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ABSTRACT

The performance of large turbine generators in the steady-state is conventionally
described in terms of two-axis parameters. The axis reactances vary with operating
conditions and may be determined by a finite element analysis of the machine cross-
section. A method for characterising the reactances has been found in which their
variation with load is represented as a function of the air-gap flux and magnetomotive
force. The cross-axis parameters are represented as a function of the load angle. The
model formulation is based on the use of saturation functions to represent the main- and
cross-axis reactance variation. The new models give the rotor angle and field current of

two generators of 150 MVA and 588 MVA accurately.

To predict the safe operating region of the generators, a model is presented to
predict the steady-state stability limit. It takes into account the variation of the main-
axis reactances. This model allows the operation of the generator at greater load angles
in the underexcited region than the constant reactance diagram. The validations of the
models were made against finite element calculations and using the traditional method

of constant parameters.

An analysis of the turbogenerator in the steady-state but with sinusoidal
excitation is made. = The machine is considered as a linear system and small
perturbations are applied. A new method to characterise the open-circuit operational
inductances is presented. It is based on the conservation of energy. Network theory is
used to represent the synchronous machine as a two-port network in the direct-axis and
one-port network in the quadrature axis. The black-box networks are represented by
equivalent circuits. A better understanding of the machine under linear conditions is
obtained and it is demonstrated that superposition is not valid in characterising the d- -
axis machine model. A model with unequal mutual inductances is derived from finite

element calculations. The machine parameters are found to be frequency dependant.
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CHAPTER ONE

INTRODUCTION

1.1 SYNCHRONOUS MACHINES

Synchronous generators form the principal source of electric energy in power
systems. Many large loads are driven by synchronous motors. Synchronous condensers
are sometimes used as a means of providing reactive power compensation and
controlling voltage. These devices operate on the same principle. An understanding of
their characteristics and accurate modelling of their dynamic performance are of

fundamental importance to the study of power system stability.

Two or four pole round rotor machines are normally used with steam turbines.
Salient pole generators are used with low speed drives, water turbines and diesel
engines. In the last thirty years, increased ratings of round rotor machines has been
achieved from approximately 200 MW to 1000 MW, with associated increase in
magnetic and electrical loadings [1]. Improved methods of heat removal have made the
greatest contribution to the increase in unit size and efficiency. An inherent effect with
larger generator unit sizes and higher per-unit reactance, is the reduction in the stability
margin. More emphasis and reliance is therefore being place on the generator control

system to provide the requiring compensating effects to offset their reduction [2].

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 end winding. 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, wedges and possible damper strips, that may be located underneath the field
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windings wedges. The damper strips may be continuous or segmented. Pole face slits
are made to compensate for the non-uniform flexibility of the rotor caused by the rotor

slots, which otherwise gives rise to vibration.

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.

Power system development has resulted in renewed efforts to model generators
closely to permit performance prediction. The development of computing resources has
allowed the use of much more detailed generator lumped models, the electrical

performance of which is normally described in terms of reactances and time constants.

In power systems studies only limited aspects of machine performance need to
be represented and the system analyst tends to seek a simple model as possible.
Machine manufacturers commonly have more elaborate models than power system

analysts and will use different models for different purposes [3].

Engineers concerned with the planning of power systems, also require models of
machine behaviour but their requirements differ from those of designers. Power system
engineers are usually concerned with the behaviour of the system as a whole and not just
with the behaviour of a single generator. It is obviously impractical to have detailed
and sophisticated models of each machine, because of limitation in computing
resources. For these reasons power systems analysts have preferred lumped parameter

equivalent circuit models, based on two-axis theory.

The need for improved machine modelling for stability considerations became
apparent when first-swing stability was of prime concern. One of the factors limiting
the period covered was the time consuming calculations required in performing step by
step calculations with the computing resources available at that time. Subsequently, the
damping associated with ensuing angular swings had to be determined. As a result, the

need developed to know the properties of machine damper circuits.
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In the case of hydraulic machines, the damper circuits could be easily identified.
The iron circuits were assumed to be confined to the salient poles or pole faces. The
problem of equivalent rotor circuit identification has been more complex in solid iron

rotor machines.

Four general areas of interest for generator electrical modelling have been

identified [27] :

a) Short-circuit faults and relay application studies. Parameters are required to obtain

initial rms values of current after subtransient currents have decayed.

b) Stability studies (large disturbances, non-linear). Such analysis can include various
types of time domain stability studies such as : first angular swing, two or three time-
angle rotor swings, the complete stability representation of many machines for multi-
machine multi-swing cases, where accurate representation of all system damping is

necessary. Oscillations are in the 0.1-10 Hz range.

c) Stability studies (small signal, linear). The machine modelling requirements are the
same as in the last area. Saturation representation in linear analysis is important and
has been handled as an incremental concept about an initial . operating point.
Eigenvalues and eigenvectors are the outputs of solutions to the state space
equations. The small signal loci can be determined. They can be used as a guide in
determining stabiliser and excitation system gains and time constants. Most small
signal analysis in power systems are concerned with oscillations between 0.1 Hz and
10 Hz [28]. More complex and advanced control concepts have recently been
employed to solve a broad range of stability problems. General experience when
conducting such studies has indicated that more detailed generator models are
necessary, especially when applying excitation system controls for enhancement of

dynamic performance [28].

d) Subsynchronous resonance studies. The range of frequencies of interest is fairly
broad. Rotor frequencies due to series resonance in the system electrical network are
the sum of the system frequency plus or minus the resonant frequencies (an example

might be a frequency range of 10 Hz up to 110 Hz). A knowledge of the rotor iron

A
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circuits and amortisseur responses as function of frequency is vital in these frequency

ranges.

