assumed axially uniform (ie. end effects are negligible), then the 
solution of equation 2.8 will give an approximation to  equation 2.6 whose accuracy 
depends upon the fineness of division of the cross section into elements ie the 
discretisation. The technique piecewise linearises (A), so it will be necessary to  
use a fine discretisation where (A) changes rapidly in space to  accurately model 
th is variation. This is particularly important where sudden changes of flux occur, 
as the radial discretisation at the rotor surface m ust be sufficiently fine to properly 
m odel the skin effect during the early stages of a transient. In practice, this means 
a nodal separation of less than half a skin depth. However, as the solution time 
of equation 2.8 varies approximately as the square of the number of nodes, it is 
of benefit to  coarsen the discretisation in areas where (A) changes slowly, such as 
the rotor core and stator core back regions.
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2.3.4 M agnetic non-linearity.

If the problem to  be solved contains iron materials carrying more 
than  a sm all flux density, the non-linear dependance of f l  on makes equation
2.8 non-linear in that [S] is a function of (A) due to its dependance on v .  It will 
thus be necessary to  iterate to  a solution which contains a consistant set of (A) 
and v .  T he Newton-Raphson m ethod was adopted in which quadratic convergence 
is achieved using the derivative of equation 2.8 operating on an error vector.

(2-9)

where
( J )  =  I S ] ( A ) - ( / )  +  [ A f f x ] ( A ) +  [ A o a ] ( £ )

and
[■ ?] =

H E )

* M )

is term ed the Hessian matrix.

(2.10)

(2.11)

For accurate modelling of the machine, the B /H  curves of the var
ious m aterials must be incorporated, and an efficient m ethod used to find v  and 

since both  are required in the construction of [S] and [P] element by ele
m ent. The B /H  curves of m ost electrical machines may be m odelled by analytical 
approxim ations [36]. For turbine generators, these are usually of the form:

6 u

Tb 2

V =  Cl +  C 2(B 2f ‘

C 2C 3{B2)
B 2

Cs
w i t h 61/

S B 2
=  0

B saO

unless B 2 >  C4 when

(2.12a)

(2.126)

(2.12c)

and
Su _  C 5 

S B 2 ~  2B 2
(2.12 i )
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th e  curve is stored as a set o f 5 coefficients C i - s ,  for each material.

2.4 VOLTAGES A N D  CURRENTS IN  M ACH INE W IN D IN G S A N D  

SOLID IR O N .

2.4.1 W inding currents.

To m odel a machine winding carrying a current it is necessary to 
assign a proportion of this current to each node o f the winding so that the correct 
ampere turns are achieved. This is performed w ith a winding vector ( N w) defined 
so th at

=  (2.13)

( N w ) w ill reflect the number of parallel paths, turns and conductors per turn in 
th e  w inding, and the proportion of the area of each winding that is attributed to  
each node. There are several possible ways of calculating this proportion; for this 
work, where windings are o f rectangular shape and thus m ay be discretised by 
right-angled triangles, the weighting used is as in figure 2.1a. For other areas the 
weighting of figure 2.1b is used.

Figure 2.1 Assignm ent of currents to nodes.
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2.4.2 W inding voltages.

W inding voltages are found from the flux linking the nodes that 
define them . Two nodes i j  one pole pitch apart will be linked by an amount of 
flux :

ipij =  (.Ai — A / j  p er  m e t r e  (2.14)

Chari et al. [37,38] show that the total flux linking the winding is simply

fpw =  (A i  — A j )  k  per  m e t r e  (2.15)

where p  is the number of machine poles
and A: is a constant relating to the winding arrangement

the sum m ation being over all the winding nodes in one pole pitch.

However, the periodicity condition gives A{ =  — A j  so :

rpw =  A i p k  (2.16a)

or
1>w = p ( N ' w )T ( A )  (2.166)

where (N £,) is another winding vector.

From the flux linkage, the em f may be found :

=  (2.17)

If the winding is connected in a circuit, the resulting current i w may be found 
from ew distributed to  the winding nodes using the current winding vector.
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2.4.3 Eddy currents.

Turbogenerator stators are laminated to  minimise eddy current cir
culation, and are assumed to  carry negligible eddy currents. However, the rotor is 
constructed from a solid steel forging, and carries further conducting materials in 
the form of slot wedges and damper bars. When subject to  a change in flux levels, 
voltages will be induced and currents will flow down the machine length, turning  
in the endbell, and flowing back up the machine at a point one pole pitch away. 
The induced voltage in a circuit formed by nodes i  and j  is :

eH =  ( W  ) f “  ( I t  ) ,  Per m e t r e  (2.18a)

but
( f c J . H f t ) ,  (2.184)

so
ei i  =  ei = 2 ( 6- £ ) i (2.18c)

Each node is assumed to carry a current that is the sum  of the currents flowing in 
the 1 /3  of each element that has the node as a vertex. The corresponding current 
is :

i i  =  2G< ( ). L ej j  (2.19)

where G{  is the conductance associated w ith node *
and L ej /  is the machine effective length (allowing for stator overhang)

G i  is found from the sum of the conductances of each element associated w ith i  :
3 A eg~e 
2 L e f f

where A c is the element area
is the element conductivity

(2.20)

the factor of 2 allows for the return path one pole pitch away. The endbell is 
assumed to have negligible resistance at this stage.
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so

*• = l53A«*«(7r), (2.21)

2.4.4 Conductivity m atrices.

Equation 2.21 may be used to form an eddy current vector :

(J ) =  [A<r](M) (2.22)

where [ A a  ] has only leading diagonal terms and is known as a conductivity matrix  
after Hanalla and M acdonald [39]. If the winding current vectors could be sim
ilarly separated into a conductivity matrix term independent of (A) multiplying  
an (A)-related vector leaving only a vector of constant, impressed currents then  
the formulation of the Hessian m atrix in equation 2.11 would be simplified :

[p} = 6 ( E )  « [ 5 ] ( ^ )  , A , tA , £ ( # )—1— =  —!— Li— L +  A<ri +  A  a 7 1 —L-&-' (2.23)£ ( A )  5 ( 4 )  ' l " ” 11 ' 1 21 6 ( A )

A m ethod is sought for describing winding induced currents in terms of conduc
tivity  matrices.

For a winding w ith tim e invariant winding vectors ( N w) and (N W)T 
and no inductance e +  t R  =  0. Using equation 2.17 :

i mRw  =  - L e / f P  ( N w ) T ( ) (2.24)

and
( I w ) =  iw ( N w ) (2.25 a)

so

or

where

(•*«/) — L ef f P  l St )Jttfn

U » )  =  M ( f )

(2.256)

(2.25c)

(2.25d)
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This basic idea may be extended to allow for circuit inductance and direct currents.
If d i/d t is approximated by :

d i  _  % — i _ x 
dt  St (2.26)

N t + L d b { i + i ^ R = 0 (2.27)

then
L e f f P  ’  ( M ) + ‘ ( ^ t + l ) (2.28)

or

L  +  R S t  (  «  ) +  * » • - ,  * '* ) (2.29)

so

(■ )  =  ( 1 "  l T S h  ) (■ - L c f f P  ( J V .) ) +  ( N w ) , -  ( N m ) i t ,  )
(2.30)

The formulation is seen to be similar to that of equation 2.25b, w ith a term  
(1 — L / L  +  R S t )  m ultiplying it; the direct current term  and that relating to  the 
current at the last tim e step will drop out when the Hessian m atrix is formed.
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2.5. ALLOW ANCE FOR EFFECTS W ITH IN THE M ACH INE

LENGTH.

The two-dimensional finite element m ethod assumes an axially uni
form machine. Although this is a good approximation for a turbine generator, 
improvements may be made:

Stator overhang. The effect of rotor fringing fields is modelled by 
specifying a machine effective length equal to  the rotor length plus one air gap 
length.

Stator endwinding leakage reactance. The leakage fields of the stator  
winding in the end region are incorporated as a constant inductance in the stator  
winding circuit.

Laminated stator w ith cooling ducts. The presence of interlamina
tion insulation and cooling ducts reduces the amount of iron present by an amount 
term ed the stacking factor. The iron is assumed to  carry all the flux, however, and 
the flux density in the iron is thus increased by the inverse o f the stacking factor.

Ventilation ducts in rotor wedges. The wedge is modelled in the 
finite elem ent cross section w ithout the ducts, and assigned a lower conductivity  
such th at the wedge resistance deduced from the modelled cross section is equal 
to  the actual wedge resistance.

Discontinuous damper strips. Some machine designs feature a cop
per strip fitted under the low conductivity slot wedges to improve machine damp
ing. W here the wedges carry ventilation ducts in the central section, the copper 
strip is placed at the ends of the machine only. The total resistance o f the wedge 
and damper strip combined is calculaed, and the damper included in the machine 
cross-section to  be modelled. Conductivities are assigned to  the wedge and damper 
such th at their tota l resistance deduced from the machine cross section is equal to 
the actual total, and distributed between them  so that their resistances are in the 
sam e ratio as actually occurs.
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Inertial equalising gashes. The presence of field widing slots resuls 
in lower mechanical stiffness in these areas than in the pole region, with attendant 
vibration problems. To com pensate, the pole face is often slotted, either axially 
or circumferentially. In the latter case, the gashes interrupt the axial flow of 
eddy currents, which are forced to  flow down the edge o f the slit and back up, 
so  increasing the resistance o f the eddy current path. This effect is modelled by 
reducing the rotor pole conductivity in two increments in the slitted region to 
reflect th is increased path length, as shown in figure 2.2.

Figure 2.2 M odelling of inertia gashes.
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Machine endbell. The rotor endbell is often made of non-magnetic 
m aterial, such as stainless steel, which has an appreciable resistivity (« 3  tim es that 
of the rotor steel) Eddy currents flowing down the machine length thus encounter 
an additional resistance as they turn in the endbell. Two m ethods have been used 
to  calculate an ‘endbell factor ’by which the resistivity of materials in the finite 
elem ent cross section is altered to  reflect this effect.
l )  Fixed factor. The total axial resistance of those areas of the rotor that feed 
eddy currents into the endbell is calculated as R r .  The resistance of the endbell, 
Rb,  is found by considering the currents to  flow round one pole pitch, 
then the endbell factor :

e b f  =

</ =

R r + R b

R r

a
e b f

(2.31 a) 

(2.31 b)

2) Variable factor. The m agnitude of the endbell current, and hence the endbell 
loss, w ill vary throughout the transient. Different parts of the rotor body will 
also carry different proportions of the loss at different tim es. A more accurate 
calculation of the endbell factor would be

, . lo s s  i n  ro to r  body  -f l o s s  i n  endbel le b f  = ---------------------;--------------------------------lo s s  in  ro to r  body

At the start of the transient, skin effect will lim it conduction in the rotor and 
endbell to a shallow surface layer. An endbell factor, as in l ) ,  based on the 
resistance of one skin depth is more appropriate until such tim e as the value based 
on losses exceeds it.



40

2.6 SOLUTION TECH NIQ UES.

2.6.1 M atrix inversion.

By far the heaviest com putational burden in the finite element method  
is the inversion of the Hessian m atrix. The techniques m ost often used, are con
jugate gradient m ethods [40,41], and Gaussian elimination [31,34]. Where the  
m atrix is sparse and sym m etric, the latter is faster for problems of less than ap
proxim ately 2000 nodes. A very efficient Gaussian elimination scheme devised by 
Jennings [42] is used, which allows storeage of the [S] m atrix in a linear array 
containing only data values from the first non-zero in each row up to  the leading 
diagonal. Two integer pointer arrays are used to  recover the information. Not only 
does th is reduce the amount of store required, but it also speeds the calculation. 
In order to  take advantage of this, the mesh node numbers are re-ordered to band 
the non-zeros as close to the leading diagonal as possible [27]

2.6.2 A -A verage technique.

Unfortunately, winding conductivity matrices of the form ( N W) ( N W)T 
interrupt this sparse form, since every node on the winding is connected to ev
ery other node, increasing solution tim es substantially. The ‘A-average ’technique 
restores the sparse nature of the [S] matrix, at the expense of adding a row and 
column to  the m atrix for each winding. Suppose only winding w  is active, then :

[5 ] ( ^ )  =  - [ A ^ ] ( M )  (2.33)

where
[ Acr„ ] =  fc ( N w ) ( N w )T (2.34)

so that the error vector is :

( £ )  =  [ S ] ( ^ )  +  fc(^t„)(iVm)T ( M ) (2.35)
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If an average vector potential over the winding is defined as

i r = ( i v m)T ( J4)

then
( t f )  =  [ s ] M )  +  * ( ; v „ ) ( f f i )

(2.36)

(2.37)

th is m ay be written as : 

( £ )  =
'  [S\ 0  " U ) \

............... • • • . . .  +

0 0 V 0 J L
0 : k ( N w ) ( f t )

[ k ( N w y  : - k  j  v  f 1
(2.38a)

ie. the additional column calculates the conductivity m atrix term , while the ad
ditional row, added to  m aintain m atrix symmetry, calculates:

* ( J M T ( f t ) - * ^  =  °

then if

and
S ( A ) ( [ S ) U ) )  =  [iT]

6 ( M )  = £
S ( A ) [ s t J  St

P }  =
' W £  W

— k
6t

(2.386)

(2.39a)

(2.396)

(2.40)

[H] has the sam e sparsity pattern as [S] and [P] preserves this except for the 
b ottom  row, which is densely packed. T he'm atrix sym m etry is preserved. A 
similar procedure m ay be followed for the other windings, adding one row and 
column for each.

This analysis assumes that the winding vectors (N w ) and (N 4 ) are equal. Chapter 
5 dem onstrates how problems arising where this is not so may be minimised.
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2.6.3 Tim e stepping.

At the first iteration of each tim e step, a new set of potentials may be 
found from :

U ) t+ , t =  U ) t +  ( M ) * f (2.41)

Equation 2.8 is then re-solved w ith the new value of (A) and the old value of 
(<6 A / 6 t ) to  give an improved estim ate of (A) from which a new value of {6A / S t )  
may be estim ated using an implict foward difference m ethod.

/ s a  \ _  M ) «l et >t+.H ~  fit

Alternatively, a second order Crank-Nicholson predictor may be used :

( # ) . + «  =  a ( ( A) , + ^ ( i t ) * (2-43)

The first order m ethod is required for the first tim e step and the first iteration of 
subsequent tim e steps. The move to a second order approximation has been found 
to have an advantage in certain cases.

2.6.4 Convergence.

A number of iterations are required at each tim e step to solve the non
linear equations arising from the saturable magnetic behaviour. Different m ethods 
of assessing convergence to a solution have been proposed, the one adopted is based 
on the rms change in the solution at the last iteration being less than a preset level.

r m s  error  =  ------- (2-44)
N

where the sum m ation is over nodes and 6A{  is the change in A* from the previous
iteration.
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A sufficient degree of accuracy is required so that, at the next time 
step, corrections to the previous solution do not produce to  spurious eddy currents 
from the resulting 6 ( A ) / 6 t .  On the other hand, a more accurate solution requires 
more com puting tim e, and is lim ited by computer numerical accuracy. It has 
been found that an rms error of <  10” 5 is a satisfactory indication of convergence 
(considerably higher accuracy than required for terminal values to  stab ilise).

2.6.5 Solution acceleration.

Once changes in (A) are sm all, the values of elemental reluctivities 
are sensibly constant. Further iterations merely producing a more accurate nu
merical solution w ith an unchanged set of reluctivities. Demerdash et al. [43] have 
proposed that after a certain point in an iterative calculation, the reluctivities may 
be considered fixed. The Hessian m atrix and its inverse are also constant, so the 
task of solving the equations becomes sim ply that of reforming the right hand side 
terms and backsubstituting. To allow for slight re-alignment of flux within the 
machine, the [S] matrix is updated each tim e for calculation of the error vector. 
The paper reports substantial com putational savings for steady state load point 
calculations in a 2-axis machine model.

In applying the idea to a transient calculation, comparison was made 
w ith a transient solution obtained by inversion at each iteration. The criterion 
for improvement was a saving in tim e w ithout loss of accuracy (greatest error in 
terminal parameters <  0.1%) or stability of convergence. Two schemes were tried:

1) perform the full inversion for iterations 1 to  n and then at each subsequent 
m t h  iteration.

2) only invert the matrix if the rms error is greater than a preset value.



44

Neither m ethod proved completely acceptable. 1) either showed no 
saving in tim e or proved unstable, the error growing at each iteration. W ith a 
preset error level of 10” 3 m ethod 2) proved stable and accurate, although period
ically the solution at a tim e step refused to  converge to below 10- 5 , while settling  
below 10- 4 . Limiting the total number of iterations becam e necessary, but no 
effect on accuracy or converegence rates was found. The net savings in tim e over 
several hundred tim e steps proved to be 10 — 15%.

These savings are small compared w ith those reported by Demerdash. 
This may partly be due to the use of a more efficiently banded m atrix, giving  
less tim e difference between full inversion and backsubstitution; and partly to  the 
greater accuracy required.

2 .7  C O N C L U S IO N S .

The chapter has described how the finite elem ent m ethod is applied 
to  the com putation of turbine generator transient electromagnetic behaviour. A 
simple m ethod of formulating the non-linear field problem using Ampere’s Law 
(the Nodal m ethod) was presented, which was combined w ith  the Newton-Raphson  
technique to  allow rapid convergence to a solution at each tim e step. The accuracy 
of convergence and level of discretisation required for a satisfactory solution were 
discussed, and a periodicity condition introduced to halve the problem size. Also  
described were the calculation of induced currents and voltages using winding  
vectors and conductivity matrices, allowances for three-dimensional effects w ithin  
the machine length, and an efficient m ethod for modelling the non-linear m agnetic 
characteristics of the machine. All these techniques were applied in a manner 
consistant w ith  the underlying formulation of the problem.
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Two recent developments in solution m ethods were introduced and 
incorporated into the program.

1) The A-average technique restores the banded, sparse pattern of the system  
m atrix by incorporating the conductivity matrix terms as additional rows 
and columns. This reduces the storage requirements and the tim e taken to  
invert the m atrix.

2) After the first few iterations of each tim e step, the material permiabilities 
are considered to  be invariant and the lengthy process of m atrix inversion is 
thus no longer required. This m ethod has previously only been applied to 
steady state calculations, and the adaptation required for a transient model 
was discussed at the end of the chapter. Care was found to be necessary 
in devising a reliable algorithm for selecting the point at which the full 
inversion is no longer to be performed.
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CH APTER THREE

THE M ECHANICAL EQUATIONS OF M OTION  

A N D  M ACH INE CONTROLS

3.1 IN TR O D U C TIO N .

Previous solutions of machine transient behaviour using the finite el
em ent m ethod have assumed conditions of constant speed, ie. the mechanical 
behaviour of the rotor during the fault has been ignored.

A knowledge of the rotor angle variation is important when assessing 
machine stability and the contribution made to it by the machine governor and 
autom atic voltage regulator. The rotor dynamics also affect the electromagnetic 
solution through changes in the instantaneous load angle.

In this chapter, the m otion of the machine rotor relative to a syn
chronous frame of reference is calculated. Different techniques for determining the 
torque applied to  the rotor are compared, and a new m ethod proposed which is 
based on a balance of power flows. From the torque calculation the rotor speed  
and angle are found by integration.

In the second half of the chapter, the influence o f the turbine dy
nam ics, the speed governor and the automatic voltage regulator on the transient 
performance are discussed. Simple examples are used to illustrate how existing  
Laplace-transform-based models may be directly incorporated in a finite element 
form ulation, and various com putational problems that arise are discussed. The 
effect o f th e exciter circuit on the electromagnetic calculation is included at the 
end of the chapter.
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3.2 ROTOR M ECH ANICAL BEHAVIOUR D U R IN G  A FAULT.

In the steady state operation of a turbine generator the steam -turbine 
power input is balanced by the sum  of the electrical power output and the machine 
losses, that is the stator copper and iron loss, w indage, friction, end region effects 
and the exciter requirement if the exciter is directly coupled.

W hen subjected to  a transient disturbance, the losses and the electrical 
power output alter, but the steam  turbine continues to  give the pre-transient 
mechanical power, until the speed governor starts to act. As a result, the power 
balance is disturbed, and the rotor accelerates. In the case of a three phase 
short circuit, the electrical power falls to nearly zero, and the rotor speeds up, 
moving foward w ith respect to  a synchronously rotating reference frame. If the 
fault is cleared sufficiently quickly, and the connection to the electrical supply grid 
system  is re-established, the machine will settle down to its original load angle 
after a number of lightly damped oscillations. If not, the rotor angle will reach 
180 degrees, after which it is more energetically favourable for it to continue on 
than swing back. The machine is then running at supersynchronous speed and is 
then said to  be pole slipping.

A t the instant of the fault, eddy currents are induced in the solid rotor, 
wedges and dampers. These currents produce heating, and so dissipate energy, 
which must be supplied from the rotor inertial energy, and a braking effect is 
thereby produced. The amount of energy stored in the electromagnetic fields 
w ithin the machine will also change, giving rise to  further power flow from the 
rotor. For a short period, these effects may produce a braking torque greater than  
the turbine input and initially cause the rotor angle to fall, a phenomenom known 
as rotor backswing.
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3.3 CALCULATION OF RO TO R ACCELERATION.