1.2 ELECTROMAGNETIC MACHINE MODELLING

The electromagnetic field of an electrical machine is completely described by the
solution of the Maxwell’s equations. The field governing equations can be formulated
in integral or differential form. Maxwell’s equations can be solved numerically or
analytically. Analytical solutions are difficult to obtain because of the complicated
geometries found in electrical machines. Early attempts were made by Concordia et al
[21,22,23] to study the performance of synchronous machines with solid rotors by
solving the field equations analytically. = These solutions were made considering
assumptions such as slotless rotors and stators. Freeman [24,25] using the concept of
surface impedance and the transmission line analogy proposed a methodology to derive
equivalent circuits from electromagnetic-field theory. = His method allowed for

anisotropy in the slotted region of induction machines.

Numerical methods are finding increasing use for solving the field equations.
Integral methods [26] have been used recently to solve the integral equation forms.
Boundary element methods are integral procedures. When the field is required at only a
few points the method can be economical in solution time, but where the field must be
calculated at many points, which is usually the case in machine models, and nonlinearity
must be considered, integral methods are uneconomical compared with differential
methods [3]. The finite element and finite difference methods are well-established
techniques for solving partial differential equations. An important advantage of finite

elements over finite differences is the ease of modelling complicated geometries.

The finite element method was pioneered by Zienkiewicz [4], and in electrical
engineering by Silvester [5,33]. The method consists in discretizing the region of
interest into a large number of elements. Within each element the electromagnetic field
is assumed to vary in a predetermined manner. The finite elements can be of first or

higher order. Two and three dimensional machine problems have been solved [6,7].



The field of an electrical device can be considered as : magnetostatic, steady-
state but sinusoidally alternating or transient. The steady-state performance is modelled
by the magnetostatic solution, because the field is stationary with respect to the rotor.
The frequency response test simulation is described by the steady-state time-harmonics;
the field solution is achieved using a complex variable form of the magnetic vector
potential. In both these types of field representation, only one numerical solution is
needed to emulate the electromagnetic behaviour fully, but if magnetic nonlinearity is
considered, it is necessary to iterate until the solution is obtained. Induced currents in
solid conducting regions and windings can be treated. On the other hand, a transient
simulation requires the field to be calculated at successive instants of time, correcting
for changes in the permeability of iron regions at each time step. A large computing
time is needed to obtain a full transient field solution in contrast with the steady-state

solution where the calculations are much more quicker and cheaper.

1.3 LUMPED MODELLING

The finite element method has played an important role in the electromagnetic
analysis of electrical machines, because it can emulate the synchronous machine
behaviour very accurately. However, its direct application to practical problems in
power systems is still limited because of the high computational cost.  Lumped
parameter models, which can be derived from finite element calculations can be applied
to solve existing modelling problems, where appropriate parameters for existing circuit-

based model structures are otherwise not available.

The theory of electrical machines started about a century ago. The two-reaction
theory of steady-state operation of salient-pole synchronous machines was first
developed by Blondel, and extended by Park [8,30,31] by the development of two-axis
equations and the fundamental concept of Park’s transformation, which consists in
transforming actual three-phase armature quantities to equivalent d,g,0 variables. Kron
[9] extended these ideas by proposing a generalised theory of electrical machines.
Many notable contributors to the machine theory, such as Adkins [10] and Concordia

[11] adopted a lumped modelling approach in terms of electrical equivalent circuits.



6

The approach was to try to represent the machine at the electrical terminals, since they
are the interface between the machine and the external electrical system to which it is

connected.

The accepted methods of circuit theory were applied to an idealised machine
which was a close theoretical approximation to the real machine. The result was a set
of algebraic or ordinary differential equations to represent the steady-state and dynamic
performance respectively. Differential equations were used to represent an analogue

electrical equivalent circuit.

The relative simplicity of the resulting equivalent circuit models have led to their
use by power system analysts. The accuracy of representation of machine behaviour is
dependant upon the validity of the assumptions made in formulating the equations and
on the accuracy with which the parameters could be obtained. Consequently, a great
deal of effort has been expended to improve the lumped models, specially of

turbogenerators, without abandoning the two-axis approach.

1.4 DETERMINATION OF SYNCHRONOUS MACHINE PARAMETERS

When an idealised model structure has been defined for a machine, a second
problem of equal importance is the determination of model parameters. Kilgore in
1931 [12] published an extensive account of the factors to be considered in calculating
synchronous machine reactances. This was based on the geometry and physical
properties of the stator and rotor, including the field circuit. Practical test methods have
dominated in the accurate determination of machine parameters [13,14]. More recently
numerical techniques, such as the finite element method has been proposed as an
alternative' manner for deriving machine parameters [15]. Tests in the manufacturers
works are normally limited to the open-circuit and sustained short-circuit characteristics,
a zero power factor heat run and a sudden short-circuit made at low terminal voltage to
avoid possible damage to the generator. Only direct-axis parameters are obtained by

these tests.
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The frequency response method has been used since the 50°s [16]. The method
was originally developed in control theory and has been applied as a standard procedure
for deriving machine parameters [17]. Frequency domain testing is advantageous
because it allows the parameter extraction for the orthogonal magnetic axes of
synchronous machines. It has been mainly applied to turbine generators to model the
distributed behaviour in the solid rotor caused by the complicated eddy current
phenomenon. The electrical terminals are excited over a frequency bandwidth and the
required transfer functions are measured. The parameters are obtained off-line by
estimating the parameters of an assumed machine model structure by a fitting technique
[17]. Since the machine is at standstill and the saturation levels do not correspond to
normal operating conditions, the method has been criticised for producing
unrepresentative parameters. This test has been applied to open-circuit and loaded

conditions [18,19].

Decrement tests [1] find favour because the test is made with the machine
operating under near normal conditions. The field decrement test involves running the
machine at rated speed with the field winding excited. The field winding is suddenly
short-circuited and the direct-axis parameters can be calculated by analysing the decay
in stator voltage and field current. Stator decrement tests or flux decay tests involve the
stator excited from the system. The rotor is driven at synchronous speed with any rotor
axis held in line with the rotating field. Stator excitation is suddenly removed and the
decay in stator voltage and field current or voltage is used to determine the machine
parameters. The stator decrement test can give machine parameters for either the direct

or the quadrature-axis.

The standstill d.c. decay test can also give machine parameters for both axes. A
large direct current is passed through the stator to set up a flux at any angle with respect
to the stationary rotor. - The stator is short-circuited and the decay in stator current and
induced field current and voltage are used to obtain the parameters. The d.c. decay test

was studied successfully with finite elements by Turner et al [29].

When the machine behaviour needs to be known at the design stage, all the
above practical tests are of little use. Therefore the electromagnetic simulation has a

great importance for predicting the generator performance.



1.5 OUTLINE OF THE THESIS

The thesis describes a continuation of the research made by Tumer and

Macdonald [1,20] on steady-state performance of turbine generators. A brief

description of the contents of each chapter is given below.

Chapter 2. The nodal method and the concept of conductivity matrices are restated and

Chapter 3.

Chapter 4.

used to model the steady-state operation of two large solid rotor generators
of 150 MVA and 588 MVA. The electromagnetic models are validated by
comparison with test data for both turbine generators. These finite-element
validated models are considered as a basis for the development of lumped
steady-state machine models. Differences between test data and the results

of finite element calculations are discussed.

The machine behaviour is studied over normal and abnormal steady-state
operating conditions. Emphasis is place on the saturation of the machine.
A numerical analysis is given to show that an assumption commonly made
to represent saturation in synchronous machines does not hold. The direct
and quadrature-axis reactances are characterised in terms of air-gap mmf
and total air-gap voltage. The accurate dynamic simulation of a
synchronous machine needs accurate initial conditions in order to have a
good representation of the system under analysis. Lumped steady-state
models are developed to predict the field current and rotor angle at any

operating condition from the terminal conditions.

The effect of saturation is analysed when the generators are operated in the
underexcited region. A methodology is presented to model the operating
chart in terms of saturable reactances. A comparison is made with standard
methods of predicting the stability limits. It is found that the
underexcitation steady-state stability limit is underpredicted if the short-
circuit-ratio reactance is used and is overpredicted if rated load parameters
are employed.  Overprediction of the field current heating limit is also

found.
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Two types of boundary conditions are used to model one pole-pitch of the synchronous

generator:

a)  Dirichlet boundary condition (A=0). It can be thought as a line parallel to the
boundary. This constraint is considered by not including such nodes in the set of
equations.

b)  Since the field computations are for symmetrical conditions in which only a pole
pitch need to be considered, a reduction in the problem size may be achieved by
introducing a periodicity condition in which the potentials at nodes one pole-pitch

apart have equal but opposite values (4; = -A)).
2.3 STATIC FIELD EQUATIONS IN DISCRETE FORM.

The discrete equations are obtained by dividing the pole-pitch into triangular
elements within each of which the flux density and reluctivity are assumed uniform.
The nodal method [1,6] is applied to each node in turn and relates the value of A at the
node to values of A at neighbouring nodes and the current associated with that node.
This leads to a set of discrete equations as shown below.

2.3.1 First order finite elements.

In first order triangular elements, the magnetic vector potential is defined at the

vertices (nodes) of each element and is assumed to vary linearly within it as given by

A(x,y)=a+bx+cy (2.14)

where the constants a, b and c are functions of the node potentials and coordinates. A

typical triangular element is shown in figure 2.1.

For an element with coordinates (x,y,), (x,y,) and (x,y,) and nodal potentials

A;, Az and A3, the potential within the triangular element is given by
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3
A(x,y) =?IA-2A,-(a,- +b,x+c;y) (2.15)
i=1

where 2A, is twice the area of the element and it is given by:

1 x, y
I x; y;
1
y
Al
(x45¥3)
Al
(xpy)

2
(x2:¥,)

Figure 2.1 First order finite element

and the constants a,, b; and ¢, are given by:

a,=x3¥; = X3Y;
b, =y,—y; (2.17)

C;=X3— X%

The remaining constants a; ... ¢; are obtained by cyclic permutation.
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2.3.2 The nodal method.

The line integral of the magnetic field strength around any closed path to the current

enclosed by the path is given by:

§§-dg=1 (2.18)

A set of simultaneous equations can be developed by applying Ampere's law

around each node. The resulting set of numerical equations has the form:
[SKA}={} (2.19)

where: S is a square matrix, A is a column vector of magnetic vector potentials at each
node and [ is a column vector of currents assigned to nodes. Figure 2.2 shows a group
of elements around a node, the contribution of the element with nodes 1, 2 and 3 being
the current in the shaded region. By applying Ampere’s law around a node from o to 8
and similarly for nodes 2 and 3 of the element, the contribution of the single element to

the path of integration of each of its nodes can be expressed in matrix form as:

[s.]= 4VA‘ [€.] (2.20)

where &, contains element geometry information and is given by:

b2 +c;?  bb+cyc; bib+cic
[El={bibrtcic: b +e”  bsh,+esc, (2.21)
bib;+cic; bby+cy,c; b 4yt
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3 (x3.y3) A 2 (x2.y2)

Figure 2.2 The contribution of an element to a node

The matrix § in equation 2.19 is made up with the summation of contributions of
all m elements, the terms of equation 2.19 being added together in the correct rows and

columns, i.e.