The rotor acceleration is calculated from  the net torque :

* - 7  (31)

(3.1) where J  is the rotor inertia.

Here the shaft carrying the generator rotor and steam  turbine is taken 
to be rigid ie. to  exhibit only the coherent m ode of oscillation. J  is then the 
inertia o f the whole system  of rotor, exciter and turbine stages. There is no major 
problem in extending the analysis to  m ultiple m odes of oscillation, except provision 
of the necessary data. It is further assumed that mechanical damping is negligible. 
Torque is usually calculated either from the Maxwell stress equations or by the 
m ethod of virtual work.

3.3.1 M axw ell stress.

The calculation o f  forces on a body using the Maxwell stress equations 
is described in [44] and [45]- In outline, the procedure uses a force density vector 
/  defined from the Lorentz equation a s :

/ = J A B  (3.2a)

which can be written as a two-dimensional problem in terms of a contour integral

£  =  t'j>T.<U

where T  is the second M axwell stress tensor given by :

T  = 21
B y B , B 2y ~ \ \ B  |2

(3.26)

(3.2c)
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If a contour is taken through the air gap, enclosing the rotor, the 
integral w ill give the force on the rotor. The accurate calculation of the tangen
tial, torque-producing, com ponent requires the sum m ation of the difference of the 
squares o f two similar numbers round the contour, a numerically difficult procedure 
on account o f rounding errors. Values of JB are found by differentiating the po
tential solution, a process th at tends to  magnify errors. Different values of torque 
w ill result depending upon the location of the contour of integration. W here the 
airgap discretisation is not fine, the calculation m ay thus give significant errors.

3.3.2 V irtual work.

The m ethod of virtual work uses the energy functional formulation of 
the finite elem ent problem  (see Chapter 2.3) to  establish a system  co-energy. The 
torque is then the partial derivative of the co-energy function w ith respect to the 
angular measure o f virtual m otion [46,47]. The integral equations that result are 
identical to those o f the M axwell stress approach in the lim it, but are claimed to  
be numerically more exact in computation.

3.3.3 Power balance.

For a steady sta te  calculation, careful use of Maxwell stress or virtual 
work has been shown to  give good results, but this is not certain in the transient 
case. A  simpler and easier m ethod may be adopted for the transient that gives 
greater insight into the machine behaviour. It is first assumed that windage, fric
tion, hysteresis loss and exciter power requirements change little during a transient, 
and then a power balance is applied between the turbine input and the other much 
larger power flows occuring within the machine. The components of the balance
are :
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1) Steam  turbine input power, as modified by any governor action.

2) Electrical power generated. This is calculated from the instantaneous current 
and rate o f change o f flux linkage (ie. the ‘airgap ’voltage behind the stator 
resistance and overhang leakage reactance)

P  =  +  e2*2 +  e3*3 (3.3)

This calculation includes the effects of power losses in the stator winding and 
external circuit resistance, changes in energy stored in external circuit inductances 
and power and Var transfer to the infinite busbar, if connected.

3) Field circuit power requirement, sm all, but given by :

P  =  Vfif  (3.4)

4) Eddy current power loss in the rotor. The voltage induced at 
changes in flux linkages is :

e* =  2Xre//  ( ^ ) .

where L e/f  is the machine effective length.

The conductance associated w ith this node is G i  :

— i  V  ^ e<Te
4 ~  3 ^  2L efS

where a e is the elem ent conductivity  
and A e is the elem ent area

(See Chapter 2 for derivation of these equations.)

The power dissipated as heat at the node is then :

node i  due to 

(3.5)

(3.6)

Pi  =  e f G { (3.7)
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This is for an eddy current circuit covering one pole pitch. The total eddy current 
power loss in the rotor is then :

P  =  \ p L * u Y t G d S& )  ? (3-8)
*=1

where the sum m ation is over all the nodes in the mesh  
and p  is the number o f machine poles.

Implicit in this analysis is the assumption that the heating effect of the  
eddy currents is not great enough to alter the material conductivities significantly. 
A lthough power dissipation may be high at the start of the transient, the eddy 
currents are relatively short lived, so the energy input to  the conducting materials 
is not large.

5) Energy storage in m agnetic fields within the machine. This is given by :

E  =  — B  H  p er  u n i t  v o l u m e  (3.9)
2

W ithin the machine length, the calculation is made element by element in terms 
of B 2 , which is obtained directly from A. The energy stored in an element is then:

E e =  ± v eB * ( A eL ' I f ) (3.10)

where v e is the element reluctivity.

so the total energy stored in the machine, assuming a one pole pitch mesh, is :

E  =  L ' f t P ' £ , v cB l & c (3.11)
e

where the sum m ation is over all the mesh elements

If this energy  changes over a small tim e interval A t , power A P  must be supplied  
or absorbed. A reasonable approximation for A P  is :

A P  = A E  
A t (3.12)
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These equations use the machine effective length for both  rotor and 
stator. Although not exact, this is regarded as a reasonable simplifying assump
tion. Similarly, the use of a modified flux density in the stator region to allow for 
stacking factor effects is adopted as giving a good approximation to the energy 
storage division between laminated iron and the inter-lamination air.

Calculation of stored energy changes in end region fields is only ap
proxim ate, and based on circuit equations. Thus the power flow due to the field 
circuit end winding inductance L j  is :

* P  =  V ' L ' %  <3-13)
A  similar calculation to  allow for the stator overhang leakage reactance is already 
included in equation 3.3 via  the circuit equations used to calculate stator currents.

3.4 CALCULATION OF ROTOR SPEED  A N D  ANGLE.

Section 3.3 gives the net power available to accelerate the rotor. From  
this the torque may be found directly, if speed (and hence frequency) are considered 
constant over the integration step, using

u
(3.14a)

Alternatively, the differential equation may be recast in terms of speed squared by 
recognising that u  =  0 :

A P  =  ui J w  =  i  J  ( J 2 ) (3.146)
Jd

The machine is assumed to be initially rotating at synchronous speed.

From either procedure, a further integration will give rotor angle. The 
procedure of 3.14b was adopted as likely to be more accurate, although this does 
involve finding the difference of two squares, w ith possible rounding error problems.
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The initial rotor angle is taken as the machine load angle calculated from the initial 
condition ie. the angle of the axis of flux within the machine from the pole axis.

3.5 M ACH IN E CONTROLS.

Three external factors will influence the machine behaviour; the speed  
governor, the turbine dynamics and the autom atic voltage regulator. The governor 
and turbine response are normally combined and regarded as one system . There 
are m any m odels o f machine control system s available, a sim ple, generalised one 
is shown in figure 3.1.

3.5.1 Governor.

A speed governor has two main functions; to control the machine power 
output in the steady state , and the machine speed during disturbances. It performs 
these tasks by accepting a no load turbine speed signal and a rotor speed feedback 
signal, and uses these to  control the steam  valves on the turbine set. Auxiliary 
signals from power system  stabilisers and optim al controllers could also be added.

The mechanical equations couple directly w ith the governor inputs and 
output, so the governor model may be included as a ‘black box ’, performing its 
calculation separately from the finite element, solution.

Governor and turbine performance is conventionally characterised by 
gains, tim e constants and rate limits stated in terms of Laplace transforms [48], 
using a per unit system  of base power =  rated VA and base speed =  1 rad /s.

The finite element calculation outputs speed at discrete time intervals.

It would be possible to transform the Laplace transform governor model to a

discrete-time z transform, but calculation of the response in the time domain is
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K — controller gain
T =  controller tim e constant
U =  controller set point
•̂ u =  m axim um  response rate going positive
Xl =  m axim um  response rate going negative
flu =  m axim um  positive response
a x =  m axim um  negative response

the response is defined by:
x  — U  — k y  — a (3.15a)

Xl <  x  <  x u (3.156)
do, x  
~dt ~  T (3.15c)

Figure 3.1 Generalised machine control system  model.

straightfoward, and may be found by superposition of the effects of step inputs at 
each tim e step . This allows a sim ple implementation of rate and position limits. 
If the tim e step  length is small, the error in the tim e at which the system  reaches 
a lim it is m inim al.
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Valving rates are usually much slower than the electromagnetic tim e 
constants, and it can prove necessary only to update the valve positions periodi
cally, after a fixed number of tim e steps, to avoid numerical rounding errors.

3.5.1.1 Tim e lags.

Steam  valves are commonly some distance from the turbine blading. 
There is thus a tim e lag between valve operation and turbine response due to  the 
intervening entrained steam . M odelling this as a further tim e constant is not very 
satisfactory, and a better procedure is to store the valve response at each step, 
and ‘look back ’to find the turbine behaviour. If P  is the turbine power and V  
the valve position, then :

■ P| , «V f o r  t > t i a g  (3.16a)

■Pit « n _ .  for 1 ̂  *<<'<; (3.166)

The proportionality may be a constant or may allow for non-linearity in the valve 
fluid dynam ics.

3.5.2 A utom atic voltage regulator and exciter.

The autom atic voltage regulator (AVR) controls machine reactive power 
output in the steady state, and acts to  maintain the machine terminal voltage dur
ing a transient. It achieves this by control of the machine excitation. There are 
m any different excitation system s in use, ranging from a fixed d.c. source with  
rheostat to  a.c. sources w ith  thyristor controlled bridge rectifiers [49,50].

The AVR inputs are a set point reactive power and the machine ter
m inal voltage. Terminal voltage is usually derived from a step down transformer, 
rectifier and sm oothing circuit. The circuit may include lags, not all phases may 
be sam pled, and the transformer may be star or delta connected to  the terminals.
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These different m ethods will give different feedback signals under imbalanced fault 
conditions and accurate modelling of the response will require a knowledge of which 
m ethod has been used in practice.

As w ith  the governor, the AVR m odel may be added separately to  
the finite elem ent model, although some approximation may be necessary when 
finding the terminal voltage feedback signal.

AVR and exciter performance is characterised by Laplace transforms 
w ith  lim its and w ith rotating exciters, simple saturation characteristics may also 
be built in. Several different per-unit system s for specifying field quantities are 
in com m on use [50,51]. These affect the relation between the exciter output volt
age and the field circuit applied voltage; normally an additional scaling factor 
is required to  link the two. This becomes particularly important when transfer
ring the per unit values from the exciter m odel to  the ‘actual ’values used in the 
electrom agnetic solution.

M any AVR m odels have feedback terms of the form
1

1  +  s T (3.17)

The finite element output, being at discrete intervals, can be represented as a 
series o f step  function inputs :

b(s)  =  ^  (3.18)
o

combining 3.17 and 3.18 and transforming to  the tim e domain gives :

a ;(t) =  A6»- (1  — exp t ) (3.19)

in th is form, the present response is the sum of the responses to all the past inputs 
steps A b{, which would require recalculation and sum m ation at each tim e step. 
This may be avoided by rewriting 3.19 at tim e (i +  St) as :

a,i(t +  St) =  A bi (1  — exp "5̂  e x p ^  ) (3.20a)



57

rearranging equation 3.19 and substituting for exp - r̂ in 3.20b :

ai{t +  St) =  A bi (1 —  exp^1) +  a*(t) exp-*1 (3.206)

Now the only information required is a i at the previous tim e step. The response 
to  a series o f step inputs A b i  is then simply :

a ( t  +  St) =  ^  a*(* +  &*) =  (1  -  e x p ^  ) ^ 2  A b{ +  exp“**  ^  O i[t) (3.21a) 
% i i

or
a ( t  +  S t) =  (1  — exp^r1 ) ( b(t +  St) — 6(0) ) +  a (t)  exp -̂ ” (3.216)

3.5.2.1 Exciter circuit - the effect on the electromagnetic calculation.

The character of the exciter supply to  the field circuit may affect the 
finite elem ent calculation. If the supply is v ia  a bridge rectifier circuit, then  
the field current cannot becom e negative, since the diodes will reverse bias and 
effectively open circuit the field winding. This effect has not been included, but 
may be allowed for by adding the field circuit conductivity m atrix to  the Hessian 
m atrix only where the diodes are foward biased.

Older designs of excitation system  utilise a d.c. machine to  supply 
the field voltage through slip rings and control the field voltage by adjusting the 
exciter field voltage.

The machine field circuit thus contains the exciter and brush contact 
resistance, as well as the field winding resistance, as in figure 3.2

Brush contact tends to  exhibit a constant voltage drop. This may be 
approxim ated by an equivalent resistance, calculated at the nominal current. 
T he field circuit current is then found from :

R j i f  +  L f  +  e f  +  2 R b if  +  R exi f  ■+■ Vex =  0 (3.22)
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e f  is the transient induced voltage in the field winding 
V a  is the exciter internal voltage  
Rex. is the exciter internal resistance.

Figure 3.2 Field winding circuit.

Field voltage is norm ally measured at the sliprings, and is then found from :

V f  =  e j  +  R / i f  +  L j - - j -  (3.23a)
at

although it m ay som etim es be measured across the exciter

V } =  Ve +  i f R f  (3.236)

3.6 CONCLUSIONS.

Three m ethods o f calculating rotor torque have been discussed in this 
chapter. The M axwell stress and virtual work approaches present numerical prob
lems and were discarded in favour of a new, and much simpler, m ethod based on 
a balance o f power flows w ithin the model. This proved easier to  calculate and 
provided a deeper physical insight into the transient behaviour of the machine.
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It is clearly an advantage to be able to  include the widely used Laplace- 
transform-based machine control models in the calculation without major adapta
tion and in a manner such that the m achine/control interaction may be obtained  
and compared w ith  test measurements. This was shown to be possible, and a sim
ple means of incorporating governor valve tim e delays was described. Feedback 
terms in autom atic voltage regulators present a potential problem and an efficient 
m ethod was outlined for handling them , w ithout recourse either to z-transforms 
or substantial programme storage.

T he behaviour of the excitation system  will alter the electromagnetic 
characteristics o f the field circuit. An allowance for this effect has been incorpo
rated in the m odel and was presented at the end of the chapter.

A lthough in this chapter the machine has been considered to behave 
as a single inertia; a m ultim ode response could be calculated, using the m ethod  
described, by replacing equation 3.14 w ith the full set of differential equations 
specifying the rotor dynamic behaviour.
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CHAPTER FOUR

THE POLE SLIPPING TESTS AT USKMOUTH B POWER STATION

4.1 INTRODUCTION.

In October 1979 the C .E.G .B. performed a number of system  transient 
tests on the Uskmouth B U nit 14 generator, an initial series o f tests having previ
ously been undertaken on this machine to determine its electrical parameters and 
saturation characteristics. The principal feature of the more recent tests was the 
inducement of pole slipping by a reducion in the generator excitation and by the 
application of symmetric and asymmetric faults on the high voltage side of the 
generator transformer.

The ultim ate object of the tests was to  assess the performance of pro
tection relays designed to operate under pole slipping conditions, and their dis
crim ination between fault types. Subsidiary objectives were to  obtain test results 
against which existing generator models could be assessed for their representation  
of pole slipping conditions, and the determination of shaft torques caused by slowly 
cleared system  faults. A considerable quantity o f data was collected during the 
course o f the tests, which permits validation of the finite element m ethod [51,52].

This chapter presents detailed information about the pole slipping tests 
undertaken at the Uskmouth B power station. D ata is provided for the generator 
transformer, transmission line network and the detailed design of the generator 
set, and the m ethods used to model them  are described.

Specific information is given regarding the transient tests for which 
sim ulations are to  be undertaken, and some aspects of the presentation of the
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data are discussed. The chapter is concluded w ith details of the governor/turbine 
and autom atic voltage regulator/exciter models to be used.

4.2 GENERATOR SET DETAILS.

The principal features of the machine are given in table 4.1.

Machine inertias are usually given in terms of a normalised inertia 
constant H , which enables machines of widely different sizes to  be compared. H  
and J  are related by :

<JkJ
2  Pt

(4.1)

where Pb is the machine rated VA.

The generator cross section is shown in figure 4.1. The centre of the 
rotor forging is hollow and the machine poles carry 13 inertia equalising gashes 
distributed along their length. The rotor slot wedges are of stainless steel and 
are perforated by 16 ventilation ducts in the central region. Under the wedges 
at each end o f the rotor there is a small hard drawn copper damper strip. The 
construction is illustrated in figure 4.2

-t—ri i

«------------76-25*-----------* --------17-5--------H------------ 76-25----------->

ducts 0 -5  x 0 -5

Figure 4.2 Arrangement o f slot wedge and damper bar showing ventilation ducts.
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TABLE 4.1 USKMOUTH B UNIT 14 GENERATOR

R a tin g
150 MVA
120 MW
13.8 kV
2 pole
3000 rpm

S ta to r  c o n s tr u c t io n .
number of slots 60
conductors per slot 2
turns per phase 10
coil p itch 1-26 =  ^ th
to ta l length 170”
stacking factor 0.9

R o to r  c o n s tr u c t io n ,  
cooling hydrogen
number of slots 32
slot p itch 7.65 deg
turns per pole 79
diam eter 40*
inertia constant, H 3.64 kW s/kVA
endbell peripheral cross section 22" x  2 | M

Airgap

T he rotor endbell is constructed of non-magnetic steel. Table 4.2 shows further
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Figure 4.1 Machine ctoss section.
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TABLE 4.2 GENERATOR DETAILS

stator overhang leakage reactance 0.000173 henries/phase
rotor endwinding inductance 0.005 henries
field widing resistance at 50 deg C 0.1559 ohms
exciter resistance 0.00334 ohms

m aterial conductivities at 20 deg C 
rotor body forging 24 x  10” 8
rotor wedge 71 x  10” 8
damper strip 1.77 x  10” 8
endbell 80 x  10” 8

details o f the machine construction.

The generator excitation characteristics are shown in figure 4.3, taken 
from manufacturer’s data. Table 4.3 gives the machine equivalent circuit param
eters as determined by the C.E.G.B. tests.

4.3 GENERATOR TRANSFORMER.

4.3.1 Transformer details.
The Uskm outh generator transformer is of the usual delta-star con

nection. Throughout the tests it was set to its minimum tapping to  minimise the 
stress im posed on the tapping gear and restrict the initial fault current to  «  3 
p.u.. T he required terminal voltage was obtained by control of the system  voltage  
via  the supergrid transformer tappings. The generator transformer parameters 
are shown in table 4.4.
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Figure 4.3 Uskmouth excitation characteristics.
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TABLE 4.3 GENERATOR PARAMETERS

Direct axis synchronous reactance 
Direct axis transient reactance 
Direct axis subtransient reactance

Quadrature axis synchronous reactance 
Quadrature axis transient reactance 
Quadrature axis subtransient reactance

Zero sequence reactance 
Armature leakage reactance 
Armature resistance

Direct axis transient tim e constant 
Direct axis subtransient tim e constant

Quadrature axis transient tim e constant

rating base (150MVA)
x d =  1.94 p.u.
y t =  0.219 p.u.
X 'l =  0.149 p.u.

x q =  1.64 p.u.

K =  0.3 p.u.

XJf =  0.208 p.u.

X o =  0.85 p.u.
X a =  0.125 p.u.
R a =  0.0015 p.u.

n =  0.602 sec.
rptt1 d =  0.0222 sec.

n =  0.2 sec.
rptt =  0.222 sec.

TABLE 4.4 GENERATOR TRANSFORM ER PARAM ETERS

Voltage ratio (p.u. on 13.8/132 kV basis) =  1 : 0.989 
Reactance (p.u. on 144 MVA base) =  0.169
Resistance (p.u. on 144 MVA base) =  0.0043
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4.3.2 Transformer modelling.
The transformer was modelled as a series R ,L  as given above. The 

effect of the delta-star connection was allowed for by modelling a three phase to 
earth fault on the star side as an isolated three phase-to-phase fault (without 
earth) at th e machine terminals. The problem of the unknown phase shifts in the 
generator and transm ission line transformers is avoided by calculating the initial 
condition w ith  the transformer, transmission line and infinite busbar referred to  
the stator term inals (see section 4.4.3) For the simulation of unbalanced faults 
and circuit breaker scatter a more com plete m odel of the transformer is needed. 
The m ethod described in [53] could be adapted, although this would then require 
further data.

T he m odel is a steady state one, except in that it allows for frequency 
changes by using an L ^  formulation rather than X I .  It may be necessary to 
m odel the transient, non-linear, behaviour of the transformer for a more accurate 
representation o f the fault. This could be done in finite element terms, either 
directly via  a linked, tim e stepped transient m odel of the transformer, or indirectly 
via previous saturation studies and a look-up table of parameters. A solution of 
interm ediate com plexity might be obtained by incorporating a magnetic circuit 
approach, such as those of Carpenter [54], Haydock [55] and Turowski [56], into 
the finite elem ent solution at each tim e step.

4.4 THE TRANSM ISSION LINE NETWORK.

4.4.1 Transmission line details.
For the purposes of the transient tests, the local transmission line net

work was configured to  give an 80km dedicated connection between the Uskmouth
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unit 14 generator transformer and the 400 kV busbar at Melksham. The Melk- 
sham  connection can be considered to  be an infinite busbar behind an impedance 
equivalent to  a three phase short circuit infeed of approximately 20,000 MVA.
The largest voltage disturbance, measured during the tests, at Melksham was 
2.5%. The test system  comprised of :
i) Uskm outh B Unit 14
ii) Generator 14 transformer
iii) Uskm outh supergrid transformer, SGT3 - W hitson - Tremorfa circuit (132/275kV)
iv) W hitson - Iron A cton N o.2 circuit (including quadrature booster)
v) Iron A cton - Melksham N o .l circuit
vi) Iron A cton - SG T1 and SGT (off load)
vii) M elksham supergrid transformer, SGT5 (275/400kV)

and is shown in simplified form in figure 4.4. The section parameters are sum
marised in table 4.5.

4.4.2 Transmission line modelling.

To incorporate the transmission line circuit into the finite element cal
culation, each section was first reduced to an equivalent ?r network, converting 
from per unit to real values at the same tim e, as in figure 4.5a. The impedances 
were then referred back to  the generator terminals, allowing for the transformer 
settings, to  give figure 4.5b. A Thevenin reduction was then applied to give the 
final series R ,L  circuit of figure 4.5c.

The system  voltage was recorded during the tests using a chart recorder 
at a nearby busbar. This chart recorder was not specifically calibrated for the tests, 
but should have given a reasonably accurate measurement of the voltage at the 
M elksham busbar.



USKMOUTH 
UNIT 14

UNIT 14 
GEN. TRANSE

USKM.132 kV

REACTOR

USKM 132 kV 

SG TRANSF. 3

USKM 275 kV

WHITSON - USKMOUTH 
TREMORFA

WHSO 275 kV 

QUAD BOOSTER N°- 2

WHITSON - 
IRON ACTON 2

IROA 275 kV

IRON ACTON - 
MELKSHAM I

MELK 275 kV 

SG. TRANSF. 5

MELK 400 kV

SYSTEM

Figure 4.4 Simplified diagram of test system



70

TABLE 4.5 TRANSMISSION LINE DATA

Supergrid transformer SGT 3
Voltage ratio (p.u. on 132/275 kV basis) = 1 : 1.15
Reactance (p.u. on 120 MVA base) = 0.1455
Resistance (p.u. on 120 MVA base) = 0.0039

Resistance Reactance Susceptance

SGT3 - W H S02 0.065 0.23 1.5
W HS0 2  quad, booster 0.0 0.46 0.0
W H S02 - IROA2 0.405 1.416 9.57
Iron Acton - neutral 0.0 0.0 -60.0
IROA2 - SGT5 0.398 1.4 13.9
SGT5 0.018 1.6 0.0

SGT5 - Infinite busbar 0.0 0.5 0.0

All the above parameters are in percent on 100 MVA base.

4.4.3 Calculation of infinite busbar voltage from the initial condition.

The grid connection is to  be modelled as an infinite busbar behind a 
characteristic infeed impedance. In order to  calculate the infinite busbar voltage  
required, two assumptions are made.

1) That the infinite busbar is balanced ie. 1 =  0 and V  =  0

2) That the delta-star transformer balances the machine phase voltages by remov
ing harmonic terms.

The latter assumption is required to allow that, while the phase voltages at the 
generator terminals are unbalanced, ie. e i +  +  3̂ ^  0 where et- is the phase
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Figure 4.5 Progressive reduction of test system  to Thevenin equivalent circuit.
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* voltage (due particularly to the third harmonic) requirement 1) can still be 
achieved.

In the infinite busbar voltage calculation, the terminal voltages are balanced as in 
equation 4.2.

e'i = e* - i(ei + e2 +  e3) (4.2)

This is equivalent to  removing the third harmonic term, which is the property of 
a delta connected winding.

The voltages e\ are applied to  the transmission line to  find a set of 
infinite busbar voltages These three voltages are m ost conveniently charac
terised by a m agnitude Vb and the angle of one o f the phase voltages from its zero 
crossing going positive at that instant, <t>. The infinite busbar phase t voltage at a 
subsequent tim e t  is then :

V i(t) =  Vb sin(u;oi +  <£ +  (t -  1 )^7r) (4.3)

T he problem  of the unknown phase shifts in the delta-star transformer and other 
parts o f the circuit are avoided by this m ethod.

The accuracy o f the initial condition was checked by comparing the 
infinite busbar voltage so calculated w ith that measured by the C .E.G.B.

At the instant before fault clearance the currents in the transmission  
line are flowing from the infinite busbar into the fault. Following fault clearance 
and reconnection of the generator to the transmission line the direction of current 
flow is reversed. An additional approximation is made that the transmission line 
pre-fault current has negligible effect and that the value o f ^  derived for the 
generator side o f the fault may be used for the whole of the transmission line. To 
correctly m odel this current reversal necessitates modelling of the circuit breaker 
arcing characteristics in order that a sudden step change in current is not imposed  
on the system . This requires modelling as an asymmetrical fault condition, which
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is not possible w ith  the present generator transformer m odel. It is not thought 
th at the errors involved are great.

The transmission line model used is essentially steady state, although 
frequency changes are allowed for by using an formulation instead of X  7, and 
it m ay prove necessary to  incorporate the transient behaviour of the transmission 
line for greater accuracy.

4.5 THE C.E.G.B. TRANSIENT TESTS.

4.5.1 Fault condition.
Two of the transient tests undertaken by the C .E.G .B. were selected  

for sim ulation, B and C l. Both were simultaneous three phase to  earth short 
circuits followed by removal of the fault and reconnection to the transmission line. 
The results are summarised in table 4.6.

4.5.2 Fault throwing.

The faults were applied and cleared at the 132kV busbar of the gen
erator transformer using an air blast circuit breaker and the connection from the 
busbar to  the transmission line was not interrupted. Considerable scatter occurred 
in the operation of the circuit breaker, as table 4.6 shows.

4.5.3 Generator terminal measurements.

Terminal quantities were deduced from phase measurements as :

P  =  V i h  +  V2I 2 +  V3 / 3 (4.4a)



TABLE 4.6 TEST CONDITIONS

I n it ia l  c o n d it io n  
Terminal power (MW)
Terminal reactive power (MVAr) 
Terminal voltage (kV)
Terminal current (kA)
Rotor angle to  terminal (deg)
Field voltage (V)
Field current (A)
M elksham 400kV voltage (kV)
* leading power factor 
T r a n sien t c o n d it io n s  
Fault on red phase (ms)
Fault on yellow phase (ms)
Fault on blue phase (ms)
Fault off red phase (ms)
Fault off yellow phase (ms)
Fault off blue phase (ms)
Average fault duration (ms)
M axim um  rotor angle (deg)
Rotor angle swing (deg)
Tim e to  m axim um  rotor angle (s) 
Frequency of rotor oscillation (Hz)

In test C l, the unit was autom atically  
having slipped two poles.

B C l

111.1 101.6
-35.2 * -33.5 *
13.80 14.03
4.88 4.40
61.5 56.0
120 112
827 774
405 407

14.4 6.4
0.8 8.0
0.0 0.0

148.0 287.2
142.4 283.2
140.8 280.0
138.7 278.7
101.1 unstable
39.6 -
0.36 -
1.25

tripped after 1.2 seconds, the generator



(4.46)V  =  

1  =

{
i

V 2  +  y 2  +  y 2

3
/J  +  J f + J f (4.4c)

Only tw o line-line voltages were measured at the machine terminals, 
and used to  derive th e three corresponding phase voltages for use in equation 4.4 
above. During imbalanced operation, these will thus be in error.

4.5.4 D ata filtering.
T he C .E .G .B . recorded test data at 0.8m s intervals and then subjected  

them  to  a m oving average digital filter to  remove the substantial noise present. 
Stator term inal quantities were filtered over 25 data points ie one a.c. cycle, which  
caused som e distortion during the fault period. It was intended to  filter the field 
quantities over half a cycle to  remove any 100Hz com ponent, however this is not 
possible w ith  a 0.8m s sam pling tim e, so the filter was applied over 13 samples, 
resulting in a reduction of the 50Hz component to about 60%  of the unfiltered 
am plitude, and a phase advance of around 90 deg. Figure 4.6 illustrates the effect 
of such filtering w hen a pure sine wave is suddenly switched on.

4.5.5 Rotor angle measurement.
The machine rotor angle was measured using a fixed detector and a 

marker on the rotor shaft. The resulting signal was used to  reset a ramp generator, 
so producing a saw-toothed wave. This wave was then sampled at 0.8 ms intervals 
and the crossover point o f the ramp w ith a pre-set datum  compared w ith the 
negative going positive crossing of a reference signal varying at system  frequency. 
The rotor angle was found directly from this and, in consequence, was recorded
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Figure 4.6 Sudden application o f a sine wave.
u n filtered -------- full wave filter —•—  | |  wave filter — •—

at only 20ms intervals. The rotor speed was obtained from analysis of the rotor 
angle ramp waveform.

4.6 THE AUTOMATIC VOLTAGE REGULATOR AND EXCITER.

The Uskm outh generator excitation is supplied by a d.c. machine, 
control o f the generator field voltage being obtained by adjustment of the exciter 
field. Such a system  has a relatively slow response, low ceiling voltage and a 
non-linear characteristic due to  magnetic saturation of the exciter. The exciter 
com m utator presents additional resistance to the circuit, which may be modelled  
as described in Chapter 3 .5 .2 .I.

The only data available for the Uskmouth AVR and exciter was that 
given in the test report, [51], intended specifically for use with the C.E.G.B. equiv
alent circuit based multi-machine transient stability program ‘RASM05 ’[57,58].
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T he model is shown in figure 4.7. This very simple representation of the excita
tion system  dynamics has the advantage of keeping to a minimum the number of 
machine states to be solved in the equivalent circuit formulation, but cannot be 
expected to accurately represent the real system  response. On the other hand, 
w ith  slow response and low ceiling, it is unlikely that the generator excitation  
control will make a significant contribution to  the machine stability.

V xmax ^ dMAX

Figure 4.7 Excitation system  model.

The model constants, given in table 4.7, are derived from the machine parameters 
of table 4.3, w ith an allowance for generator saturation.

4.7 THE MACHINE GOVERNOR AND STEAM TURBINE.

As w ith the exciter, the governor data and model used was that in
tended for the RASM 05 program. The model is comprehensive and includes the 
turbine response. It allows for separate governor and interceptor valve motion 
(the latter only occuring above a preset degree of overspeed), time lags in both 
valves , tim e delays in the reheater, pressure drops in piping and the power balance
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TABLE 4.7 EXCITATION SYSTEM PARAMETERS

Regulator gain, G r 
Regulator tim e constant, Tr 
V *

Vf * m :

V  +X max

0.01259
1.224s
0.000966 p.u. 
0.002136 p.u. 

-0.000737 p.u. 
0.00164 p.u. 
-0.00469 p.u.

The derivation includes a system  damping factor of 0.28 
* field voltage required to give rated output at rated terminal voltage and rated, 
lagging power factor (in p.u. on rated MVA)
+ (maximum rate of change of V /d) x  Tr

between the high pressure and other stages. The m odel is shown in figure 4.8, and 
the model constants used as given in table 4.8.

4.8 CONCLUSIONS.

The detailed information required for simulation of two of the tran
sient tests performed by the C.E.G .B. has been presented in this chapter, w ith a 
summary of how it was incorporated in the finite element calculation.

The transmission line was of considerable com plexity and required re
duction to  a suitable combination of Thevenin equivalent circuit and infinite bus
bar, which was described. The delta-star transformer representation used was very 
simple and unable to  handle unbalanced faults. Nevertheless, it provided a work
able m odel requiring the minimum of data, although this gave rise to  problems



0 0,
V2b

0  —
Ug =  speeder gear setting, Ua =  1 — —

Figure 4.8 Governor and turbine system model. CO
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TABLE 4.8 GOVERNOR PARAMETERS

R egulation of speed governor loop wg =  0.04 p.u.
T im e constant o f H.P. throttle valve Tg =  0.117 sec
Transport lag in H.P. valves Ta =  0.2 sec
Upper valve position limit a lu =  1.1 p.u.
Upper rate lim it on H.P. valves Via =  0.175 /sec
Lower rate lim it on H.P. valves v2o =  -5.96 /sec

Regulation of interceptor loop wc =  0.04 p.u.
Speed at which interceptor starts to  close Ue =  1.03 p.u.
Tim e constant o f interceptor valve Tc =  0.1 sec
Transport lag in interceptor valves Tb =  0.2 sec
Upper rate lim it on interceptor valves Va =  0.33 /sec
Lower rate lim it on interceptor valves v25 =  -5.19 /sec

Loop tim e constant for H.P. steam  flow T, =  0.1 sec
Reheater tim e constant Tr =  5.1 sec
R atio o f actual reheater to  H.P. inlet pressures at full load r =  0.266
Constant relating output of H.P. and other stages F =  0.292
Isentropic expansion index for steam 1 =  1.3

in the calculation o f the infinite busbar voltage and reference angle. The solution  
of these difficulties was described and possible improvements to the m odels were 
discussed.

The techniques used by the C .E.G .B. for measuring and presenting 
test data were then discussed, to  enable an accurate comparison to be made with  
the results of the simulations.
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Finally, data for the governor and turbine and autom atic voltage reg
ulator m odels were presented, and the adequacy of the models discussed.
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CHAPTER FIVE

THE TWO-AXIS STATOR MODEL

5.1 INTRODUCTION.

A significant problem which arises when using the finite element m ethod  
to  model rotating machines occurs in the representation o f the relative m otion be
tween rotor and stator. The solution used almost exclusively since the earliest 
application of the finite element m ethod to  this type of problem has been to  em
ploy the Park transform [2] to produce a two-axis model of the machine.

In this chapter, the analysis of Chapter 2 is simplified by adopting the 
two-axis transform ation of the stator windings. The problems arising from the 
densely packed, asym m etric matrix that results are minimised by the application  
of the A-average technique and a new adaptation of Jenning’s Gaussian elimination  
scheme. A further reduction of the stator model to a current sheet is described.

The two-axis approach has been in use for a number of years for solving 
machine transient problems where the flux is aligned w ith an axis of symmetry  
in the machine. It has also been extensively used for modelling steady state  
conditions where the flux adopts an unknown angle within the machine. This 
chapter is thought to  present the first two-axis finite element analysis of transient 
conditions where the load angle is unknown, and varying.

By considering rotational and transformer voltages separately, an ap
proximate solution is obtained that enables the com putational time step length
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to be increased as the transient proceeds. The consequences of this approxima
tion are discussed, and an analytical m ethod for allowing for one of the discarded 
com ponents is presented.

T he incorporation of the infinite busbar into the formulation is de
scribed and th e further approximations required to perm it the Newton-Raphson  
m ethod to  be applied in this situation are discussed.

T he chapter concludes by comparing the performance of the two-axis 
m odel w ith  the test results. The effects of m esh discretisation, and the use of a 
current sheet stator are also examined. Flux and eddy current plots are presented  
to illustrate the progress o f the transient.

5.2 STATOR W INDING REPRESENTATION.

5.2.1 Three to  two phase transformation.

In a turbine generator, the stator conductors are distributed in phase 
bands in the stator slots. The effect of the Park transform is to replace the phase 
bands by two orthogonal windings carrying sinusoidally distributed currents. If 
the two windings rotate synchronously and carry direct currents equal to the peak 
value o f the three phase alternating current, then the transformed machine will 
have the sam e peak fundam ental airgap m m f as the three phase machine. This 
arrangement is different from the one usually adopted for equivalent circuit models, 
where it is assumed th at the two-phase windings have the same number of turns 
as the turns per pole in each phase of the three phase winding. This latter case 
allows that the air gap flux will give the same voltage in a two-phase coil as it 
will in a three phase coil, for the sam e condition. The choice between the two is, 
to a large extent, arbitary; but the equal-current formulation adopted here was 
utilised because it reduces the number of multiplying constants in the equations.
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The two-phase windings are normally centred on the polar and interpolar axes 
of the machine, when they are known as the direct (d) and quadrature (q) axis 
windings.

5.2.2 Winding vectors and terminal voltage calculation.

Fractional numbers o f conductors are attributed to  winding node i  as :

/ ht \ 6 Rr sin $i( N o ) , =  - N e f f — ---------
7r £  [Aysintfy

y=i

6 ,r A,- COS 8 i

iN i) i  =  ~ N * ! S — ------------7r

(5.1a)

(5.1i)
£  I A y  COS fly, 

3 = 1

where A; is the area of winding attributed to  node i
Oi is the angle that node * makes w ith the d-axis 

and N e f f  is the effective tu rns/ph ase/p ole  (allowing for winding factors)

The flux linkage, rjj, w ith  a single turn spanning 180 electrical degrees varies sinu
soidally as :

tp =  <f>sin (u t)  (5.2)

so the voltage per turn is :
Vt  =  <f>ucos(wt) (5.3)

Turns at an angle 0 from the coil axis contribute voltages at an angle (90 — 0) 
from the net voltage. Integrating up the voltages from the individual turns gives 
the winding voltage V2 as :

TV

V2 =  —N ef f  [<f>ucos[ut)] j  sin #  cos(90 — 0) dO (5.4a)

so
V2 =  3 N ef f[(/> w cos(ut)] volts I  pole pair (5.46)
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The m ultiplying factor in equation 5.1 assumes that the two and three phase
currents are equal. In order that the same power is dissipated in 
two phase windings, the three phase voltage corresponding to  Vj* is

d- and q-axis voltages may be defined by :

the three and 
3 K2-

Cd = (5.5a)

peq =  ~  w^d“ (5.56)

where p is the number of machine poles

Equation 2.16 shows that the flux linking a winding may be written in terms of a 
winding vector and the potential solution. This leads to  :

ed =  pu>Le f f (Nq)T (A) (5.6a)

eq = —p u L e/ f  (Nd)T (A) (5.66)

( A detailed consideration of the sinusoidally distributed winding and the correct
ness of the resulting winding vectors is given in references [37] and [38].)

Equation 2.6 will then reduce to  :

[ S ] ( A )  =  ( / ) - [ A < r ] ( A )  (5.7)

The steady state problem has thus been reduced to  a m agnetostatic one, at the 
expense o f only modelling the fundamental component of the air gap flux.

In the absence of stator currents, the terminal line voltage is then :

V‘ =  ' / 3 \ J l ( ed +  eZ) (5.8)
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Any desired open circuit condition may be achieved simply by varying 

the field current until the correct stator voltage is reached.

When the stator winding carries current, a different procedure must 

be adopted to arrive at the correct terminal conditions. It is assumed that the 

terminal voltage and the real and reactive power are known (or equivalently the 

voltage, current and power factor). A  parallel resistance and reactance is added 

to each of the two axis windings, as in figure 5.1, of such a value that, when the 

terminal voltage is correct, the required real and reactive powers are present in 

the external circuits.

5.2.3 Finding the initial condition.

id

Figure 5.1 Stator circuit representation.
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I 2R  =  \ Y  (5.9a)

/ ’ X  =  i f  (5.96)
where I  

S  

P

Q

is the line current required

is the total V A  ) Including w inding resistive

is the total real power ) and overhang leakage 

is the total reactive power ) reactive drops

A d op tin g  a  parallel circuit separates the phase currents into d - and q-axis compo

nents as in figure 5.2, which allows the use of the flux linkage w inding vectors to 

redistribute the phase currents to nodes.

F igure 5.2 Stator current components
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t d d = R
€d

l d q ~  X
t q q  —  —

(n ote  : n e g a tiv e  d ire c tio n )
£

R
V -  Siq d ~  X

com bining these w ith  equation 5.6

(Idd) = idd(Nd)

( Id q )  — ~ * d q (N q )

{Iqq) =  *qq{Hq)

(Igd) =  iqd(N d)

2^ Y 1 L ( N q) { N q) T { A )

P- ^ - { N q) ( N d)T (A )

Z ^ { N d) ( N d) T ( A )

(5.10)

(5.11)

It can be seen that the conductivity matrices that will arise from differentiating 
equations 5.11 w ith  respect to  (A ), besides being densely packed, are not sym
m etric in the idd  and i qq terms. This loss of sym m etry significantly increases the 
tim e required to  invert the matrix. A modification to the A-average technique 
of chapter 2 reduces the asymmetry to just two terms in the bottom  right hand 
corner o f the m atrix, which may be efficiently handled by a modification to the 
Jennings m ethod. D etails are given in the Appendix.

5.2.4 Current sheet stator models.
The m m f drop in a turbine generator stator is only a small proportion 

of the drop in the com plete magnetic circuit, yet a finite element machine model 
uses up a significant number of nodes (and hence com putational time) in repre
senting the stator on account of the large number of slots. If the stator could be 
ignored, substantial savings in solution time would result.