[S]= i[s,] (2.22)

When the non-linearity of the magnetic material is considered, equation 2.19 is
non-linear, because the elements of the S matrix are dependant on the reluctivity of the
first order elements, which in iron regions, is a function of the flux density. The flux

density squared in a first order element can be expressed as:

B> =B} +B} (2.23)
where:
B, = ! iA,-c,- ' (2.24)
2A, &
] 3
B,=-— > Ab, (2.25)

e =}
Under non-linear conditions, the resulting set of non-linear algebraic equations
2.19 has to be solved iteratively. The Newton Raphson method is used to find their

solution. It has quadratic convergence and has been used previously with the nodal
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method with very good results [1,2,6,36]. At each iteration step i, a set of linear

equations is solved to obtain the increment of the potential vector:
{8A}‘. = [H]i_—ll{E}i-l (2.26)

where H is the Hessian matrix, which is the derivative of the error vector, E, with
respect to the potential A. A full description of the methodology is given by Turner in

reference 1.
2.3.3 Reluctivity characteristic modelling

The single valued B-H curves of the solid rotor and stator iron are modelled in

terms of the material reluctivity versus flux density squared. Because these quantities

and their associated derivative (8? are required in the elemental matrices H, and S,

(equations 2.20 and 2.26). The B-H curves are modelled by analytical approximations
of the form [36,37]:

C3

v=c, +c,(B?) (2.27)
c,ci(B?)”
v _% A . ) (2.28)
oB B
For values of B® greater than a constant threshold, (i.e. B®> cy), then
c
v=]-23 - 2.29
B (2.29)
and
o ¢
— 55 2.30
SB* 2B’ (2-30)

The coefficients c, ; are obtained through an iterative fitting process [37].
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2.3.4 Assumptions.

Although the two-dimensional finite element model is accurate, it is formulated

considering several assumptions.

a)

b)

c)

d)

g

The field is two dimensional and end effects [46] can be approximated. A
justification of this assumption comes from the axial length of turbine generators
being greater than ten times the air gap radius [1].

Effects due to radial ducts in the stator core was allowed for by adjustments of the
stacking factor [1].

Hysteresis is neglected, so that the magnetisation curve of the material is single-
valued. The hysteresis losses are small compared with the generator rating [1].
The stator slots cause no appreciable variation of the rotor inductances with rotor
position. In large turbine generators this effect is negligible due to the large air
gap.

The magnetic material is isotropic.

The time harmonics are negligible. In large two-pole generators space-harmonics
are small because the slots/phase/pole are large.

The cooling system is considered to control generator heating and temperature

effects are ignored.

2.4 STEADY-STATE OPERATION.

The finite element simulation of steady-state load operation of a turbine-

generator was made to determine the saturated synchronous reactances required for

power system studies. The field current, rotor angle and terminal conditions are

predicted to obtain the synchronous reactances x; and x,.
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2.4.1 Finite element formulation

A sinusoidally two-phase distributed winding is used to represent the
fundamental mmf wave produced by the three-phase stator winding. The currents in
both two and three-phase winding are made equal. In order that the power generated
be equal in both windings the two-phase voltage must be 3/2 times the three-phase
voltage. The stator windings and connected load are represented by conductivity
matrices. The stator currents are not imposed on the finite element formulation because
the load angle, and the space distribution of the stator mmf in relation to the rotor is
unknown. The method was developed by Turner and Macdonald [1,38] and only a

brief summary is given here.

The set of non-linear algebraic equations in the magnetostatic problem under

loaded conditions is given by:
[SKA) =(1,)-[ac)kA) (2.31)
When the machine is unloaded (open-circuit), the above equation is reduced to

[SXA)=1, (2.32)

The conductivity matrix Ac is made up of the following terms.

[Ac]=]Ac, ]+ [Ac ol [Aoqq] + [Aoqd] (2.33)
where:
~poL,
AG = —2 LN, XN,) (2.34)
oL,
8oy, ==L (N,JN,) 235)

p(l)Le T .
Ac,, = T”(Nq)(N,,) (2.36)
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oL,
A, =2 == (NN, (2.37)
(Va), = SNy o2 238)
> |A; sing)|
i=l
(™), = -%Neff — (2.39)
zlA, cos9,|

where :
o = angular frequency
p = number of machine poles
L.g = effective length

R = equivalent two-phase resistance

X = equivalent two-phase reactance

N, = number of conductors in the direct axis

Nq = number of conductors in the quadrature axis

N, 5= effective turns/phase/pole (including winding factors)

A; = area of winding attributed to node i
0

i = angle of node i with direct axis

The flux linkage of the winding may be defined in terms of the magnetic vector
potential as [1]:

n

V.= ) PNiA (Wb/m) (2.40)

i=1

v, =D PNA (Wb/m) (2.41)

i=1

where the summation is made over the nodes in a pole-pitch. The rotational voltages are

given by the expressions:

e =0y, (2.42)

e, =—WY, (2.43)
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The terminal voltage per phase under loaded operation is obtained considering
the additional voltage drop due to the winding resistance, R , and overhang leakage

reactance, X . [46]. This is given by:
V, =V, +I(R, +iX,) (2.44)

where the first term corresponds to the voltage behind the overhang leakage reactance

and stator resistance.