T he two-axis approach incorporates many of the phase band features 
algebraically by distributing the winding currents to the stator slots sinusoidally.
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A  logical extension of this process is to  ‘smear out ’the sinusoidal winding into 
a current sheet and discard the stator iron altogether, w ith a Neuman boundary 
condition applied to  the nodes of the current sheet to force flux to  exit normal 
to  the sheet. If desired, the position of the current sheet may be adjusted, using 
Carter’s coefficients, to  allow for stator tooth  fringing effects and the stator mm f 
drop now not m odelled. The slot leakage component lost in the process is replaced 
by an equivalent reactance added to  the stator overhang leakage reactance.

Stator currents are distributed according to a one-dimensional version of equation  
5.1 :

6 xr A ;sin&i (JVd), =  N e f f  n

E  |A; sin 0, |
3 =  1

(5.12 a)

f nr \ 6 * r  A; COS $i 
(N l)i =  H e f f  „

E  |Ay COS 0y |
3 = 1

(5.126)

where A is the length of the current sheet attributed to node i

5 .3  R O T A T IO N A L  A N D  T R A N S F O R M E R  V O L T A G E S .

Previous work by Hanalla, Macdonald and Turner, [27,59], has identified two 
com ponents of stator voltage :

1. A  ‘rotational ’voltage, produced by the m otion of a constant, direct flux 
as it cuts a circuit, inducing a voltage proportional to  w (A). Rotationally  
induced voltages are alternating but, in a rotor frame of reference, they  
appear as direct voltages in the d- and q-axis coils.

2. A ‘transformer ’voltage, produced by a change in the m agnitude of the 
flux linking a  circuit inducing a voltage proportional to  (S A /S t ) .  Trans
former voltages are direct but, in a rotor frame of reference, they appear 
as alternating voltages in the d- and q-axis coils.
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These definitions relate primarily to  the different types of conductivity matrix  
used in the finite elem ent formulation, and differ slightly from those used with  
equivalent circuit machine m odels. In a two-axis representation of the machine 
steady state , there are no transformer voltages.

For some types of machine transient, it is possible to  categorise the 
source o f the stator voltage as being purely transformer eg a field decrement test 
w ith  the stator open circuited, or a stator decrement test (neglecting the ‘second  
order ’effect of flux produced by rotor eddy currents). In others, such as the field 
decrement test w ith  a short circuited stator, the rotational voltages dominate and 
transformer voltages are neglected.

A sudden three-phase short circuit features both  rotational and trans
former voltages of comparable m agnitude. These appear in a two-axis model as 
direct and alternating voltages respectively; and since the alternating voltage may 
be viewed as a m odulation of the direct voltage, and in m any cases it is the form  
of the tim e response rather than the detail that is required (eg for decay curve 
fitting), the alternating component is often discarded by incorporating only the  
stator rotational conductivity m atrix in the formulation, [59]. Provided that the  
alternating com ponent does not drive parts of the machine severely into satura
tion , the d.c.-only curve will be a close fit to the mean of the envelopes of the full 
response. W ith the alternating component missing, it is no longer necessary to  
lim it the tim e step to  capture the oscillations, and (once the sub-transient period  
is over) the tim e step length may be increased substantially.

T he resulting transient equation is :

[ S ] ( J4 ) - ( / / ) +  [A<7r l ( J4)  +  [A<7t ] ( ^ )  +  [A<r/ ] ( ^ ) = 0  (5.13)

where [ A a T ] is the stator rotational conductivity matrix
[ A  a t  ] is the solid rotor transformer conductivity matrix
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[A  O f]  is the rotor winding transformer conductivity matrix  
and ( I f )  is the field current

5.4 TH E EFFECT OF IG N O R IN G  STATOR TRAN SFO RM ER  

TER M S ON THE M EC H A N IC A L  BEHAVIOUR.

Discarding the stator transfromer conductivity m atrix is analogous to  
ignoring the pip term s in the equivalent circuit solution m ethod. Shackshaft, [60], 
has shown th at these pip terms give rise to  an oscillatory torque as energy flows 
into and out o f m agnetic field storage, which occurs as a result of the interaction  
of the stationary flux pattern frozen in the air gap at the start of the transient 
w ith  the m oving rotor flux pattern. These fluxes alternately reinforce and cancel 
and give rise to  alternating currents in windings and the solid rotor circuits, as 
described by Say [61].

The net effect of the oscillatory torque is not zero, as Shackshaft 
dem onstrates, but m ay be considered as equivalent to  a step change in rotor speed. 
In the absence of resistance, and w ith second order terms ignored, the electrical 
torque is given by :

Te =  T e sin(u;o*) (5.14a)
VT a =  —  per  u n i t  (5.146)
x d

where V  is the per unit pre-fault terminal voltage  
and x d is th e generator d-axis subtransient reactance,

including the generator transformer reactance.

The resulting average speed change is :

d l

dt
I I .2 H r a d  s (5.15)
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Alternatively, the effect of the transient torque can be viewed as a torque impulse, 
Ti,  applied over a short tim e period, £*•, and given by :

TiU = —  (5.16)
U 0

T he two-axis m odel used does not include the oscillating torque term, so a second  
set o f sim ulations were performed in which the direct calculation of m agnetic stored  
energy was discarded; and a torque impulse calculated as above and applied over 
th e initial tim e step, was substituted.

The weakness of this m ethod is that the simulation is now dependent 
upon a knowledge of the machine parameters, which requires either that the ma
chine has been already built and tested, or that additional calculations have been  
m ade to  determine x%.

5.5 T R A N S IEN T  IN IT IAT IO N .

The transient is initiated by changing the parallel R and X  at the 
term inals from the value required by the initial condition to the short circuit 
values. The potentials are assumed, initially, to be unchanged, and (S A /S t )  =  0. 
The new value of the conductivity m atrix, however, will give a revised estim ate of 
the potential solution at tim e S t , and this allows a first estim ate of (S A /S t )  :

1** iteration :
(A i), =  (A). ( f c )  =  0 (5.17a)

f i n d  n e w  (A) : (A2)x =  ( A ^  — [P]_1(E) (5.176)

r.'- j ___ f 6A \ . f SA \ _  ~  C ^-)of t n d n e w  ( i r ) : ) - ------ — -------- (5.17c)
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Improved estim ates of (A) and (S A / S t ) are then made as described in chapter 2. 
A  convergence limit is set at an rms error of 10“ 5 and the calculation continued 
to  the next tim e step by estim ating a new set of potentials as :

( A O ,  =  ( A ) , +  ( # ) , «  (5.17 <Q

The second order, Crank-Nicholson predictor for (5A / S t )  was used from the third 
tim e step (see chapter 2), but cannot satisfactorily be used for the second step  
because the very large values of ( 6 A / 6 t )  at the first tim e step would thereby be 
carried through to predict erroneous values of (A) at subsequent steps.

5.6 T IM E  STEP LENGTH EN ING.

For an accurate solution, the tim e step length used must be small 
enough to  give a good foward prediction of the potential at the next tim e step. As 
the transient proceeds, the magnitude of (6 A / 6 t ) falls and the tim e step length  
may be correspondingly increased, w ithout loss o f accuracy, giving very substantial 
savings in solution tim e. Turner, [26,27], has discussed factors influencing the  
optim um  tim e step length w ith reference to transients involving a slow decay of 
the stator voltage, such as the flux decay test. W hen applied to a general machine 
transient, it was found that no one algorithm for determining the appropriate 
tim e step length was com pletely reliable. The number of iterations required with  
a fixed step length varies considerably from one step to  the next, possibly as the 
changing axis of saturation within the machine brings different material types into 
prominance. Thus any m ethod based on the number of iterations or first iteration  
error level is likely to  give indifferent results.

The basis of the m ethod adopted here is the minimum nodal tim e constant r

T - n u n l i I ¥ t T j (5.18)
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W hen t exceeds a predetermined fraction of the existing tim e step length, the 
step length is doubled. Spuriously short tim e constants can occur as the result 
of numerical rounding errors where (A)  «  0, so these values are ignored. This 
procedure is sensitive to the controlling fraction, too large a value and the process 
can ‘run away ’, w ith  the tim e step length doubling at each step, giving significant 
errors. On the other hand, too low a value, and the tim e step  length is never 
altered. In some calculations the tim e step length has been observed to  increase 
sm oothly during the subtransient period, but then to  remain unchanged during 
the transient, when it could be expected to continue to be autom atically increased.

The first tim e step of the transient represents a period when currents 
in windings are allowed to  change instantaneously. A very short initial tim e step  
length is used to  capture this behaviour, which is then rapidly increased. The 
m axim um  tim e step length is effectively lim ited by the minimum tim e constant of 
the machine governer and exciter.

5.7 IN CO RPO RAT IO N  OF THE IN F IN IT E  BU SBA R  AFTER  

RECLOSURE.

On fault clearance, the machine is reconnected to  the grid system  via  
the transm ission line, but, unlike the steady state condition, this cannot be mod
elled purely as a fixed load impedance in parallel w ith the machine terminals. 
A m ethod similar to  that used for the steady and short circuit conditions was 
adopted, but which allows for the change in the angle between the rotor axis and 
the infinite busbar. As before, real and reactive power in the series circuit is 
equated w ith  that in a parallel one, but the presence of the infinite busbar voltage  
in the former complicates the analysis. For the circuit of figure 5.3a

(e0 -  eb cos a)2 +  (eb sin a)2 =  i f  (R2 +  X 2) (5.19a)
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r2
j^ n n n n n .

Figure 5.3 Incorporation of the infinite busbar into the stator circuit.

where eo 

and a

is the machine ‘air gap ’voltage
is the voltage at the infinite busbar
is the angle between eo and e& calculated as :

a  =  (Ze&0 +  0) — arctan — (5.196)eq
Ze^o is the angle of the infinite busbar voltage from the machine quadrature axis 
at the start of the transient
0 is the change in the rotor angle since the start of the transient

where ida , i qa 
i d and i q).

P2 =  i f  i?2 +  f a b  COS (f>b (5.20 a)

Q 2 ~  i f  X 2 +  l 2 eb s in <f>b (5.206)

(f>b =  arctan ~r—  — (Zef,0 + 0 )  
Iqa

(5.20c)

are the components of currents referred to  the d- and q-axes, (not

ida =  idd "h iqd
(5.20 d)

t q a  t q q  ~f~ * d q

The equivalent parallel circuit of figure 5.3b gives :

Po = R (5.20e)
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Equating P 2 and Q 2 enables an expression for R  and X  to be found.

R = (Rj +

X  =

R 2 [(eo — Vb cos a )2 +  (Vi, sin a )2] +  \/R%  +  X% y/[eo — Vb cos a )2 +  [Vb sin a )2 V*, cos 9 

_______________________________ (R$ + XZ)el
X 2 [(eo — Vb cos a )2 +  (V5 sin a )2] +  y/K% +  X \  y/{e0 -  V^cosa)2 +  (Vasina)2 Vb sin 9

H (5.21a) 

j  n (5.216)

As a result of the com plication of the infinite busbar, R  and X  are now 
dependent upon the components of the terminal voltage and current. Thus the 
derivative of the current vector, when expressed in conductivity matrix terms, is no 
longer independent of (A); and, strictly, the formulation of the Hessian matrix, [P], 
is not valid (see Chapter 2.3.4). If the values of R  and X  do not change rapidly 
w ith  tim e, then an acceptable approximation which preserves the conductivity 
m atrix formulation is to fix the values of R  and X  at the start of each time step 
and regard them  as independent of (A). The penalty to be paid is the increased 
number of iterations required to  cope w ith the change in R  and X  from one time 
step  to  the next, and the reduction in scope for tim e step lengthening.

For the first tim e step  of the reclosure period, an estimate must be 
m ade of the required values for the calculation of R  and X ,  based on the machine 
sta te  im m ediately before the reclosure, but with the new terminal conditions im
posed. The values so arrived at will not be correct, but over the subsequent few 
tim e steps the correct ones will be approached. In the interim, there will be some 
fluctuation in the terminal values and spurious eddy currents will have been gen
erated, affecting the loss and storage terms. If the time step length at the point 
of reclosure is suitably short these will not be very marked.

The Crank-Nicholson second order predictor was tried during the re- 
closure period, but gave a bad initial estim ate of the potentials at the start of each
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tim e step. As a result, a large number of iterations were required at to achieve con
vergence, which effectively prevented the tim e step length from being increased. 
Accordingly, the sim ple first order predictor was used.

Terminal power is calculated from P  =  y/Z Vj 7/ cos <£, the power factor 
angle being obtained from the current and voltage solution.

<f>b =  arctan %-r—  — arctan — (5.22)
tqa  €q

5.8 CO M PARISO N OF SIMULATED A N D  M EA SU R ED  RESULTS, 

C .E .G .B . TEST B.

5.8.1 M eshes.

Two levels of discretisation have been used for the simulations, a rel
atively crude mesh, UM 3, and a more detailed representation, UM9. The meshes 
are shown in figures 5.4 to 5.10. The detailed mesh has two layers of elements 
at the rotor surface each w ith a thickness of 5m m , the order of the skin depth in 
the rotor steel. The cruder mesh has a rotor surface element thickness of 10mm  
in the tooth  area, and 27mm in the pole area. Two current sheet stator models , 
designated UM3C and UM9C, were derived from these. The discretisation of each 
is identical w ith  the m esh it is based upon, the current sheet being defined by the 
nodes used to  m odel the stator tooth  tips. Details of all four meshes are given in 
Table 5.1.

5.8.2 Initial conditions.

Using the m ethod of section 5.2.3, the initial condition for Test B was 
established for each m esh, the resulting rotor angle and field current are given in 
table 5.2. W hen applied to the transmission line, the initial terminal conditions



Figure 5.4 Machine outline.
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Figure 5.5 Crude mesh UM3. 677 nodes 1313 elements.

CO
CO



100

Figure 5.7 Crude mesh UM3 - detail of field winding, wedges and dampers.
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Figure 5.9 D etailed mesh UM9 - detail of pole region.
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TABLE 5.1 FINITE ELEM ENT MESHES

Nodes Elements

UM3 - full stator model 677 1313
UM3C - current sheet stator model 445 811
UM9 - full stator model 1951 3818
UM9C - current sheet stator model 1465 2768

TABLE 5.2 TEST B INITIAL CONDITIONS.

Mesh Field current Load Angle
UM3 845 A 56.9 deg

UM3C 806 A 60.2 deg
UM9 836 A 59.4 deg

UM9C 821 A 61.5 deg
CEGB Test 827 A 61.5 deg

gave a M elksham busbar voltage of 406kV, which compares very well w ith the 
measured value of 405kV.

The current sheet stator models are seen to  underpredict the field 
current, as would be expected from a m odel where the stator m m f drop does not 
have to be provided. All the two-axis solutions were performed w ith a constant 
endbell resistivity factor (see also section 5.8.4). An initial tim e step length of 
0.02 ms was used, both  for the start of the transient calculation, and immediately 
after reclosure.
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5.8.3 R esults.

The accuracy of the simulations was established by comparison with  
results taken from the C.E.G.B. test report [51]. Graphs of the measured machine 
response were read off at 25ms intervals; but, due to the small size of the plots, 
som e error was incurred, which is shown in the slight uneveness of the traces 
produced.

For ease o f comparison of swing predictions, the differences in the initial 
rotor angles are removed by adding a constant factor to  each set of data in order 
to  bring the initial rotor angle up to 61.5 deg. This com pensation is applied only 
to  th e mechanical equations, not the electromagnetic calculation.

Chapter 4.5.3 described how the measured values of field quantities 
were subjected to  a near-half-wave moving average digital filter, which, however, 
did not com pletely remove the 50Hz oscillations from the data. The details of 
the field current and voltage traces for Test B given in the report are too fine for 
accurate digitisation, so the mean of the envelopes of the oscillations were taken. 
This is not equivalent to  applying a full wave filter to the data, because o f the  
90 deg phase shift introduced by the filter and this difference should be born in 
m ind when comparing calculated and measured results.

The results of the various simulations are summarised in the following 
figures, listed in Table 5.3 for ease of reference.

The sharp spike seen in the plots of line current and electrical power 
at th e point of fault clearance and reclosure onto the system , occur as a result 
of the approximation required in order to  incorporate the infinite busbar into the  
stator circuit (see section 5.7)
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RESULTS
GROUP

1

2

3

4

TABLE 5.3 INDEX OF FIGURES  

FIGURES SHOWING

5.11 - 5.13

5.14

5.15

5.16 - 5.42

Crude mesh UM3. Comparison of the direct 
calculation of power flow into magnetic field 
storage w ith the Shackshaft approximation  
and test results.
Crude meshes UM3 and UM3C. Comparison 
of the full and current sheet stator models 
w ith test results.
Comparison of the crude mesh UM3 and 
detailed meshes UM 9 and UM9C w ith  test 
results.
F lux1 and eddy current2 plots full and 
current sheet stator models - Detailed  
meshes UM9 and UM9C.

1 F lux plots are contours of constant magnetic vector potential.
2 Eddy current plots are contours of constant (6 A / 6 t ) - ie of eddy current density.

5.8.4 D iscussion o f results in Group 1 : stored energy calculation.

T he calculated terminal quantities are seen to  be not greatly in error, 
although all display less damping than the test values. The Shackshaft approx
im ation for the stored energy term gives a more poorly damped result than the 
direct calculation, and a phase shift between calculated and test results is appar
ent. This arises from the discrepancy in the rotor angle prediction discussed in 
the next paragraph.



Finite element - Shackshaft approximation for magnetic storage terms, 
a) line voltage b) line current c) field current 
d) electrical power e) speed deviation f) rotor angle
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Figure 5.12 M achine response Test B - eddy current power loss.

Figure 5.13a M achine response Test B - power flow to magnetic storage.

Figure 5.13b M achine response Test B - detail of figure 5.13a.
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On clearance of the fault and reconnection of the machine to the trans
m ission line, the terminal voltage rises abruptly, is constant for a short period of 
tim e, and then climbs further to oscillate close to  the initial value. The level to 
which th e voltage initially ‘recovers ’on fault clearance is some 500V lower than 
th e  sim ulations predict; and, accordingly, the electrical power generated is lower 
in the sam e period. Since the rotor acceleration is determined by the d ifferen ce  
betw een the mechanical and electrical powers (and losses), this sm all error in gen
erated power can have a large effect on the rotor acceleration. The rotor angle, 
being th e  second integral o f this quantity, magnifies this difference.

The Shackshaft approximation gives a slightly higher recovery voltage, 
as a result of the lower rotor angle achieved at the point of reclosure, which 
increases the rotor retardation and decreases the first swing prediction.

The test results show a larger amount of mechanical damping, at
tributable partly to  the fact that no mechanical damping factor was introduced 
into the rotor m echanical equations. The swing frequency calculated is the same 
as th at m easured, 1.25 Hz, which reflects accurate modelling of the machine inertia 
and transm ission line.

The eddy current power loss decays sharply, falling to less than 1% 
of its initial value after only 60ms, and a smaller, secondary, peak is seen upon 
reclosure. Studies using the phase band model of chapter 6, which includes the 
stator transformer term s, showed that predictions of the eddy current power loss 
m ade w ith  the two-axis model are substantially in error. For this reason, the 
variable endbell factor, calculated from the ratio of eddy current losses in rotor 
and endbell, was discarded, and the fixed endbell factor used instead. No difference 
in the eddy current calculation is seen w ith the Shackshaft approximation.
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The direct calculation of magnetic storage shows a sudden, very large, 
power flow into storage at the first tim e step, effectively a torque impulse, fol
lowed im m ediately by a much smaller, and rapidly decreasing, release of power 
as currents decay. The peak power value is very similar to the value used by the 
Shackshaft approximation over the same tim e period, although the latter does not 
subsequently slowly restore energy to  the rotor. A  much smaller impulse is also 
observed on reclosure.

5.8.5 D iscussion o f results in Group 2 : full and current sheet stator  

m odels.

The current sheet stator models generally gave a higher first swing 
prediction and showed less damping than the full stator m odels. The eddy current 
and m agnetic storage calculations are almost unaffected by the absence of the  
stator, showing that the stator contributes little to  the magnetic behaviour of the 
m achine. The current sheet stator gives rise to a lower induced current in the field 
circuit during the short circuit, and a slightly greater drop in the stator current on 
reclosure. Although the instantaneous recovery voltage is the same in both cases, 
there is a greater delay w ith  the current sheet calculation before it begins to  rise 
further. As a result, less power is generated during this period, and a higher rotor 
angle is achieved. The tim e step was observed to  lengthen more rapidly w ith the 
current sheet stator approximation.

5.8.6 Discussion o f results in Group 3 : the effect o f discretisation.

The graphs of Group 3 show a much smaller difference between the 
calculated results for the different discretisations than between the full and current 
sheet stator models w ith  the same discretisation, except in the field current during 
the short circuit period. This field current discrepancy is to be expected, since



Test results
Finite element - full stator model
Finite element - current sheet stator model
a) line voltage b) line current c) field current
d) electrical power e) speed deviation f) rotor angle
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Figure 5.15 Machine response Test B.
-------  Test results
— •—  Finite element - crude mesh UM3 full stator model 
— •—  Finite element - detailed mesh UM9 full stator model 
— *—  Finite element - detailed mesh UM9C current sheet stator model 

a) line voltage b) line current c) field current 
d) electrical power e) speed deviation f) rotor angle change
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it is in the rotor tooth  region that much of the increase in discretisation was 
concentrated. In fact, the detailed current sheet stator m esh underpredicts the 
field current during the short circuit and overpredicts the rotor swing, and again 
shows lower damping.