2.4.2 Solution techniques.

The resulting set of equations given by 2.31 is solved using the Newton Raphson
method. The inversion of the Hessian matrix is carried out using an efficient Gaussian
elimination algorithm. It was devised by Jennings [39] and has been used in the nodal
method formulation with great success [1,2,6,36]. Iterative methods, like the
incomplete Choleski conjugate gradient (ICCG) which is a well-established algorithm
for solving large set of algebraic equations can also be applied. However when the
problem has less than 2000 nodes, direct methods are faster [1]. It has been shown [1]
that for the same size of problems (nodes less than 2000) the Jennings method is faster
than the ICCG.

An asymmetric set of equations is obtained in the formulation under loaded
conditions. This is due to the resistive components in the conductivity matrices given
by the equations 2.34 and 2.36. A method for simplifying the equations based on the A-

average technique and Gaussian elimination is given in reference 36.

2.5 STEADY-STATE VALIDATION OF FINITE-ELEMENT MODEL.

. In order to validate the finite element model, in the steady-state, two turbine
generators are modelled and the simulation results are compared against test results.
The open-circuit, short-circuit and the load conditions in different power levels were

emulated for the two generators. The synchronous reactances were computed from
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terminal quantities using two-axis theory phasor equations. The finite element

predictions are compared with its corresponding test points.

Tables 2.1 and 2.2 list the main design features of the Uskmouth machine and
Eggborough generator respectively. Four different meshes were constructed and used
to study the effect of discretisation on the terminal results of the 588 MVA turbine-
generator.  The improved discretisation of the meshes was done in the air gap and solid
rotor (pole faces and rotor teeth). The mesh characteristics are given in table 2.3. The
mesh of the 150 MVA machine has 1951 nodes and 3818 elements and its discretisation
level was not improved. The meshes of both generators are shown in figures 2.3 and

24.

Rated MVA 150 MVA
Rated MW 120 MW
Terminal voltage 13.8kV
Number of poles 2

Speed of rotor 3000 rpm
Conductor per slot in stator 2

Turmns per phase 10

Total length 4318 mm
Turns per pole in rotor 79

Stator overhang leakage reactance 0.000173 Henries/phase
Field winding resistance at 50 °C 0.1559 Ohms
Stator leakage reactance (design value) 0.125 p.u.
Rotor body forging resistivity at 20 °C 24 x 10° Qm
Rotor wedge resistivity at 20 °C 71 x 10 Qm
Damper strip resistivity at 20 °C 1.77 x 10® Qm
Endbell resistivity at 20 °C 80x 10®° Qm

Table 2.1 150 MVA generator design details.

The comparison of open and short-circuit characteristics with test results are
presented in figure 2.5. Turner [1] compared the terminal quantities obtained on open-
circuit with 288 and 359 nodes/half pole-pitch. He found a substantial difference for
the 588 MVA generator. Here with many more nodes four meshes give negligible
difference as shown in figure 2.6. Table 2.3 shows the terminal conditions obtained

using the different meshes for full load rated power. The changes in the rotor angle
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and field current are again small. It can be seen that better discretisation of the air gap

caused a reduction of the field current of 6 amperes. This increment is due to the better

modelling of the air gap reluctance produced by the additional 219 nodes in mesh 3.

Rated MVA 588.2 MVA
Rated MW 500 MW
Terminal voltage 22kV
Number of poles 2

Speed of rotor 3000 rpm
Conductor per slot in stator 2

Turns per phase 9

Effective length 5718.2 mm
Tumms per pole in rotor 69

Stator overhang leakage reactance 0.00017 Henries/phase
Field winding resistance at 50 °C 0.12184 Ohms
Stator leakage reactance (design value) 0.182 p.u.

Table 2.2 588 MVA generator design details.

Rotor Field
Mesh | Nodes | Elements| Angle | current Comments
(deg) (A)
1 1789 3501 38.011 | 3829.3
2 1888 3689 37.992 | 3829.7 | Improved rotor discretisation
of mesh 1.
3 2008 3937 38.056 | 3823.2 | Improved air gap discretisation
of mesh 1.
4 2107 4125 38.04 3823.6 |Improved rotor mesh and
air gap discretisation of mesh 1
Table 2.3  Mesh characteristics and discretisation effects under rated conditions :

V,=22kV, I,= 15425 A, P = 500 MW, Q = 309 Mvar (lag).
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Figure 2.5 588 MVA generator, open- and short-circuit characteristics.
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Figure 2.6 Discretisation results in the open-circuit test. 588 MV A generator.
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The better agreement with measured values on increasing the number of nodes
from 1789 to 2107 is negligible and the 1888 nodes have been used. There may be
room for a reduced representation in the back of the stator core where the saturation is
low, and possibly in the body of the rotor. The open-circuit and short-circuit validation
of the 150 MVA turbine generator are shown in figure 2.7. Good agreement with test

results is found as it can been seen in the figure.

18000 18000
16000 open circuit charcteristic < 16000
14000 - < 14000
12000 - 1 12000 ,
8 10000. . 10000 g
- N =
% 1
'E>5 8000 - short circuit chamcteristic -1 8000 5
R 6000 | 6000 :;:’
4000 -1 4000
2000 finite-clement calculated points -] 2000
h o CEGB test points h
0 v T Y T Y ) v T v T Y T 0
0 200 400 600 800 1000 1200

field current (A)

Figure 2.7 Open and short-circuit validation of the 150 MVA turbine generator.

Steady-state results from the CEGB for both generators were available and they
cover a wide range of operating conditions. The simulations of the 588 MVA machine
were based on the 1888 node mesh. Results for the 150 MVA generator are given in
table 2.4. Flux distributions for both turbine generators are given in figures 2.8 and 2.9

for two different operating points.
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Following Turner and Macdonald [38], the field current and rotor angle are
plotted against the power factor angle (Figures 2.10 and 2.11). It can be seen that under
normal conditions, (100%, 75% and 50%) the curve behaviour is similar, but when the
machine is working at 10% of rated load, the characteristic is completely different.
Although this power level is an abnormal one, it was simulated to explore the saturation

behaviour under such operating conditions.

In figure 2.10 it can be seen that the field current for 10% and 50% of rated load
has a same value, only when the machine is operating in the underexcited region. It is
clear that when the machine is almost unloaded (10% load), the relationship of the
excitation current, load angle and power factor is quite different for the curves of 50, 75
and 100%. These results reveal the complicated non-linear phenomenon of the
synchronous machine. The field current of the 150 MVA generator is predicted with an
accuracy in the range of 1%. The rotor angle was predicted with an accuracy of 2.6

degrees.

The 588 MVA turbine-generator validation was done in a similar way. Test
data was available for operating points at the power levels of 50% and 100%. Figures
2.15 and 2.16 show the load angle and field current variation against the power factor
angle. It can be seen that some scattering in the test data is present and this may be due
to measurement errors. The numerical simulations results are given in the table 2.7.
The synchronous reactance variation is illustrated in figures 2.17 and 2.18. The rotor
angle prediction was in the range 2.5 to 5 degrees. In most cases the finite element
predictions were higher than the test points. A scattering in the field excitation current
is present for the larger machine. An explanation for these discrepancies for the 588

generator is difficult to find and further work is needed.

The causes of discrepancies between the finite element model prediction and test
values (figures 2.10 and 2.11), can be traced to several faétors. Firstly it can be seen
that the error in the load angle is almost constant. The finite element model load angle
is always less that the test values. It may mean, that a characteristic in the machine is
not being taken into account properly in the finite element model or the measurements

are in error. Uncertainties in the model representation are thought to include:



field current (A)

Figure 2.10 Static validation of the 150 MVA generator : Field excitation prediction

rotor angle (8) (degrees)

Figure 2.11 Static validation of the 150 MVA turbine generator: Rotor angle prediction.
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a)  The finite element model is two dimensional.
b)  Since the static magnetic field is lossless, the finite element model does not show
the effects of iron loss on the machine behaviour.
¢)  The stator windings are sinusoidally distributed. Better results might be obtained
if real windings were modelled.
d)  Uncertainties in the accuracy of measured data.

e)  Hysteresis in the rotor has been neglected.

The rotor angle is underpredicted by the two-dimensional finite element model
as it can be seen in figure 2.11. This difference may be attributed to the machine
additional losses like : iron losses, windage and friction, stator and stray losses.
Typical values for the 150 MVA machine [40] are shown in table 2.5. The uncertainty
in the accuracy of the rotor BH curve was dealt by adjusting interactively the
coefficients of the BH analytical representation with respect to the open-circuit machine
characteristic. This procedure gives the direct-axis saturation effects properly, if g-axis
data is available the same procedure can be applied. The stator BH curve has little effect

in the terminal voltage and data from reference [37] was employed.

Iron losses 322 kW
Windage and Friction 461 kW
Stator 'R 226 kW
Stray load 380 kW
Total 1389 kW

Table 2.5 Additional losses in the 150 MVA generator.

The direct and quadrature-axis reactances are calculated from the two-axis theory phasor

diagram (figure 2.12). The expressions that describe the per-unit reactances are:

v,cosb+i, x,

X, =

= 2.45
i, —isin(8+0) (243)

v, sind

_ 2.46
* =5 cos(8 +¢) (2:49)
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The scatter of x, for the 150 MVA machine (figure 2.13) that is obtained from

measured values indicates an inaccuracy of measurements. The difference between the

measured and calculated values of x, is of considerable magnitude as it is shown in

figure 2.14. A sensitivity analysis for the rated power level indicates the reason of this

discrepancy. In the calculation of x4, the only different variable involved is the rotor

angle, since the terminal load simulated corresponds to the test load point, therefore the

difference in x, is due to the underprediction of the rotor angle. In table 2.6 it can be

seen that a difference in the load angle of only 2.11 degrees makes a difference of 9.8%

in x;. The values are also dependant in the operating point, which makes the behaviour

more complicated because the non-linear effects are different. Figures 2.17 and 2.18

show the reactances for the 588 MVA machine. The scattering is much more

pronounced.
OPERATING POINTS TEST RESULTS FEM RESULTS SENSITIVITY
Line Line PF angle rotor xq rotor xq Orest-Otem Axq
Voltage | current (deg) angle (pu) angle (pu) (deg) (test-fem)

~) A) ()=lead | (deg) (deg) (%)
13890 5774 28.74 36.9 1.5923 35.01 1.4195 1.88 10.85
13880 5514 23.14 39.7 1.6017 37.72 1.4385 1.97 10.18
13850 5297 17.63 42.5 1.6130 40.38 1.4546 2.11 9.82
13860 5211 13.96 44.4 1.6134 42.20 1.4597 2.19 9.52
13880 5122 7.84 47.6 1.6038 45.39 1.4654 2.20 8.62
13850 5090 2.48 50.7 1.5977 48.47 1.4704 2.22 7.96
13910 5064 -3.33 54.1 1.5995 51.56 1.4687 2.53 8.18
13870 5153 -9.20 57.9 1.5707 55.72 1.4696 2.17 6.43
13830 5298 -14.97 62.8 1.5723 60.33 1.4675 247 6.66