Using a finer mesh increases the amount of m agnetic circuit energy fed 
back into the rotor after the initial impulse, which in turn increases the first swing 
prediction. Thus the current sheet stator model can overpredict the rotor swing, 
w hile also overpredicting the electrical power output.

The differences between the prediction of meshes UM3 and UM 9 be
com e minimal once the transient period is over and the machine is swinging against 
the infinite busbar. This is to be expected, since by this tim e the calculation is 
essentially one of a series of load studies at different load angles and levels of exci
tation . The differences that would be expected axe then of the same order as the 
differences in the initial conditions, a few per cent.

Table 5.4 compares the first swing predictions of each of the methods 
and meshes used.

5.8.7 Discussion o f results in Group 4 : flux and eddy current plots.

All the flux plots are drawn at 5% contour intervals based on 0.4812 
W b m ” 1 or 0.4786 W b m -1  (the m axim um  value of A in the steady state for the 
full stator and current sheet stator m odels respectively) as appropriate.

The eddy current density plots are drawn at 2%  and 5%  contour in
tervals using as a reference the maximum eddy current density at each tim e step. 
Closely spaced contour lines represent rapidly changing eddy current density, n o t  
high eddy current density, ie. closely spaced contour lines designate the boundary 
between regions of high and low eddy current activity. It will be noticed that
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TABLE 5.4 COMPARISON OF CALCULATIONS

MESH CALCULATION M AXIM UM  ROTOR  
ANGLE CHANGE

Crude mesh UM3 direct calculation of stored 
energy, full stator model

36.9 deg.

Crude m esh UM3 Shackshaft approximation, 
full stator model

33.9 deg.

Crude mesh UM3C direct calculation of stored  
energy, current sheet stator

40.8 deg.

D etailed mesh UM9 direct calculation of stored 
energy, full stator model

38.4 deg.

D etailed mesh UM9C direct calculation of stored 
energy, current sheet stator

41.7 deg.

C .E.G .B. Test 39.6 deg.

som e eddy current contours are not continuous, but term inate abruptly, especially  
in  the pole region. This is due to  the element-by-element m ethod of calculating  
the eddy current density. Where a change in conductivity occurs, such as in the  
pole face region where allowance has been made for the effect of stiffness equalisa
tion  gashes (see Chapter 2.5); the eddy current density in the m odel may change 
abruptly from one region to the other, although this does not occur in reality.

5.8.7.1 Fully m odelled stator.

T he flux plots of figures 5.16 to 5.30 show the development of the flux 
and eddy current distributions w ithin the machine as the transient proceeds.

Im m ediately the fault is applied, eddy currents are induced in the rotor 
surface and damper strips, indicated by the sharp change in direction of the flux



Figure 5.16 Test B initial condition.
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Figure 5.17 time =  0.26 ms current density contours at 5% of 2.00 x 108yl/m2
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Figure 5.18 time =  2.26 ms current density contours at 5% of 2.92 X 108.A/m2
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Figure 5.19 time =  10.6 ms current density contours at 2% of 1.40 x 10sA /m 2
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current density contours at 2% of 0.97 x 10sA /m 2Figure 5.21 time =  20.2 ms
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current density contours at 2% of 0.70 x 10sA /m 2Figure 5.22 time =  30.4 ms
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Figure 5.23 time =  139.0 ms - just prior to fault clearance current density
contours at 2% of 0.23 x 108A/m?
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Figure 5.24 time =  139.2 ms - reclosure +  0.2 ms
at 5% of 2.52 x 108A /m 2

current density contours
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Figure 5.25 time =  141.0 ms - reclosure +  2 ms current density contours
at 5% of 2.17 x 108A /m 2
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Figure 5.26 time =  149.0 ms - reclosure +  10 ms current density contours
at 2% of 1.00 x 108A /m 2
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Figure 5.27 time =  159.0 ms current density contours at 2% of 0.60 x 10*Ajm 2
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Figure 5.28 time =  169.0 ms current density contours at 2% of 0.42 x 108A /m 2
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Figure 5.29 time =  600.0 ms current density contours at 2% of 0.14 x lOPA/m2
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Figure 5.30 time =  3.8 seconds.
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lines, but not in the lower conductivity slot wedges. The eddy currents then begin  
to  diffuse deeper into the rotor poles and teeth as the local circulations appearing 
in the detailed plot of figure 5.20 demonstrate. The figures show the core back flux 
density falling steadily during the short circuit, while in the rotor body it stays 
approxim ately constant, and in the rotor poles it rises slightly.

Just prior to  fault clearance, the general level of eddy current activity  
has fallen by about an order of m agnitude, and circulations have begun to appear 
in the rotor body, the eddy currents having penetrated to  the tooth  roots and 
beyond.

As the fault is cleared and the machine is reconnected to the system , 
a new set of eddy currents are generated in the rotor surface. These flow in 
the opposite direction to those induced at the start of the short circuit, as is 
dem onstrated by the the fact that the flux circulates round them  in the opposite  
direction. The stator flux density is rapidly restored to  the pre-fault level, and 
the overall pattern of flux distribution w ithin the machine now appears similar to  
th at of the initial condition, w ith the exception of the rotor tooth  and pole areas.

This second set of eddy currents gradually diffuse deeper into the rotor, 
following the first set, and are slowly dissipated. However, the slight flux distortion  
evident even after 4 seconds (figure 5.30 ) indicates that there is still some eddy 
current activity present this far into the transient.

The existence of two sets of eddy currents within the pole face, flowing 
in opposite directions, is surprising and the explanation of the phenomenom is 
uncertain. Two contrary possibilities are given below.

1) These eddy currents arise as a result of the constraints imposed on the solution  
by the m odel, and do not exist in fact. In fact, the two sets of currents would 
cancel radially, and the flux pattern in the pole area would be far less distorted.
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However, the two-dimensional finite element model requires that currents flow only 
in  an axial direction w ithin the machine, and they are thus ‘unable’to perform this 
cancellation.

2) The eddy currents do exist in fact, the existence of adjacent currents of opposite 
signs being merely the result of a radial space-harmonic distribution of the induced 
current w ithin  the poles. The difference in sign simply reflects the phase difference 
between the currents at the two points.

Further work will be required to  establish the correct explanation of 
th is behaviour, possibly involving a three-dimensional solution at one extreme, 
which w ill require substantial additional com putational effort; or the analytical 
analysis o f a much simplified problem geometry at the other, which runs the risk 
of missing the effect altogether.

The problem is only a local one, since the two currents are in sufficiently 
close proximity for their global effect to  be one o f cancellation. However, there will 
be an influence on the machine response through the eddy current loss calculation, 
and possibly a modification to  the local air gap flux density.

5.8.7.2 Current sheet stator.

Figures 5.31 to  5.42 show the flux and eddy current density distribu
tions obtained w ith  the current sheet stator model. They prove to  be substantially  
the sam e as those of the fully modelled stator, demonstrating how small an effect 
the stator slotting has on rotor behaviour in machines w ith a large air gaps.

5.9 PER FO R M A N C E OF THE PRO G R AM .

All calculations were performed as batch jobs on a DEC micro VAX II 
com puter (approximately equivalent to  a VAX 11/780), under the VMS operating
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Figure 5.32 time =  0.26 ms current density contours at 5% of 1.91 x 108A /m 2
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Figure 5.33 time =  2.00 ms current density contours at 5% of 2.84 x 108A /m 2
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Figure 5.34 time =  11.0 ms current density contours at 2% of 1.34 x 108A /m 2
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Figure 5.35 time =  21.1 ms current density contours at 2% of 0.90 x 10sA /m 2



136

Figure 5.36 time =  30.2 ms current density contours at 2% of 0.69 x 108A /m 2
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Figure 5.37 time =  139.0 ms - just prior to fault clearance current density
contours at 2% of 0.23 x 10sA /m 2
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Figure 5.38 time =  139.2 ms - reclosure +  0.2 ms current density contours
at 5% of 2.40 x 10sA /m 2
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Figure 5.39 time =  141.1 ms - reclosure +  2.1 ms current density contours
at 5% of 2.09 x 108A /m 2
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Figure 5.40 tim e =  149.1 ms - reclosure +  10.1 ms current density contours 
at 2 %  of 0.98 x  10s A / m 2
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Figure 5.41 time =  160.0 ms current density contours at 2% of 0.56 x 108j4/m2
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Figure 5.42 time =  600.0 ms current density contours at 2% of 0.13 x 10*A/m 2
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system . Comparison of the amount of c.p.u. time required for different jobs cannot 
be exact, as it depends upon the number of other users on the system . Accordingly, 
the figures in Table 5.5 are rounded to the nearest 5 c.p.u. minutes.

TABLE 5.5 COMPARISON OF C.P.U. TIME REQUIRED  
F O R  D I F F E R E N T  C A L C U L A T IO N S

CEGB test B D etailed mesh UM9 Crude mesh UM3 Detailed mesh UM9C
Full stator Full stator Current sheet stator

Calculation Short Reclosure Short Reclosure Short Reclosure
circuit circuit circuit

0 - 1 3 9 - 0 - 1 3 9 - 0 - 1 3 9 -
139ms 600ms 139ms 600ms 139ms 600ms

Initial tim e 0.02 ms 0.02 ms 0.02 ms 0.02 ms 0.02 ms 0.02 ms
step length
Final tim e 0.64 ms 2.56 ms 0.64 ms 5.12 ms 1.28 ms 5.12 ms
step length
Number of 226 628 225 393 125 191
steps
c.p.u. tim e 520 min 945 min 80 min 145 min 140 min 215 min
required

For the full stator models, the calculation tim e required is seen to vary 
approximately as n 2 — n where n  is the number of nodes. The current sheet stator 
m odel shows an even greater advantage because o f the more rapid increase in time 
step length.
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5 .1 0  C O N C L U S IO N S .

This chapter has described a two-axis model of the stator winding  
which enables a simplification of the problem formulation by ignoring the stator  
transformer conductivity matrix term. As a result, the tim e step length could be 
lengthened as the transient proceeded, and substantial savings in com putational 
tim e were obtained.

The formulation leads to the solution of a densely packed, asymmetric 
m atrix, w ith  concequent substantial demands on computing tim e for each inver
sion. By the use o f the A-average technique and a specially adapted Gaussian 
elim ination scheme, a very efficient solution m ethod was obtained, which required 
little  more com putational effort than a sparse, symmetric m atrix of the same size.

The effect of neglecting the stator transformer terms on the calculated  
mechanical behaviour was discussed, and a possible analytical allowance for the 
neglected term  was introduced.

Finding a reliable m ethod of increasing the tim e step length efficiently 
while preserving com putational accuracy proved difficult. The use of the minimum  
node tim e constant alone as an indicator gave patchy results and only a partial 
solution to  this problem was found. Further work is required in this area.

The incorporation of the infinite busbar following reclosure presented  
some additional problems, as the formulation of the Hessian m atrix required for 
the Newton-Raphson m ethod becam e very difficult. A compromise was adopted  
in which the simple Hessian matrix construction was used at the expense of an 
increase in the number of iterations required per time step and some inaccuracy 
o f solution im m ediately following reclosure.
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The process of substitution of the stator windings by sinusoidally dis

tributed ones was logically extended to  a model in which they are reduced to a 
current sheet and the stator iron is ignored altogether.

This presentation is thought to  be the first two-axis finite element 
analysis of transient conditions where the orientation of the axis of flux w ithin the 
machine is unknown.

The two-axis model was then used to  simulate one of the C.E.G.B. 
transient tests, and the predicted response compared w ith the measured one. It 
was found that the m ethod generally gave good, although som ewhat underdamped, 
results except th at the maximum rotor angle predicted was too  low. The impor
tance of the stator recovery voltage was discussed w ith reference to  the maximum  
rotor angle achieved and the tim ing of subsequent rotor swings. The eddy current 
power loss and rates of change of energy stored in magnetic fields were found to  
be not at all well m odelled, but had only a minor effect on the machine behaviour. 
An analytical approximation for the latter was investigated, but gave no better  
results.

The current sheet stator m odel proved much faster in com putation, as 
a result of the reduction in problem size and a more rapid increase in tim e step  
length, and predicted a higher first swing than the full stator model; although the  
results were more poorly damped. Calculations w ith a more refined mesh gave 
only slightly better results, the m ost noticable improvement being in the prediction 
of rotor movement.

The flux and eddy current plots clearly showed the generation of eddy 
currents at the rotor surface and in the damper strips at the start of the transient, 
and their gradual diffusion into the body of the rotor.
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W hen the fault was cleared, eddy currents appeared to  be induced  

in the rotor surface flowing in the opposite direction to  those deeper down. It 
is uncertain whether this observation accords w ith  fact, or whether it arises as a 
result of the two-dimensional finite element formulation, which constrains currents 
to  flow only in the axial direction.

T he current sheet stator mesh gave very similar results to  those of the 
full stator m odel o f the same discretisation. This observation raises the question  
w hether a mesh w ith  a current sheet stator representation and employing the  
sam e number of nodes as a fully m odelled stator would give superior results in 
concequence of the finer rotor discretisation achieved, ie. “Is a node better utilised  
in adding to  the rotor discretisation or in modelling the stator ? ” . Further work 
is required to  establish guidelines in this area.
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C H APTER SIX

TH E PH A SE  B A N D  STATOR MODEL

6.1 IN TR O D U C TIO N .

Very few machine models have been reported which use a phase band 
representation of the stator. The m ethod was considered by Minnich et al. [37,38] 
for predicting machine steady state  behaviour, but discarded in favour of the 
two axis approach because of the multiplicity of solutions required. For many 
applications the phase band m ethod does prove unnecessarily com pilcated and 
tim e consum ing, and the two-axis model provides and acceptable approximation.

W here it is necessary to model unbalanced faults, or both alternating  
and direct com ponents of the transient response, the two-axis m odel w ith  the 
stator transformer conductivity m atrix ignored is inadequate. A better approach is 
to m odel the stator winding ‘as is’, w ith currents assigned directly to phase bands. 
This w ill also give the full set of harmonic voltages, rather than the fundamental 
only as is the case w ith  the two-axis m ethod.

In this chapter, a full solution of the equations of Chapter 2 is pre
sented. A m ethod of allowing for relative m otion between rotor and stator is 
described and the formulation of the stator winding vectors and calculation of 
term inal voltage and current is outlined. Problems associated w ith the initial con
dition calculation and the factors affecting the choice o f tim e step length to  be 
used throughout the calculation are discussed.

The results obtained w ith this model when simulating the C .E.G .B. 
Test B are then presented. The m ethod permits a detailed calculation of eddy
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current losses and an example design study is performed in which the rotor wedge 
material is changed to improve performance. Eddy current and flux plots are 
discussed, and the effects of mesh discretisation on the com putational tim e and 
the results obtained are illustrated. Various comparisons are then made; of the 
M axwell stress and power balance m ethods of calculating rotor torque, of the two 
axis and phase band stator m odel predictions and of the results given by the phase 
band m odel when simulating the C.E.G.B. Test C l.

Finally, the chapter discusses the discepancies between the calculated  
and measured results, and attem pts to  offer explanations for them .

6.2 STATOR W IN D IN G  REPRESENTATIO N.

If a phase band solution is to  be adopted, some m ethod is required for 
explicitly incorporating the relative m otion between the rotor and stator in the 
analysis.

Two possible m ethods of allowing for rotor m otion were considered :

1) R otate the rotor portion of the mesh inside the stator portion. A slip plane 
is defined in the airgap, across which nodal potentials are interpolated. A 
periodicity condition may be applied to halve the problem size, but post pro
cessing of the potential solution is com plicated by the use of what is effectively 
a different mesh at each tim e step. If tooth  ripple effects are to  be incorpo
rated, the tim e step length m ust be restricted so that the rotor moves only a 
fraction of one tooth  pitch at each step, which will increase the solution tim e 
substantially.

2) F ix the rotor and stator m eshes in one position and move the stator phase 
bands backwards at synchronous speed. This m ethod, developed by Turner 
[28], relies on the fact that the air gap is sufficiently large for tooth  ripple
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effects to be neglected. The technique may result in a stator slot being par
tially occupied by two different phase bands, but this has not been found to 
lead to  any significant errors. Although now only one mesh is required for the 
whole problem, the stator winding vectors have become functions of time.

Turner reported a good prediction of machine electromagnetic behaviour when  
applying the second m ethod to  the works sudden short circuit test, so it was 
decided to  use his approach for modelling the stator.

The rotor mechanical equations of Chapter 3 are linked to  the electro
m agnetic solution at this point, since the angle through which the rotor moves in 
each tim e step will be determined by the rotor speed.

6 .3  S T A T O R  W I N D I N G  V E C T O R S .

In a phase band m odel, (6A / S t )  is directly proportional to the total 
stator flux linkage ie. rotational and transformer terms are not separated (although  
it is possible to do so). In order to assign currents to each winding node, the extent 
of the individual phase bands at each tim e instant is calculated, and the nodes 
that lie w ithin them  identified. The total phase current is then distributed to these 
nodes by the fraction of the total area occupied by that phase that is attributed  
to each node. Thus the current assigned to  node % is :

J, =  ( A A ^  (6.1)n

where A  
n  
A  i

and I

is the number of turns per pole per phase 
is the number of stator parallel paths
is the fraction of the total winding area attributed to node t 
is the total phase current
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Where the boundary between phase bands falls w ithin a stator slot, 

the nodes on either side carry a proportion of the current in each winding, and 
A i is altered accordingly. By this means, a set o f winding vectors for each phase, 
(Na), {Nb) and (Nc) are defined, which m ust, however, be reformed at each time 
step.

The rotating phase band m ethod can be thought o f as equivalent to  
the application of a rotational voltage of B l v  to  the stator conductors. It has 
the advantage of giving the correct relative rotation of the stator w ith respect to  
voltage generation in the rotor.

Equation 6.1 may also be used for determining the flux linking each stator winding. 
From equation 2.16 the flux linkage w ith phase a  is :

0a =  pLef / (Na)T{A) (6.2)

where p  is the number of machine poles 
and L ef  /  is the machine effective length

Then the phase voltage is :

«.!.+« =  PL'ti  [ ( ( * o)T(A) ) |+w -  ( (Na)T(A) )f ] / s t  (6.3)

W hen calculating the phase currents, the stator circuit is incorporated as in figure
6.1 .

Turner dem onstrates how the circuit equations derived from figure 6.1 
can be used to form conductivity matrices for each phase, which may then be 
w ritten in the form of three rows and columns for addition to  the system  m atrix 
using the ‘A-average’technique (see Chapter 2.6 .8). This gives a symmetric matrix, 
whose additional terms are related purely to the circuit impedances and winding  
vectors and which are therefore compatable w ith the conductivity matrix m ethod.
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GENERATOR TRANSMISSION LINE

Figure 6.1 Stator circuit arrangement.

T he approximations required for incorporating the infinite busbar into the two-axis 
m odel of Chapter 5 do not arise here.

6.4 TERM INAL VOLTAGE A N D  CURRENT.

The single value of ‘terminal voltage’may be defined in several ways. 
In its calculation, all three phase voltages may be used, or one may be deduced 
from the others on the assumption of balanced operation.

Equation 6.3 gives the machine phase voltages ‘at the airgap’, ie be
hind the machine reactance, from which the terminal phase-neutral and line-line 
voltages may be found. Thus the phase band stator m odel allows any method  
o f calculation of the terminal voltage to be used. The definition of line voltage 
used here is the root mean square of the line-line voltages found explicitly from 
the phase voltages. This is identical to the rms phase voltage in the absence
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of harmonics ( which the line-line calculation tends to  remove). Line current is 
calculated as the rms phase current.

6.5 INITIAL CO NDITION.

The pre-transient initial condition is achieved in a similar manner to  
th at described in Chapter 5, except that the impedance added to  the terminals 
is a series combination of resistance and reactance, rather than a parallel one. 
Iterating to the correct terminal voltage is not as straightfoward, however, since 
even the steady state must be tim e stepped to obtain the phase voltages. Two 
m ethods may be adopted to  speed convergence :

1) A good initial estim ate of the potential solution is provided by solving the  
two-axis problem for the same terminal conditions.

2) The solid rotor and field winding conductivity matrices are not included in 
the problem formulation.

A doption of a phase band stator model enables the fault to be applied at a specific 
point o f the cycle. The tim e stepping procedure m ust therefore be stopped at the 
correct point in the initial condition calculation, if the point on wave is important.