Table 2.6 Sensitivity for g-axis reactance at the rated power fraction for the 150 MVA

turbogenerator.
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Figure 2.12 Two-axis theory phasor diagram
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Figure 2.13 x, variation with rotor angle, 150 MVA turbine-generator. Test results and

finite element predictions.
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Figure 2.14 x, variation with rotor angle, 150 MVA turbine generator. Finite element
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Figure 2.15 Static validation of the 588 MVA turbine generator: Field excitation

prediction.
100
90 4 —e— 100% load (finite clement)
“ © 100 % load (CEGB test points)
80 —4— 50% load (finite clement)
p ° 50 % load (CEGB test points)
%x 70
D 60-
) ]
50 -
2 ]
8 404
§ ]
g 307
20 -
104
L] l v l v ' R l L ' L l' L
-60 -40 -20 0 20 40 60 80
lead power factor angle (degrees) lag

Figure 2.16 Static validation of the 588 MVA turbine generator. Rotor angle prediction.
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2.6 CONCLUSIONS.

In this chapter the magnetostatic finite element formulation with the conductivity
matrices concept was presented using the nodal method. The resulting finite element
model was validated with test load points for two large turbine generators of 150 MVA
and 588 MVA. The validation was made at loaded and unloaded conditions.
Simulation results showed good agreement with CEGB test data. The validated models

are the basis for deriving lumped synchronous machine models in next chapters.

The effects of discretisation in the 588 MVA generator were analysed under
unloaded and rated load conditions. Negligible differences were found as the number of
nodes were increased in different regions of the machine cross-section. The causes of
discrepancies between the finite element predictions and the corresponding
manufacturer provided data were discussed. Finally a sensitivity analysis for the g-axis

reactance variation of the 150 MVA solid rotor machine was presented.
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CHAPTER THREE

STEADY-STATE LUMPED PARAMETER MODELS

3.1 INTRODUCTION.

The accurate determination of the saturated synchronous reactances has been the
subject of many investigations for a long time. In this context the g-axis synchronous
reactance, x,, is the dominant factor in determining the rotor angle for a particular load.
On the other hand, the d-axis synchronous reactance, x " is the dominant factor in
determining the excitation voltage, and thus, the power load angle characteristic, which

has a direct relevance to the evaluation of the margins of the steady-state stability.

Much effort has been devoted in recent years to improve the modelling of
synchronous machines. While a great deal of this effort has been concerned with the
linearized dynamic aspects of rotor flux behaviour, an equally important aspect relates
to the proper account of saturation effects. Saturation representation has been identified

as the most important factor for improving synchronous machine models {47].

It has also been recognised that an analytical model of saturation is very difficult
to obtain, hence any practical method of saturation representation must be based on

semi-heuristic reasoning and empirical approximations.

This chapter presents three new finite-element based steady-state models, which
have a simple structure and are very efficient in converging to the desired operating
conditions.  They use saturation functions to represent main and cross-axis
magnetisation effects which are combined to give the synchronous reactances.

Calculations are presented for the large machines of 150 MVA and 588 MVA.
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3.2 SATURATION CHARACTERISATION.

The difficulty in arriving at an approximately correct representation of saturation
in synchronous machines is that predictions of machine behaviour are usually based on
linear analysis with decomposition of effects into d and g¢- axis components, taking into
account the fact that there are different saturation characteristics for the two axes.
Linear effects can be correctly evaluated using the linear dependence of output
quantities upon input quantities but superposition is not valid where non-linear effects

are concerned as here.

Steady-state models are either based on machine tests or finite element
simulations. El-Serafi et al [48,49,50,51], using experimental results of micro
machines, developed steady-state models which included the magnetic coupling
between the d-q axes. The saturation phenomenon was characterised in terms of the
ampere-turns in each axis. Although they obtained very good results, their method
employs a family of curves, which may make it impractical for direct application to

power systems models.

Namba et al [52] found as a consequence of on load tests, that the saturated
synchronous reactances x4 and x, of synchronous generators during steady-state load
operation can be represented by the total mmf in the air-gap. It will be shown below
that this representation is valid only for a limited operation range. Intermediate
saturation curves and coupling d-g axis variables algorithms have been also developed

as in a paper published by De Mello [47].

New approaches, such as Neural Networks have been used recently, as the model
proposed by Chaudhry et al [S3]. They obtained accurate predictions of saturated
reactances (xg, x ) but their simulated operating region was limited to smooth variations
of synchronous reactances which correspond to points that lie within a variation in

power factor from 0.85 lagging to 0.95 leading.

Harley et al [54] made a comparative study of saturation methods in synchronous
machine models where he used the air gap flux linkage as a saturation level indicator.

He also found that an initial calculation of saturated inductances yields a swing curve,
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which is almost identical to the repeated step-by-step evaluation of these inductances.
The great advantage of using only one calculation (for initial conditions) is a dramatic

saving in computer time.

Minnich et al [55] and Schulz [56] used finite elements to develop a saturation
algorithm suitable to be included in power system stability codes. The algorithm was
constructed to fit reactances resulting from non-linear finite element calculations of
steady-state load points covering the operation range of the generator. Functions were
fitted to calculated reactances using an ad-hoc method. The reactances were fitted with
a product of two functions. One function was based on the assumption that it can be
described by the total voltage. The second saturation function has as its argument only
the g-axis component of the Potier flux. The steady-state model is based on total or

effective reactances (neglecting cross-axis effects).