The individual phase voltages contain harmonics, principally the third. 
The ‘steady sta te’terminal voltage thus contains a harmonic ripple which makes 
it unsuitable for use as a target for iterative changes to the field current. To solve 
th is problem, a one-cycle, moving average digital filter was applied to  the terminal 
voltage when finding the initial condition, and the filtered voltage used as a basis 
for field current changes.

T he infinite busbar voltage was calculated as described in Chapter 4.4.3.
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6.6 TRANSIENT INITIATION.

The transient is started in the manner used for the two-axis m ethod, 
described in Chapter 5.4, except that values of { SA/ S t )  are not zero at t= 0 , but are 
obtained from the initial condition calculation. It has been found, however, that 
no significant errors arise if (8 A / 6 t ) =  0 is assumed. The second order predictor 
was found to be less satisfactory than the first order one, possibly because the 
second order m ethod tended to ‘carry through’harmonic terms.

6.7 TIME STEP LENGTH.

The tim e step length is fundamentally limited by the need to model the 
alternating voltages and currents accurately. This dictates a maximum step length  
of the order of l /1 0 0 th  o f a cycle, ie 0.2 m s, to reduce the error in approximating 
a differential by a difference to a few percent. This restriction means that a 
very large number of tim e steps, each of which requires a number of iterations to  
converge, are required to model a transient that incorporates the machine swing 
curves -  for the 3.8 second C.E.G .B. transient Test B at Uskm outh, 19,000 non
linear tim e steps are needed. Tim e step lengths less than 0.2 ms were found to  
give no significant difference in results.

To capture the first m oments of the transient, the initial tim e step was 
set at 0.02 m s, and lengthened to 0.2 ms in the three succeeding steps.
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USKHOUTM MESH IB 1951 NODES 3910 ELEMENTS.
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STATOR PHASE CURRENTS 
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Figure 6.3 Initial condition Test B - flux density distribution
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6.8 COMPARISON OF SIMULATED AND MEASURED RESULTS, 

C.E.G.B. TEST B.

6.8.1 Initial condition
Due to  the presence of harmonics in the voltage waveform and the 

need to  tim e step to  a solution, achievement of the desired initial condition can 
be a tim e-consum ing process if the level of accuracy to which the initial condition  
term inal values are required is set too  high. For the simulations performed, the 
m axim um  error level was set at 0.5%, and gave the results in Table 6.1.

TABLE 6.1. INITIAL CONDITIONS - TEST B.

Crude Mesh  
UM3

Detailed Mesh 
UM9

CEGB Test

Line voltage 13.76 kV 13.76 kV 13.80 kV
Line current 4.876 kA 4.883 kA 4.880 kA
Terminal real power 111.2 MW 110.7 MW 111.1 MW
Terminal reactive power -35.0 MVAr -35.7 MVAr -35.2 MVAr

Field current 865 A 854 A 827 A
Load angle 56.0 deg. 58.1 deg. 61.5 deg.

Figures 6.2 and 6.3 show the flux and flux density variation in the machine for the 
initial condition.

The variable endbell resistivity factor described in Chapter 2.5 was used for all 
the phase band m ethod calculations.
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The results have been digitally filtered where appropriate (see Chapter 4.5.4).

6.8.2 Transient behaviour : time series data.

Figures 6.4 to  6.6 compare the phase band calculation w ith  the C.E.G.B. 
test results. The 50 Hz oscillations during the transient period , given by the stator 
transformer conductivity m atrix, are clearly seen.

As in Chapter 5, the initial stator recovery voltage is too  high, causing 
more power to  be generated, and resulting in less acceleration of the rotor and 
hence a lower first swing. The rotor swing frequency is correctly predicted, and 
the damping good, but a little too  light.

The filtered results show that the phase band m ethod has overpredicted 
the line and field currents during the short circuit period, and underpredicted both  
on fault clearance.

The rotor speed drops at the start of the short circuit, the braking 
effect of losses being greater than the turbine input. However, this is not large 
enough to produce a noticable rotor backswing.

The eddy current power loss and the power flow to stored energy in 
m agnetic fields Eire shown in figures 6.7 and 6.8 . These axe very different from  
the results of the two-axis calculation. Both show a 50 Hz variation; but, while 
the eddy current loss will always provide a retarding force on the rotor, the power 
flow to  m agnetic field storage is bi-directional. The energy storage increases in 
the first half cycle, as currents rise in linked circuits, and power is taken out o f the 
rotor inertia; but in the second half of the cycle, as currents fall, energy is released, 
and becomes available to  accelerate the rotor. The m agnetic circuit stored energy 
changes may be associated w ith Shackshaft’s ‘oscillatory’torque [60], and the eddy 
current power loss w ith  a ‘unidirectional’torque [62,63].
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Figure 6.4 M achine response Test B.
------  Test results — *— finite element calculation

a) line voltage b) line current c) field current
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Figure 6.4 M achine response Test B (continued)
Test results finite element calculation
d) electrical power e) speed deviation f) rotor angle



V
O

LT
A

G
E 

(K
V

) 
-»

 
*—

 
C

U
R

R
EN

T
 

(A
) 

«1
0

Figure 6.5 Machine response Test B - detail
--------- Test results — •—  finite element calculation

a) line voltage b) line current 
c) field current d) electrical power
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Figure 6.6 M achine response Test B - filtered
-------  Test results • - finite elem ent calculation

b) line current c) field current point filter d) electrical power



Figure 6.7 M achine response Test B - eddy current power loss

Figure 6.7 M achine response Test B - detail of eddy current power loss
note : no time offset
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Figure 6.8 M achine response Test B - power flow to m agnetic storage

Figure 6.8 M achine response Test B - detail o f power flow to  magnetic storage
note : no time offset
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The individual components of the eddy current power loss, and thus 

the contributions to  damping of the different parts of the rotor, may be simply 
assessed by defining a separate conductivity m atrix for each material or area. 
T he result o f this exercise is shown in figure 6.9 , where the losses in the rotor 
poles, teeth , wedges and copper damping strip are shown. The two-dimensional 
allowance for the three-dimensional effect of discontinuous wedges, described in 
Chapter 2.5, means that the division of the tota l power loss into these separate 
values is not accurate enough for calculations such as local heating, but do sug
gest th at the damper strip, although carrying a high current density, is too small 
to make a significant contribution to  the overall damping. Design studies fea
turing simple variations of material would enable a better distribution of power 
dissipation between rotor poles, teeth and wedges to be found.

As an illustration, figure 6.10 shows the calculation of the short circuit 
period of Test B repeated w ith the copper damper strip removed, and aluminium  
slot wedges substituted  for the stainless steel ones originally fitted. As can be seen, 
although the total eddy current power dissipation is not significantly different, the 
distribution has been dramatically altered. W ith the existing design, twice as 
much power was generated in the rotor teeth  as the wedges and damper strips 
combined. W hen aluminium alloy wedges are used, the new eddy current pattern  
results in three tim es as much power being generated in the wedges as in the rotor 
teeth . The higher thermal conductivity of aluminium should then allow the whole 
slotted  region of the rotor to run cooler.

6.8.3 Transient behaviour : flux and eddy current plots.

Figures 6.11 to 6.43 show the distribution of flux and eddy currents 
during the short circuit and reclosure periods.
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Figure 6.9 M achine response Test B - eddy current power loss components
-----total — pole — teeth — dampers  wedges

Figure 6.10 Comparison of eddy current power loss com ponents
- m achine w ith wedges as designed a n d  w ith aluminium wedges

------  in aluminium wedge —•— in rotor teeth, stainless steel wedges
— •— in stainless steel wedge and copper damper strip  
—«— in teeth , aluminium wedges



166

Figure 6.11 time =  1 ms current density contours at 5% of 0.39 x 10sA /m 2
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Figure 6.12 time =  2 ms current density contours at 5% of 1.05 x 10sA /m 2
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Figure 6.13 time =  3 ms current density contours at 5% of 1.77 x 108A /m 2
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Figure 6.14 time =  5 ms current density contours at 5% of 3.63 x 10sA /m 2
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current density contours at 5% of 3.50 x 108A /m 2Figure 6.15 time =  7 ms
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current density contours at 5% of 3.33 x 108A /m 2Figure 6.16 time =  10 ms
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Figure 6.19 time 13 ms current density contours at 5% of 3.44 x 108A /m 2
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time 15 ms current density contours at 5% of 3.23 x 108A/m 2Figure 6.20



detail of flux distribution 176



Figure 6.22 tim e =  15 ms detail of flux distribution 177
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current density contours at 5% of 2.23 x 108A /m 2Figure 6.24 time =  17 ms
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Figure 6.25 time =  20 ms current density contours at 5% of 1.63 x 108yl/m2
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Figure 6.26 time =  23 ms current density contours at 5% of 2.10 x 108A im 2
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Figure 6.27 time =  25 ms current density contours at 5% of 2.67 x lOPA/m2
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Figure 6.28 time =  27 ms current density contours at 5% of 3.06 x lOPA/m?
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time =  30 ms current density contours at 5% of 2.62 x 108^4/m2Figure 6-29



185

Figure 6.30 tim e =  40 ms current density contours at 5% o f 1.30 x  W P A /m 2
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Figure 6.31 tim e =  139 ms - just prior to  fault clearance
current density contours at 5%  o f 1.07 x lO P A /m ?
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Figure 6.32 tim e =  140 ms - reclosure +  1 ms

5%  o f 1.07 x  10* A / m 2

current density contours at
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Figure 6.33 tim e =  141 ms - reclosure +  2 ms

5%  o f 1.25 x  108A / m 2

current density contours at
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Figure 6.34 tim e =  142 ms - reclosure +  3 ms

5%  o f 1.34 x  10s A / m ?

current density contours at
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Figure 6.35 tim e =  144 ms - reclosure +  5 ms

5% o f 1.51 x  108A / m 2

current density contours at
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Figure 6.36 tim e =  146 ms - reclosure +  7m s

5%  o f 1.57 x  10* A / m 2

current density contours at
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current density contours at 5% o f 1.58 x  10s A / m 2Figure 6.37 tim e =  149 ms
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Figure 6.38 tim e =  152 ms current density contours at 5%  o f 1.58 x 10s A / m 2
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current density contours at 5%  o f 1.40 x  10s A / m ?F igure 6.39 tim e =  154 ms
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Figure 6.40 tim e =  156 ms current density contours at 5%  o f 0.79 x  108.4 /m 2
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Figure 6.41 tim e =  159 ms current density contours at 5%  o f 0.31 x  108A / m ?
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Figure 6.42 tim e =  169 ms current density contours at 5%  o f 0.94 x  108A / m 2
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Figure 6.43 tim e =  600 ms current density contours at 5%  o f 0.17 x 108A /m 2
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All the flux plots are drawn at 5%contour intervals based on 0.4856  
W b m _1 or 0.4199 Wb m ” 1 (the maximum value of A at the start of the short 
circuit and at the start of fault clearance respectively) as appropriate.

The eddy current density plots are drawn at 5% contour intervals using 
as a reference the m axim um  eddy current density at each tim e step. Closely 
spaced contour lines represent rapidly changing eddy current density, n o t high 
eddy current density, ie. closely spaced contour lines designate the boundary 
between regions of high and low eddy current activity. See Chapter 5.8.7 for a 
note regarding discontinuous eddy current contour lines.

The effect of the moving phase band m ethod of modelling the machine 
rotation may be seen in successive plots where the flux axis rotates clockwise to  
sim ulate anticlockwise rotor movement.

A t the start of the transient, eddy currents are induced in the copper 
damper strip and in a very thin layer at the rotor surface. They subsequently 
diffuse inwards from the surface, distorting the pole and tooth  flux patterns.

Comparison of these plots w ith  similar ones in Chapter 5 shows the 
substantial differences that arise from the inclusion of the stator transformer con
ductivity m atrix. During the first half revolution of the rotor, the stator flux 
pattern rapidly changes to appear much like that of a sustained short circuit. In 
the subsequent half revolution, as the rotor returns to the point at which the tran
sient commenced, and the rotor field pattern aligns w ith that produced by the 
stationary flux trapped by the stator winding and frozen in the airgap, the ma
chine flux pattern returns to  a distribution similar to  that of the initial condition. 
The behaviour is repeated in each revolution.

Exam ination of the flux plots at each successive com plete revolution  
shows the rate of diffusion of the induced eddy currents into the rotor.
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Close inspection o f the flux  pattern after one revolution (figure 6.25) 
shows the flux lines im m ediately under the pole face to be sharply kinked in the 
opposite direction from those slightly deeper down. This m eans that eddy currents, 
flowing in the contrary direction to  th o se  initially induced, have been generated  
at the rotor surface, as the high eddy current density gradient confirms. These 
new surface currents then begin to  diffuse into the rotor (figures 6.26 to 6.28 ), 
but are rapidly sm oothed out, so that one half revolution later (figure 6.29) they  
have disappeared. A  similar effect is seen at each subsequent com plete revolution 
(figures 6.30 and 6.31).

Eddy currents in th e  reverse direction are also seen  to occur when the 
fault is cleared and th e  machine reconnected to the system  (figures 6.32 et subs.). 
In this case, as also found w ith  th e  tw o-axis model, the effect is a permanent one 
and the flux pattern is not sm oothed out quickly. It is not known whether this 
calculated behaviour is correct, or whether it occurs as a result of the constraints 
im posed by a two-dimensional solution. The m atter is discussed more fully in 
Chapter 5.8.7.

B y 600  m s  in to  th e  transient there is still some eddy current activity  
circulating flux in  th e  m achine p oles, but not to any large extent. A small level of 
eddy current flow w ill be perm anently present as a result o f th e  air gap harmonics.

6 .8 .4  T h e  e ffec t o f  d is c r e t is a t io n .

The term inal values and mechanical behaviour o f  the rotor obtained  
from the detailed m esh  TJM9were alm ost identical to  those o f  the cruder m esh, the 
differences being significantly sm aller than then the same comparison was made 
w ith  the two-axis approach. M ostly  th e  two sets of results agreed to  within a few 
percent, except foT th e field current prediction during the short circuit, where the
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m agnitude o f oscillation was about 20%  smaller w ith the more detailed mesh. The 
difference in m axim um  rotor angle was 1.0 degree.

Test B  Crude mesh UM3 Detailed mesh UM9 C.E.G.B. Test

M axim um  rotor 29.8 deg. 28.8 deg. 39.6 deg.
angle change

The eddy current power loss calculated w ith the two m eshes, although  
sim ilar in form, showed detailed differences, particularly in the distribution of the 
to ta l between the different parts of the rotor.

6.8.5  Perform ance o f the program.

Comparison of the numerical performance of the model is given in 
Table 6.2 below. The c.p.u. tim es given are rounded to the nearest 5 minutes (see 
Chapter 5.9)

As the transient dies out, so fewer iterations should be required for 
each tim e step. The figures above confirm this, the c.p.u. tim e required per step  
is less during the reclosure period than during the short circuit.

As w ith  the phase band model, the calculation tim e varies approximately a s n 2 - n .

6 .8 .6  Com parison o f M axw ell Stress and Power balance m ethods.

Figure 6.44 shows a comparison of the Maxwell stress and power bal
ance m ethods of calculating rotor torque. To provide a more severe torque vari
ation as a basis for comparison, the initial condition of Test B was subjected to  
a full three phase short circuit placed directly on the machine terminals, rather



TABLE 6.2 COMPARISON OF C.P.U. TIME REQUIRED  
FOR DIFFERENT CALCULATIONS
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CEGB Test B Mesh UM9 Mesh UM3
Calculation Short circuit Reclosure Short circuit Reclosure

0 - 139ms 139 - 600ms 0 - 139ms 139 - 600ms

Num ber of 
steps

697 2307 697 2307

c.p.u. tim e  
required

1825 min 4140 min 325 min 750 min

than at the transm ission line side of the generator transformer. The power bal
ance calculation was performed throughout this transient, and the computed rotor 
torque is shown in the figure as the solid line. The Maxwell stress was calculated  
along a contour of integration located at the centre of the air gap using potential 
solutions generated at 28 points in the transient, these results are plotted as single 
points. The two calculations are in fairly close agreement; and, given the numeri
cal uncertainties that are a feature o f the Maxwell stress calculation (see Chapter 
3.3 .1), it would be difficult to  say which calculation was ‘correct’and which ‘in 
error’, particularly as they are in exact agreement on the initial condition.
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Figure 6.44 Test B - comparison of rotor torque calculation m ethods 
-------- Power balance • Maxwell stress

6.9 CO M PA R ISO N  OF TW O-AXIS A N D  PH A SE  BA N D  M ODELS, 

C.E.G.B. TEST B.

Figure 6.45 compares calculations performed w ith the two-axis and 
phase band stator models, using the crude mesh UM3. The level of damping of 
the rotor and terminal values as the rotor swings is much closer to  that measured 
when the phase band model is used, but the first swing prediction is worse. Both  
these observations may be explained in part as being due to  the effects of a higher 
stator recovery voltage and higher eddy current losses.

Over the tim e interval 0 - 600 ms, the two-axis m ethod proved to  be 4 
to 5 tim es faster com putationally than the phase band one. If the comparison were



Figure 6.45 M achine response - Test B. 
------- test results

finite elem ent phase band (filtered)
4— finite elem ent two-axis

a) line voltage b) line current f)  ro to r angle
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extended to  cover the full 3.8 seconds of the transient, the improvement would be 
of an order of m agnitude.

6.10 CO M PA R ISO N  OF CALCULATED AN D  M EA SU R ED

RESULTS, C.E.G.B. TEST C l.

For the C .E.G .B. Test C l, the fault period was double that in Test B, 
and the discrepancy between the calculated and test results becom es significantly 
greater. Figure 6.46 compares the two up to the point at which the generator was 
autom atically tripped.

During the short circuit period, the line voltage and current predictions 
are close to  the measured values, and the calculated field current is only slightly  
higher than that measured (which accords wih Turner’s findings [28]).

On fault clearance, however, the stator voltage is substantially over- 
predicted, significantly more so than in Test B. As a result, the electrical power 
output is higher and the net power available to accelerate the rotor is then greatly  
in error. (The test results show the rotor accelerating in the tim e period 400 to  600 
m s, when the calculation has it decelerating). The concequence is that, whereas 
the machine actually pole slipped after 475 m s, the calculated tim e to the first 
pole slip is 710 m s, and the rotor only slips one pole, instead of two.

W ith such large differences in the rotor angle, the calculated terminal 
values cannot be expected to m atch the measured ones after the reclosure; although 
they do generally have the same form. In particular, there is a flat portion in the 
curve o f the calculated line and field currents, which does not correspond to  any 
part of the measured curves, but derives from the tim e period over which the rotor 
acceleration is sm all and the rotor angle only slowly changing.
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Figure 6.46 M achine response - Test C l
-------  test results —•—  finite element phase band calculation

a) line voltage b) line current c) field current
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Figure 6.46 M achine response - Test C l (continued)
------test results — finite element phase band calculation

d) electrical power e) speed deviation f) rotor angle
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After one second, the test results show the machine pole slipping at a 
faster rate than calculated. This is surprising, since the interceptor and governor 
valve operation should have begun to  have an effect by this tim e, even allowing 
for tim e constants and entrained steam , but no reduction in the measured rate of 
pole slipping is evident.

6.11 D ISC U SS IO N  OF D ISC R EP A N C IES  BETW EEN  

CALCULATED A N D  M EA SU R ED  RESULTS.

The errors in first swing prediction, particularly w ith the phase band 
m ethod, stem  from overprediction of the machine stator recovery voltage. To 
establish the sensitivity of the recovery voltage and the m agnitude of the maximum  
rotor angle change ( ‘first sw ing’) to calculation variables, a number of factors were 
investigated, using the phase band model and the crude mesh UM3.

1) Speed and torque calculation. If the torque calculation is in error, then the  
calculated rotor position at the point of reclosure will differ from the actual 
one, and the machine will be operating at a different load angle. To assess 
the im portance of this, a constant speed solution was performed. The result 
was only a slightly higher recovery voltage.

2) M aterial data. The conductivity data for the rotor materials may be in error, 
due to  uncertainties in com position, in the winding temperature or in the  
allowances m ade for effects w ithin the machine length. Two com putations 
were performed to test these effects. A fixed endbell resistivity factor was 
adopted for each, and the rotor material conductivities doubled in one and 
halved in the other. The result was a marginal change in the recovery voltage, 
and a 5%  difference in the first swing.
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3) Point on wave. A lthough simple machine theory suggests that the point on 
wave of a three phase fault application is unimportant in the calculation of 
rotor behaviour, it is possible that the amount of flux frozen in the airgap at 
the instant of the short circuit is dependent upon the rotor position. Compu
tations at different points on wave confirmed that the effect is not significant.

4) T im e step length. Halving the tim e step length to  0.1 ms gave no improvement 
in results.

5) M esh discretisation. The detailed mesh UM9 gave almost identical results to  
those o f the crude mesh UM3. The level of discretisation of mesh UM 9 is 
similar to  that used by previous workers to  accurately model other, simpler 
machine transients, such as the flux decay test [26]. The elements at the rotor 
surface are of the order o f one skin depth thick, which is generally considered  
to  be adequate. It is possible that reducing the element thickness to  less 
than half a skin depth would improve the solution, but, in view of the very 
long com putational tim e that this would require, this option has not been  
explored.

6) M achine governor and AVR. Although both governor and autom atic voltage  
regulator have long tim e constants, and thus should not affect the first swing 
much, it was thought possible that the AVR was keeping the recovery voltage 
up. A calculation at constant mechanical power and field voltage showed an 
increase in the first swing prediction by only 1 degree.

7) Field circuit resistance. The field circuit resistance is uncertain because of 
th e unknown temperature of the winding, and of the brush contact resistance. 
Com putational studies have shown that the field circuit resistance has a strong 
effect on the amplitude and damping of the alternating component o f field 
current, but only a sm all effect on the first swing prediction.
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8) Circuit breaker scatter. Fot the calculations presented, the fault was applied 
to  all three phases simultaneously, because of the lim itations of the delta- 
star transformer model. The actual tim ing of the circuit breaker operation 
shows considerable scatter (Table 4 .6), and this could affect the amount of 
flux trapped by the stator winding at the start of the transient. However, the 
two-axis m odel, which cannot allow for circuit breaker scatter, gave better 
results, which suggests th at the effect is not important. In the absence of 
a better generator transformer model, a partial test of the effects of circuit 
breaker scatter was m ade w ith the Test B initial condition and a scattered  
application of a fault at the machine terminals, followed by simultaneous 
clearance, which gave a  slightly higher recovery voltage; and a simultaneous 
fault at the term inals, followed by a scattered clearance to  open circuit, which 
showed no significant difference. On this evidence, circuit breaker scatter does 
not appear to  be an im portant factor in determining the machine mechanical 
behaviour.

9) Initial condition. A lthough the terminal values and rotor angle found in 
the calculation for the initial condition agree closely w ith the C .E.G .B. test 
results, it is possible th at th e  electromagnetic solution has not converged 
sufficiently accurately. If this was the case, part of the calculated transient 
response would be due simply to errors in the field distribution. To test this, a 
‘transient’calculation was performed in which the fixed terminal impedance of

i

the initial condition was replaced by the transmission line and infinite busbar. 
A  sm all step response in term inal current and voltage was observed, which 
showed a tendancy to  return to  the initial condition values w ith  a long time 
constant. From this, it is deduced that the initial condition calculation is 
sufficiently accurate for sim ulating short circuit transient conditions.

10) In a first attem pt at isolating the problem area, d- and q-axis flux decay tests 
were simulated. B oth  th e phase band and two-axis stator models were used,
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and the calculations were compared w ith the C.E.G.B. flux decay test results 
for the Uskm outh machine. Full pole pitch meshes were employed, despite 
this being unnecessary on account of the additional axis of symmetry that 
exists in these tests, in order to avoid constraining the solution in a different 
manner from th at used in the general transient case.

The results obtained using the different stator m odels were alm ost identical for 
both  d- and q-axis tests, and close to  the measured values. A minor discrepancy 
was seen in the field current prediction, probably due to  uncertainty over the  
resistance of the field circuit and the field winding end leakage reactance.

These calculations indicate that both stator m odels are capable of simulating the 
steady collapse of flux linkages within the machine on both axes, and point to  
the oscillatory com ponent of the general transient response as being the less well 
m odelled. However, Turner’s simulation of the works short circuit test [28] (on a 
different machine design) proved very satisfactory; which may indicate that the 
problem lies either as a result of the flux axis not being aligned w ith a machine axis, 
or in the modelling o f the period following the fault clearance and reconnection.

More general reasons for the over-prediction of stator voltage may be :

i) Too much flux is trapped in the machine by the windings at the start of 
the transient.

ii) The flux trapped in the machine does not decay away fast enough.

iii) There is a sudden loss of flux associated w ith fault clearance, which has not 
been incorporated in the model.

The accurate com putation of a works short circuit test by Turner [28], would seem  
to indicate that the amount of flux trapped at the start of the transient is correct.
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A higher rate of decay of flux requires greater energy dissipation, which 
will increase the error in the first swing prediction, unless the fall in the post- 
clearance electrical power generation more than offsets this. The short circuit line 
voltage calculation appears to  be reasonably accurate, so any greater rate of decay 
of flux will tend to  produce errors during the short circuit period; but the next 
chapter will reveal th at the computed q-axis flux appears to  have a longer tim e 
constant of decay than occurred in the tests, and this would provide more support 
of the stator voltage

The source of lost flux could be the circuit breaker arc as the fault 
is cleared, but this has never been thought to  be important in equivalent circuit 
studies, and should be comparatively small.

The non-linear, transient behaviour of the generator transformer may 
also be of significance, but again, is not normally incorporated in equivalent circuit 
studies.

Comparison of finite element predictions with test results for a different 
machine would be of assistance in pinpointing the source of the discrepancy.

6.12 C O N C L U S IO N S .

In this chapter, the full solution of the transient equations has been  
presented. A rotating phase band approach to  the modelling o f relative motion  
w ithin the machine was chosen and the formulation of winding vectors and their 
com pact incorporation into the basic finite element m ethod using the A-average 
technique to give a sparse, symmetric m atrix were described.

W ith a phase band model it is necessary to  tim e step to obtain the 
required initial condition. This can be a lengthy process, but by removing the 
rotor and field winding conductivity matrices from the calculation and using an
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initial estim ate of potentials and field current derived from a two-axis solution, 
convergence to  the solution was speeded up considerably. The terminal current 
and voltage contain harmonic term s, and it was found necessary to filter the 
term inal voltage before it could be used as a target parameter for convergence.

A tim e step length of 0.2 ms was found to  provide a good compromise 
between accuracy and solution time. For other machine designs, a slightly different 
value may be appropriate to  avoid the rotor angle change being a simple fraction of 
the stator tooth  pitch (which could introduce artificial harmonics into the solution)

The results obtained w ith the model were compared w ith test data for 
both  coarse and fine m esh discretisations. The outcome was, in general, fairly 
good, except that the stator voltage on fault clearance was substantially over- 
predicted, and the m axim um  rotor angle achieved much reduced as a result. The 
eddy current power loss w ithin each area of the rotor was considered and the 
contribution of the copper damper strip to machine damping was shown to be 
minimal. A numerical study showed the advantages of changing the slot wedge 
m aterial, and illustrated the application and usefullness of the m ethod as a design 
tool.

The flux and eddy current plots presented emphasised the difference 
between the phase band and two-axis m odels. They show in detail the effect 
of the flux trapped by the machine windings at the start of the transient and 
effectively frozen in the airgap. The result is a flux pattern within the machine 
which alternately resembles that o f the sustained short circuit and that of the the  
initial condition, as the rotor flux is opposed to or aligned w ith the stationary flux 
pattern.

At each com plete revolution, eddy currents flowing in the opposite 
direction to  the m ain distribution appeared to be induced in the rotor surface, 
but died away in the subsequent half cycle. On fault clearance, the same effect
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was observed, except that the surface eddy currents were permanent and diffused 
slowly into the rotor.

It is uncertain whether these last observations accord with fact, or 
whether they arise as a result of the constraint placed upon the problem by the  
assumption of a two-dimensional solution, where currents can only flow in an axial 
direction. The problem was more fully discussed in the previous chapter.

Using a more detailed mesh was found to provide few advantages, 
particularly as the solution took six tim es as long to com pute, and the first swing  
prediction was worse. A comparison was made between the Maxwell Stress and 
Power Balance m ethods of computing rotor torque; the results were in fairly close 
agreement and neither m ethod could be said to  be more accurate on the basis of 
this comparison.

W hen the two-axis and phase band models were compared, the former 
was found to provide a better prediction of the first swing, but worse damping. 
Since the two-axis m ethod is much faster computationally, on this evidence it 
would be preferred; but both m ethods overpredict the stator recovery voltage, 
and it is likely that, if this were corrected, the phase band m ethod would prove 
to  be more exact, w ith  the two-axis model over-stating the rotor angle because it 
fails to  fully m odel the machine losses.

The C .E.G .B. Test C l involved pole slipping. A critical measure of the 
performance of a sim ulation is the accuracy w ith which the onset of pole slipping 
is calculated. The phase band m ethod proved to  be nearly 250 ms out in this, as 
a result of a substantial error in the prediction o f the stator recovery voltage. On 
this basis, the phase band m ethod is considered to  be not yet sufficiently developed  
to  provide a useful predictive technique in power system s analysis.
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The last part of the chapter was devoted to a discussion of possible 
reasons for the discrepancies found. A number of promising ideas were persued, 
but m ost proved unable to provide the explanation sought. Several others could 
not be fully tested  out due to  lack of tim e and the inability of the generator 
transformer m odel used to  model unbalanced transmission line faults. A few, 
m ore general ideas were raised at the end of the chapter, giving an indication of 
areas where further investigation could be undertaken.
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CH APTER  SEVEN

O BTA IN IN G  EQ U IVALENT C IR C U IT  PA RA M ETERS  

FRO M  THE F IN IT E  ELEM EN T  M O DEL

7.1 IN TRO DU CTIO N .

There are a variety of ways in which the finite element m ethod has 
been used to  obtain parameters for equivalent circuit machine models. The sim
plest employ the technique to  determine parameter saturation functions [64], more 
com plex m ethods find the ‘steady sta te’reactances by injecting currents into the  
machine windings, and examining the voltages induced in others. Typical of these  
m ethods is M acdonald et al [65], where the effects of cross-axis saturation are 
investigated.

Transient machine reactances have also been calculated in a number 
of ways. The m ost straightfoward use the finite element m ethod to simulate the 
full machine tests from which parameters are derived, such as sudden short circuit 
[59], flux decay [26], field decrement [39], operational inductance [66] and frequency 
response [67,68]. A more complicated m ethod, due to Haydock [14], uses the finite 
elem ent m ethod to  obtain data for a detailed magnetic equivalent circuit model of 
the machine, which may either be used directly for solving machine transients, or 
progressively reduced and simplified until the desired equivalent circuit is reached.

This chapter presents a m ethod for determining the damper circuit pa
rameters for an equivalent circuit machine representation directly from the tim e  
stepped finite elem ent calculation. The phase band stator model is used for the 
study because it includes all the components of the machine electromagnetic be
haviour.
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T he equivalent circuit to  be used is first introduced, and used to divide 

the to ta l power flow within the m odel into three groups. M ethods for obtaining d- 
and q-axis currents and flux linkages directly from the phase band calculation are 
described, and are used in the determination of the m achine’s basic reactances.

A  technique for calculating the damper circuit impedances, by equating 
power dissipative term s, is then described, and the variation o f the damper circuit 
parameters over the short circuit period is illustrated.

Finally, in  an attem pt to  explain the unsatisfactory results of this and 
the previous chapter, the d- and q-axis currents and flux linkages found from the  
phase band finite element calculation are compared w ith those obtained fron a 
sim ple sta te  space solution of the equivalent circuit representation, using damper 
circuit data derived fron the C .E.G .B. Test report.

7.2 THE EQUIVALENT CIRCUIT MODEL.

There are many equivalent circuit models to  choose from, but the most 
w idely used axe o f the two-axis, 5-branch type described by Adkins and Harley 
[5], whose m odel has been adopted here along w ith their per unit convention. The 
equivalent circuit is illustrated in figure 7.1, and described by equation 7.1, which  
is taken from reference [5] figure 4.27.

A t any instant, the total power associated w ith the model is :

P ta t  =  2  d“ u q*q d " u f * f  d- P k d ik d  d " P k q * k q )  C^*^)

Equation 7.2 m ay be expanded using equation 7.1, and the terms grouped into 
three types :

l )  Those associated w ith power dissipated as resistive loss, of the form :

p '  =  l R i *
(7.3 a)
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Figure 7.1 M achine equivalent circuit
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where u d =  pij>d +  uifrq +  R a*d
Uq =  —UJ1pd +  pijjq +  R aiq

Equations 7.1

2) Those associated w ith changes in the energy stored in the circuit inductances, 
of the form :

(7.36)p 2 =  2 * ip (* )

3) The electrical output power :

P 3 =  -U0{id4’q ~  iqlpd) (7.3c)
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This division is similar to  that used in the power balance calculation of Chapter 
3.3, and is the basis for the m ethod proposed. Firstly, it is necessary to derive d- 
and q-axis per unit values from the three phase actual values calculated by the 
phase band m odel.

7.3 OBTAINING TWO-AXIS PARAMETERS FROM  
THE PH ASE BAND MODEL.

T he d- and q-axis voltages are obtained simply by defining appropriate 
winding vectors, as described in Chapter 5.1, and using the phase band finite ele
m ent potential solution at each step to  find the flux linking the two-axis windings 
as per equation 5.5 (see Chapter 5.2.1 for a note regarding multiplying factors of 
2 /3 ) . The Park transform is used to obtain the d- and q-axis currents from the 
phase currents at each time step.

7.3.1 Base values.
T he base values of power and stator current and voltage are defined 

straightfowardly as the rated VA, phase current and phase voltage respectively. 
The base field current is defined from the field current required to give base stator  
voltage on open circuit, as extrapolated from the air gap line, t’J0 :

y u ,  : a  
m d l f o

t f b = z ^ r

X ^ d is defined from the open and sustained short circuit curves as :
t aytt   / y

m d  'a
l J o

where i j ac is the field current required to  give base stator current in a 
sustained short circuit - in amps

(7.5)

7® is in amps
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X a is the stator leakage reactance in per unit

Both i j 0 and were found from finite element studies, using the two-axis stator  
model to  avoid the need to  tim e step to  the solution. For the calculation of t j 0 a 
linear study was performed, ie the permeabilities were fixed at their unsaturated  
values.

7.3.2 Main axis reactances.
The axis reactances were found from the basic machine reactances 

using the m ethod of Macdonald et al. [65], w ith perm eablities appropriate to  the 
machine initial condition. The results are summarised in Table 7.1. The cross axis 
reactances are all of the order of 5%  of the main reactances, which implies that 
the total flux on each axis cannot easily be directly identified w ith the currents on 
that axis.

Turner’s studies o f machine transients [27], suggest that the saturation levels in a 
machine stay relatively constant throughout the transient. As an initial approxi
m ation, therefore, the axis reactances were considered to  be unchanged through
out.

7.3.3 Damper circuit impedance.
If the main machine reactances, flux linkages and the d- and q-axis currents are 
known, then the damper circuit currents may be calculated as :

l k d  =  ----------------- y -----------------------
■A-md

. _  UQl/jg ~  X gtg
^kq y

■A-mq
(7.64)
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T A B L E  7 .1 . C .E .G .B . T E S T  B  IN IT IA L  C O N D IT IO N .
R E A C T A N C E S .

Field current required for 1 p.u. stator voltage on air gap line 536 A
Field current required for 1 p.u. stator current on short circuit 1006 A

Base field current 669 A

A md

X a
stator endwinding leakage reactance, X e

1.766 p.u. 
0.111 p.u. 
0.042 p.u.

Major reactances Cross reactances

_ UXPQ
Y  = i- l«/,i^ = o

+  X e =  1.785 p.u. 

+  X e =  1.562 p.u.

* 9d =
_ uxf)i

*d '• / .‘g*

X a =  ^ * 1^•dq iq \if ,id-0

0.072 p.u. 

0.081 p.u.

1.672 p.u. * « /  =
W>q I
i f  l*"(ii»g“0 -0.078 p.u.

Axis reactances

X d =  '* X id + i ,X t , - i f x *  =  1.664 p.u. X ,  =  ‘ iX n + iiX ,*  _  1 4 7 3  p u

Knowing the damper circuit currents, the power dissipated in the rotor circuit 
resistance :

P k  =  2 { jk d P k d  +  i k q P k q )  (^«7)

may be equated w ith  the eddy current loss found in the finite element calcula
tion, and the damper resistances found. Some m ethod, however, is required for 
separating out the d- and q-axis effects in the total P &.
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Once the resistances have been found, the reactances are calculated as

v  Xmd(p(id) + p(if) ) ~ ŵ Rkdikd v
•X-kd — / • \ ■X-md

p(tkd)

x kq =_ ^mqPjj ’q) WoRkqikq

P(l*v)
- X ,m q

(7.8a)

(7.86)

7.4 COM PUTATIO N OF D A M PE R  CIRCUIT IM PE D A N C E S.

7.4.1 R esistance.

As a first approximation, the rate o f change of Rkd  and R k q may be 
assumed small compared w ith  the supply frequency changes in the damper circuit 
currents. Thus at two close intervals in tim e, t i  and *2> over which the resistances 
are assumed constant :

^ = 1*1 =  l ^ k d l t x ^ k d  +  * k q \ t x R k q )  1
P k l ^ W t d l ^ k d  +  i l X R k q ) )

and the simultaneous equations may be solved for Rkd  and Rhq-

Figure 7.5 shows the stator axis values obtained from the phase band 
sim ulation of Test B , and the computed damper circuit currents. If the damper 
currents are viewed in conjunction w ith the pattern of eddy current dissipation  
th at they are required to  m odel, given in figures 6.7 and 6.9, it is evident that 
the form of the latter is too  complex to  be modelled well by the sum  of two 
oscillatory terms. If equation 7.9 is applied, the values of resistance obtained will 
vary wildly from one point to  the next, and even become negative. The reason for 
th is behaviour is that the finite element data is being fitted at too many points.

At different points in the cycle, both ikd  and *kq are zero. W hen this 
occurs, the eddy current power loss must be entirely due to  the other current 
and its associated resistance, which may thus be determined. The resistance so 
calculated, at one point in each cycle, is assumed to be constant over half a cycle
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each side o f the point of calculation. The finite element and equivalent circuit 
solutions are now an exact fit at only two points per cycle but, since the resistances 
are not changing rapidly, this does not lead to  large errors. The overall fit may be 
improved by making minor adjustments to the resistances so that the areas under 
the two curves, the energy dissipated, are equal. This may be performed on a 
cycle-by-cycle basis, or over the whole period modelled. The latter procedure was 
adopted here, and a 6% correction was found to  be needed. Figure 7.2 compares 
the results, and figure 7.3 shows the values o f resistance obtained.

Figure 7.2 Rotor body eddy current power loss 
-------  finite element calculation
— .—  equivalent circuit calculation using resistances of figure 7.3
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7.4.2 Reactance.

Having found the damper resistances at specific points, equation 7.8 is 
applied at the same points to  find the reactances. The results are shown in figure
7.4 . Clearly these are incorrect.

Numerical problems have arisen because the calculation of circuit in
ductance involves finding the difference between two large, similar numbers (in 
circuit term s, the voltage dropped across the damper inductance, L d i / d t , is small 
compared w ith  the drops in the rest of the circuit). Where the behaviour of the fi
n ite elem ent solution varies from that given by the simple equivalent circuit model, 
the m agnitudes and rates of change of circuit currents obtained from the finite el
em ent m ethod will not be an exact fit to  a five branch circuit, and this gives rise 
to  the results of figure 7.4 above.

To examine where the root of the problem lies, it is necessary to solve 
the transient problem using the equivalent circuit m ethod.

7.5 EQUIVALENT CIRCUIT SOLUTION.

A simple state  space m ethod was adopted for the solution of the equiv
alent circuit m odel, as described by Adkins and Harley. No AVR or governor 
action was included, and the mechanical equations assume a single inertia sys
tem . The values of X& and X q used were those calculated from the finite element 
initial condition. The other input parameters were obtained from the machine 
data of Table 4.3 except that, in calculating the q-axis damper values, only the 
sub-transient q-axis parameters were used, following the recommendation of the 
C.E.G .B RASM 05 docum entation [58].
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Figure 7.3 Dam per circuit resistance calculated from the finite element 
sim ulation of Test B. —— R kd — R kq

Figure 7.4 Dam per circuit reactance calculated from the finite element 
sim ulation of Test B. — X kd —— X kq
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7.5.1 Comparison of finite element and equivalent circuit results.
The equivalent circuit solution provides a better, but still not accurate, 

first swing prediction (33 degrees) than the finite element phase band one, and 
shows a  similar, but smaller, overprediction of recovery voltage.

In figure 7.5 the axis currents and flux linkages (the latter including 
the slot leakage component) for both the equivalent circuit and phase band finite 
elem ent m odels are compared, during and just after the short circuit period. The  
m ost significant feature is the difference in behaviour of the q-axis flux linkage, 
which shows a much smaller decay in the finite element solution than in the equiv
alent circuit one. This is partly due to a difference in the magnitude of the step  
change in flux linkage at the start of the transient, but m ainly to  the lower rate 
of decay of the flux as the transient proceeds. As a result, while the equivalent 
circuit m odel has the mean q-axis flux linkage falling to  zero by the end of the fault 
period; that in the the finite element m odel has fallen to  only 0.2 p.u.. However, 
the finite elem ent results show a greater damping of the oscillatory com ponent of 
the flux linkage, so that the peak flux linkage is almost the same in both models.

The m ain and damper winding currents on the q-axis also show a lower 
rate of decay of the direct com ponent, suggesting that the q-axis tim e constant 
found using the finite element m ethod is longer than the parameters predict.

The ‘holding up’of the q-axis flux in the phase band finite element 
m odel m ay provide the reason for the over-recovery of the stator voltage on fault 
clearance, but further work is required to  establish exactly the reason for the 
differences between the results obtained w ith the two m odels.

One m ethod of approach would be to  modify the machine parameters 
in the equivalent circuit model to  provide a good fit firstly to the finite element
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Figure 7.5 d- and q-axis currents and voltages Test B.
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solution and then to  the test results. The difference between the two parameter sets 
may give an indication o f the areas in which to concentrate further investigation.

Another possibility would b e to further test the finite element m ethod  
by constructing a machine m odel w ith a non-conducting (lam inated) rotor car
rying pole face damper bars, thus giving a much better defined damping circuit. 
Using this m odel, finite element simulations of flux decay, frequency response or 
sudden short circuit tests would enable a set of equivalent circuit parameters to  
be obtained. The finite element and equivalent circuit m odels could then be used  
to  predict the machine performance under system  transient fault conditions, and 
any discrepancy investigated.

7.6 CONCLUSIONS.

This chapter has presented a m ethod for directly relating the finite 
element and equivalent circuit machine models in a new m anner, through the 
power dissipative term s. The Adkins and Harley five-branch equivalent circuit 
and per unit system  were adopted.

It was first shown th a t th e  equivalent circuit m odel allowed power 
flows to  be identified and suitably grouped for comparison w ith  the finite element 
results, and then the basic machine reactances were calculated from the finite 
element initial condition taking account of cross axis flux, which amounted to  
approximately 5%  of the main axis flux in the case of the CJS.G.B. Test B initial 
condition.

If the basic reactances are considered to be invariant throughout the 
transient, then the damper circuit resistance and reactance were shown to  be 
calculable from the eddy current power loss in the rotor, provided that it could be 
split into d- and q-axis components. This was accomplished by fitting the data at
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points in the cycle where one or other damper current was zero, a subsequent small 
adjustment being m ade to  equalise the energy dissipation in both finite element 
and equivalent circuit m odels. The damper circuit resistances were found not to  
vary significantly over the short circuit period, the d-axis values grew steadily and 
the q-axis ones were alm ost constant. The damper circuit reactances, however, 
varied widely, and even became negative.

In an attem pt to  explain both why this occurred and the results of the 
previous chapter, the equivalent circuit model was used to  sim ulate C.E.G .B. Test 
B, using damper circuit data from the C.E.G.B. test report. This solution proved 
som ewhat more accurate than that provided by the phase band finite element 
m odel, and a preliminary investigation of the differences between the d- and q-axis 
currents and flux linkages obtained from the finite element and equivalent circuit 
m odels found that the decay of the quadrature axis flux was more pronounced in 
the equivalent circuit case.

Suggested further investigations using both finite element and equiva
lent circuit m odels were outlined at the end of the chapter.
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CHAPTER EIGHT

CONCLUSIONS AND RECOMMENDATIONS FOR FURTHER WORK

8.1 CONCLUSIONS.

This thesis has presented a finite element based m ethod for calculat
ing the general transient performance of a turbine generator. The electromagnetic 
equations were formulated using the nodal m ethod and the concept of the conduc
tiv ity  matrix; and the mechanical behaviour determined by performing a power 
balance at each step of the solution to calculate the rotor torque and hence rotor 
angle.

Two m ethods of representing the stator winding have been described, 
the phase band and the two-axis, and the analysis has been extended to incorporate 
governor, turbine and autom atic voltage regulator models and the effect of an 
infinite busbar in the stator circuit.

The two m ethods have been used, w ith  limited success, to  sim ulate 
system  transient tests undertaken by the C .E .G .B ., and possible reasons for dis
crepancies have been explored.

Finally, the phase band m odel has been used as a means of investigating 
th e behaviour of machine parameters during the transient using a technique which 
directly links the finite element and equivalent circuit solutions.
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8.1.1 Problem formulation.

The finite element m ethod may be applied to the solution of the non
linear, transient electromagnetic behaviour of a turbine generator under general 
fault conditions. The approximations inherent in a two-dimensional calculation  
m ay be reduced by means of analytical allowances for effects w ithin the machine 
length.

In a tim e stepped non-linear technique, it is important to  adopt a 
problem  formulation that allows efficient construction and solution of the equations 
and minimises the com puting tim e required. The A-average technique has proved 
im portant in this respect, and other m ethods have been adopted both to reduce 
the com putational effort in each tim e step and to increase the tim e step length  
where possible.

The application of a power balance within the machine proved to  be a 
much easier way of calculating the transient torque than the Maxwell stress tensor, 
and provided a deeper insight into the mechanisms of the transient especially useful 
in design work. A lthough the model adopted assumes a single mechanical m ode of 
oscillation o f the rotor, there is no fundamental problem in extending the analysis 
to  include all the shaft torsional modes.

The m ethod is not restricted to  the simple generator transformer and 
transm ission line models have have been used, and more complex representations 
could be employed, provided that they allow the line current to  be calculated from 
a knowledge of the line voltage.

An ‘extem al’model o f the power system  at the machine terminals was 
adopted in preference to one incorporating it in a ‘modified machine’representation. 
This gave a more general m ethod and a more modular construction to  an already
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com plicated com puter program and simplified the process of modelling the differ
ent stages of the transient. This was also true of the machine control models used, 
which were ‘external’to  the central finite element calculation of machine behaviour, 
as they are in practice.

The level o f detail provided by the finite element m odel gave rise to  
new problems of interpretation of the results, such as the precise definition of 
‘term inal voltage’to  be used for strict comparison w ith test results and as an 
autom atic voltage regulator feedback signal. Similarity, if filtering was applied to  
the measured values it m ust also be applied to the calculated ones, if predicted 
and measured values are to  be compared.

Some particular problems were encountered when a two-axis stator  
m odel was adopted. Principal amongst these was the incorporation of an infi
n ite busbar into the stator circuit. An approximation was found to  be necessary 
to  maintain the m atrix formulation, at the expense of a slight increase in com
putational tim e and loss o f accuracy in the period im m ediately following fault 
clearance. A second problem arose w ith the inversion of the asymmetric m atrix  
th at resulted. An adaptation of the Gaussian elim ination scheme was found to 
m inim ise the effect o f the asymmetry, and proved to be very effective.

The current sheet stator model provides a logical extension of the two- 
axis formulation applied to  a fully modelled stator. Very little modification to  the 
m ethod was required to  accomodate this.

8.1.2 Transient modelling.
B oth the two-axis and phase band models proved capable of simulating 

the behaviour of a turbine generator subjected to  a three phase transmission line
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short circuit and subsequent reconnection to the system  after fault clearance, 
although neither gave as accurate results as had been anticipated.

On clearance o f the fault, the term inal voltage rises suddenly. Both  
the tw o-axis and phase band m odels oveipredicted this recovery value, the phase 
band more severely, and this gave Tise to  -errors in the calculation of generated  
power and thus machine torque and rotor angle.

W hen m odelling the stable system  transient test using the phase band 
approach, the rotor angle predicted was as m uch as 10 degrees in 40 less than that 
m easured, and for the pole slipping case, the onset of pole slipping was calculated  
to  be 50%  later than was found to  occur. The two-axis m odel gave a much better 
m axim um  rotor angle prediction, but i t  is  fe lt that this m ay be due to  fortuitous 
cancellation o f errors o f approximation.

The prediction o f terminal current and field current was reasonably 
accurate once the phase difference associated w ith  the rotor angle calculation error 
had been allowed for, although comparison of measured and calculated results in 
the short circuit region is com plicated by filtering of th e  test values. The field 
current proved to be the m ost snsceptable to  different m odelling and calculation  
m ethods, as would be expected, since th e  field circuit is m ore closely coupled with  
the electrom agnetic behaviour o f th e  rotor.

On fault clearance, i f  the transient is a stable one, the rotor enters 
a period of damped oscillations, relative to  a synchronous reference frame, which  
produce corresponding variations in  the terminal values. The two-axis m odels gave 
a rather too  lightly damped response, w hereas the phase band m odel, although  
underestim ating the first swing, m anaged to  calculate th e  subsequent behaviour 
well. B oth  m odels accurately predicted th e rotor swing frequency.
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The pattern of eddy current power dissipation and of stored energy 

changes stored in machine fields calculated by the different stator models were, as 
expected , markedly different. The flux frozen in the airgap at the start of the fault 
has a  dom inating effect on this calculation and, accordingly, the two-axis model, 
w hich neglects th is com ponent, could not be expected to  give correct results, 
although the overall effect o f the stored energy calculation was not dissimilar 
from  an analytical approximation for the same effect. The phase band m odel, on 
the other hand, clearly demonstrated the existence of both unidirectional (due to  
resistive losses) and oscillatory (due to  stored energy changes) components of the 
transient rotor torque, and enabled an interesting design study to  be carried out 
in which the effectiveness of the rotor wedges and dampers was assessed and an 
improvement suggested.

D etailed consideration was given to the behaviour of the machine flux 
and eddy currents throughout the transient, and the plots produced from the 
vector potential solution clearly emphasised the difference between the two models, 
particularly during the short circuit period. The gradual diffusion into the rotor 
body of eddy currents induced initially at the surface was seen, and the phase 
band results showed the periodic influence of the stationary air gap flux.

A surprising effect is seen w ith both models, where eddy currents ap
pear to  be induced in the rotor surface that flow in the opposite direction to  those 
deeper inside the rotor body. It is uncertain whether this calculated behaviour is 
correct, or whether it has arisen as a result of the constraint placed upon the solu
tion  by a two-dimensional formulation that only permits an axial flow of current.

Possible reasons for the discrepancies between the measured and cal
culated results were discussed at length at the end of Chapter 6. M ost of the 
com putational tests undertaken in this respect demonstrated the insensitivity of
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the overall machine performance to  many of the design and test varaibles. The 
investigation proved inconclusive, and remains the prime field for further work.

It was generally found that, whichever stator model was adopted, a 
detailed m esh gave only a minor improvement, m ostly in the short circuit period, 
on the results o f a much cruder mesh with. only 1 /3  the number of nodes. This may 
not be true for pole slipping behaviour where asynchronous operation is involved, 
however. W here the principal interest of the calculation lies in the detailed perfor
m ance o f the machine, such as in local heating effects, a fine discretisation will be 
necessary, but the additional com putational tim e is hardly justified for modelling  
the general overall transient response.

The two-axis m odel is significantly faster in com putation, for any given 
transient, on account of its ability to  increase the tim e step length as the tran
sient proceeds, although, as described above, this is done only at the expense of 
neglecting one com ponent of the transient response. The choice of stator model 
thus depends upon the detail reqired, but it may be m ost profitable to combine 
the two techniques (for cases where the individual phase voltages and currents 
are not required) by adopting a phase band m odel from the start of the transient 
until there is no further oscillation in term inal values, and then switching to  the 
two-axis representation for modelling the swing curve behaviour.

The two-axis current sheet stator model provided a very useful reduc
tion in problem size, and was found to  give results almost as good as the fully 
m odelled stator mesh of the same discretisation in substantially less tim e. Further 
work w ill establish whether a current representation requiring the same computa
tional tim e as a fully detailed one w illprovide superior results.

The tim e step length was observed to increase more rapidly when using 
a current sheet stator m odel, which suggests that it might be advantageous to
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discard the stator nodes when calculating the minimum node tim e constant in a 
full stator model.

8.1.3 Equivalent circuit parameters.

Previous attem pts at obtaining a full set of equivalent circuit data from  
finite element studies have used indirect m ethods. In Chapter 7 it was shown that 
the power flow w ithin  an equivalent circuit m odel may be directly equated with  
that in a finite elem ent representation, and this has been the basis of the m ethod  
used.

Basic machine reactances were found for the C .E .G .B . Test B initial 
condition from the finite element solution by the m ethod of injecting currents into 
windings and calculating the resulting voltages w ith undisturbed permiabilities. 
The calculations showed the machine to be carrying approximately 5%  cross axis 
flux.

By obtaining axis currents directly from the finite element calculation  
the d- and q-axis damper circuit currents m ay be deduced. Equating the power 
dissipated in these circuits w ith the eddy current power loss in the finite element 
m odel then enables the damper circuit resistances to  be found.

It proved necessary to fit the data at a minimum number of points per 
cycle to  avoid over constraining the results, but the errors that were introduced 
by calculating each resistance at only one point per cycle were not large. The 
q-axis resistance was found to be almost constant over the short circuit period, 
reflecting the large, uniform pole area available for conduction; whereas the d-axis 
value rose steadily, probably as a result of the smaller cross-sectional area of the 
rotor teeth  at the root than at the tip, where the damper strip and slot wedge are 
also available for conduction.
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An attem pt was then m ade to calculate the corresponding damper cir

cuit inductances using the axis flux linkages derived from the finite element solution  
and the data already found. Unfortunately, the results were m ost unreliable, and 
even unphysical. Partly this was due to numerical problems, but also as a result 
o f attem pting to  characterise the complex response of the finite element model by 
a few equivalent circuit parameters. It may be that the errors will becom e less 
severe when the other modelling problems described in the previous section are 
resolved.

8.2 FURTHER WORK.

8.2.1 Unresolved modelling problems.

Chapter 6 has described some attem pts made at explaining the discrepancy be
tween the measured and predicted results. Further work in the following areas 
may assist :

i) A  detailed investigation of the unresolved question of the opposing eddy  
currents apparently seen in the rotor poles.

ii) The use of a much finer rotor discretisation, particularly in the damper 
strip and at the surface o f the steel and wedges, where eddy currents are 
first induced.

iii) The adoption o f a d elta /star transformer model that allows for the mutual 
coupling between phases. T h is will perm it the investigation of the effects 
of scatter in the operation o f the circuit breakers.
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iv) An improved allowance for the effects of the machine overhang and rotor 

endwinding leakage fields under transient conditions, possibly using three- 
dimensional m agnetostatic end region studies.

v) A n improved allowance for the effects o f the rotor endbell on the eddy 
current generation and dissipation.

vi) An improved allowance for the effect of the inertia equalising gashes on the 
eddy current flow in the pole region, possibly involving three-dimensional 
studies.

vii) Use of the m ethod to  simulate the transient performance of a different 
machine design for which test data is available.

viii) Further investigate the differences between the finite element and equivalent 
circuit m odels, as described at the end of chapter 7.

8.2.2. Improvements to the existing method.
Various techniques may be investigated to  ascertain whether they will improve the 
speed or accuracy o f solution. These include :

i) M odelling the rotor m otion explicitly by moving the rotor mesh round 
inside the stator m esh, using an airgap slip plane across which the nodal 
potentials are interpolated.

ii) Investigating the use of the various conjugate gradient solution methods. 
For m agnetostatic problems, conjugate gradient m ethods are not normally 
considered to  be an improvement on Gaussian elim ination for problems of 
less than 2000 nodes; but there may be advantages in the transient case 
where the system  m atrix changes only slowly from one tim e step to  the
next.
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iii) Using higher order elements. The assumption of a higher order (than linear) 

variation of m agnetic vector potential throughout each element complicates 
problem formulation but reduces the number of nodes required in the model. 
The net effect may be to enable an overall reduction in the solution time.

iv) Changing from a phase band to a two-axis model when the oscillatory 
com ponent of the response has died out. This will then permit the time 
step  length to be increased, so speeding the solution. However, sm oothly  
transferring from one model to  the other w ithout introducing an artificial 
transient due to mismatches in the currents and potentials may not be 
s tr aightfoward.

8.2.3 Developments of the method.
The solution m ethod described in this thesis may be further developed and ex
tended to  permit the more accurate solution o f more general transient problems. 
To this end, further work is required to  :

i) Improve the delta /star transformer m odel to incorporate the mutual cou
pling between phases. This will perm it the inclusion of the effects of scatter 
in th e operation of the circuit breakers and the modelling of the much more 
com m on single line, unbalanced faults.

ii) Include the transient behaviour of the transmission line components.

iii) Incorporate a multiple inertia model of the turbine generator rotor which 
w ill perm it the com putation of the shaft torsional modes of oscillation.

iv) Improve on the single-valued allowance for the effects of the machine over
hang and rotor endwinding leakage fields under transient conditions, pos
sibly using three-dimensional m agnetostatic end region studies.
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v) A n improved allowance for the effects o f the rotor endbell on the eddy 
current generation and dissipation.

vi) A n improved allowance for the effect of the inertia equalising gashes on the 
eddy current flow in the pole region, possibly involving three-dimensional 
studies.

vii) Give consideration to  the program structure to take advantage of the newly 
developing parallel processing techniques. This would be particularly ap
plicable for the formulation, inversion and backsubstitution of the system  
m atrix, many of the constituent operations of which are independant one 
from the other, and may, in principle, be performed simultaneously.

8.2.4 Machine parameters.

In view  of the problems experienced w ith the determination of in
ductance, the very direct m ethod described for finding damper circuit parameter 
variations should initially be applied to  simpler transients, such as flux decay and 
works short circuit. This will establish patterns of behaviour o f each axis sepa
rately, before the more complex case is tackled. Other m ethods of coupling the  
two machine models should also be explored.

Ultim ately, the work should be directed to provide assistance in the 
choice o f the best set of parameters for any particular transient condition, and 
possibly to  recommend tim e varying parameters o f simple form, which will improve 
the accuracy of the equivalent circuit solution m ethod.
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A P P E N D IX

EFFIC IEN T SOLUTION OF THE ASYM M ETR IC M ATRIX  

RESULTING  FROM  THE TW O-AXIS STATOR  

W IN D IN G  C O N D U C TIV ITY  M ATRICES

A .l  A sym m etric m atrix formulation.

Equations 5.11 define the four components of the stator current vector. When 

differentiated with respect to (A), these give the corresponding conductivity ma

trices, only two of which are symmetric. Following the A-average technique, the 

current vectors may also be expressed in terms of average d- and q-axis potentials 

D  and Q, defined by :

D  =  (N d)T (A) (A .la )

Q =  (JV,f(A) (A16)

for convenience let
c  _  P u L e f f

R
[A. 2a)

j  p u L ' f f
(A.2b)

then

(/<«)=  idd(N d) =  G (N d) (N qf { A )  = [ A c dd} ( A ) =  G (N d)Q

(Id,) =  ~ i d , ( N q) =  - B ( N q)(Nqf ( A )  =  [ A c ^ i A )  =  - B ( N q)Q
-  ( ^ 3)

( / , ,)  =  i „ ( N , )  =  - G ( N q)(Nd)T (A) =  [ A a qq](A) =  —G (N q)D

(Iqd) =  i qd(N d) =  - B ( N d) ( N df ( A )  =  [ A uqd ] (A) =  —B ( N d)D
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T he individual conductivity matrices are combined to  give the total stator current 
( I a) where (I a) =  [ Acrr ] (A) then :

(Idq) (Iqd) (Iqq) (Jdd)

(Is)

-B  -B  -G  G
(N „) (N d) (N „) (N d) (A)

tdq ~ B ( N q)T B • Q
iqd - B ( N d)T B D
idd ~ G ( N g) T G D
Iqq G {N d) T -G Q

(A.4)

n o te  the transposition of the ^d and qq terms between rows and columns.

W hen the Hessian m atrix is formed using this statem ent of the conductivity ma
trix, the resulting asym m etry is confined to the terms G  and — G  in the bottom  
right-hand com er. A  minor extension of the Jennings m ethod allows this asym
metric m atrix to  be solved com pactly and efficiently.

A .2 J e n n in g s ’ m o d ifie d  G a u ss ia n  e lim in a tio n  m e th o d .

W hen reducing symmetric matrices to  upper-triangular form, the process o f re
duction of each term  in the lower half need not be carried to  completion. This is 
because the fully reduced value of the matrix element ay; is identical to  the value 
of the sym m etrically placed element a,y, when aty has only been partly reduced.

A fully reduced coefficient is the final value taken by a matrix element in the upper 
triangle w hen all the elements in the same row and in front of the leading diagonal 
have been reduced to  zero.
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A partially reduced coefficient is the value that would be used to reduce the coef
ficients o f the sam e row.

Turner [27] has described the functioning of the Jennings m ethod in detail. The 
significant point here is that the partially reduced terms in any row (up to  the 
leading diagonal) m ay be found from the fully reduced terms in the corresponding 
column.

A.3 Application of the Jennings method to the solution of the asym
metric matrix.

The term  — G  in the bottom  right hand corner of equation A.4 is initially replaced 
by + G .  The resulting symmetrical matrix is then inverted using the usual Jennings 
m ethod. The last line of the inversion is then discarded and the correct line 
[C?(iVd)T ,0 ,0 ,  — G ,0] is substituted and re-eliminated. A ll but the last two terms 
in this line are the sam e as before, and need not be recomputed. The partly  
reduced coefficients needed to  reduce the last two terms are also unchanged and 
available in the last two columns of the solution. There is thus very little additional 
com putation required to  re-solve the substituted last row. Adoption of the A- 
average technique and the modified Jennings m ethod thus leads to  a very efficient 
inversion of the initially asymmetric and densely packed Hessian matrix.
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