It is important to point out that most steady-state models described above, have
been made to model synchronous machine performance of rotor angles less that
approximately 60°, the normal operating generator region. However in order to include
saturation functions in power system stability codes, they should be valid over the entire

region of operation of the synchronous generator.

3.2.1 Effective and basic reactances calculation.

Two methods based on the superposition principle were used. The first one
employs the concept of effective reactances and is based in the input-output relationship
given by the conventional phasor diagram equations. The second one, uses the
superposition in its more basic form, i.e. based on the internal magnetic state of the
machine, basic reactances are computed and it also uses the effective reactance

relationship..

Following Macdonald et al [20], the per-unit effective or total reactances
corresponding to each load point are given for the two-axis phasor equations 2.45 and
2.46. From those equations, it can be seen that the saturated reactances x, and x_ are
dependant on the operation voltage, rotor angle, power factor and field current. They



47
are strongly coupled by the variables vy, i, §, ¢ and it is difficult to decouple them. The
advantage of having independent values of axis reactances is that individual axis
saturation representation of the synchronous machine can be derived and consequently

simpler saturation machine models may be obtained.

In order to find the basic reactances for a load condition, it is necessary to be
able to apply field current and armature current separately, so as to calculate the
appropriate separate flux linkages. To be meaningful in terms of magnetic saturation,
the state of rotor steel and that of the stator iron must be the same as that existing when
both currents existed simultaneously.  This is accomplished in the finite-element

calculation by the following steps:

a)  With both armature énd field currents applied, a non-linear magnetostatic solution
is performed.

b) The permeability for each element in the grid is frozen at its final value.

c¢) Armature and field currents are applied separately, and linear solutions are

obtained.

The basic reactances may be defined as:

Xgg = wz:“ (when ig, iy = 0)+x¢ 3.3)
Xed = mi\j:q (when i b, = 0) (3.4)
Xy = mi‘i"’ (when iy, i, = 0) (3.5)
Xop = mi\rq (when iz, iq = 0) (3.6)
Xg = m;i"' (when i, iy = 0)+x, 3.7)
Xap = “’;‘q’d (when iy, iy = 0) (3.8)
x5 =—tL (wheniyi, =0) (3.9)

e
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The basic quantities are computed when the stator winding associated in the
generator are subjected to sinusoidally distributed currents in the d-g axis. In the above
equations, the subscripts indicate, first, the axis on which flux is produced, and
secondly, the current component producing it. The machine phasor diagram in terms of
the basic reactances is shown in figure 3.2.

The self basic reactance of the field winding, x5z, was computed to show that it is
possible to characterise it in terms of the total air-gap flux linkage. This reactance is

not needed in the steady-state model described in this chapter.

. q-axis
i[xq, .
iX e
X | -
|_». .
(i) v te¥qq
: L PL SRR L P
LR (1)
‘ vt
i) ! ¢ i
d-axis

Fig 3.2 Machine phasor diagram in terms of basic reactances
(i) Field current effect
(ii) d-axis stator current effect

(iii)  g-axis stator current effect

The relationship between effective and basic reactances is given by the resulting

equations of comparing the phasor diagrams of figures 2.12 and 3.2. They are:

X =xqq+-l§"-qu—.—xqf (3.10)
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if iy iq

Xa =7 — X T . (xdd—xa)_. . xdq+xa (3.11)
lf_ld lf_ld :f_ld

All quantities are expressed in per-unit values, a per-unit system suitable for
steady-state operation was used and it is described in reference 20. It is important to
notice that the equations 3.10 and 3.11 are coupled through load angle, power factors,
stator and field current through iy, i and ir. The flux linkage coupling is inherent in the
basic reactance values. Equation 3.10 shows that the quadrature axis reactance, when
it is computed from basic reactances, includes the effect of field current, but it does not
appear in equation 2.46. This characteristic is used in formulating the steady-state

model of synchronous machine.

3.2.2 Characterising effective reactances as function of total air-gap ampere-turns.

Following the Namba et al [52] synchronous reactance characterisation
approach, saturation models for electrical machines have been proposed.  Boldea and
Nasar [57,58] have developed equivalent circuit models for electrical machines, which
include synchronous, induction and DC machines. They also proposed mathematical
models which include the cross coupling saturation effect. Their saturation models
were based on the assumption that there is a unique distinct magnetisation curve along
each of the two orthogonal axes, and that they depend solely on the resultant

magnetising current which is given by:

i = ,/ i + g (3.12)

where i, and iqm are the components of the magnetising current i, and they are given
by:

i =ig g iy ;g =iy iy (3.13)

where i, ix4 and iy, are the rotor currents. Obviously in steady-state, the induced rotor
currents are zero. This assumption is based on the Namba et al characterisation [52] of

X

, and X, as function of the vector sum of space mmf in a generator given by
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(i =i )2 + iq2 . Based on the same assumption, Tamura and Takeda [59] proposed a

new model of saturated synchronous machines for power system transient simulations.
Kovacs [64], considered the effect of variable saturation on cylindrical rotor AC
machines. He defined a dynamic reactance x = x(i,). Although he did not use the
findings of Namba et al [52], his approach of characterising the saturation in terms of
the total magnetising current is similar to those above discussed. Tahan and Kamwa
[65] have proposed a saturation model for the synchronous machines based in the same

assumption.

This semi-heuristic saturation representation is a good approximation for the
load dependant reactances in the safe operating region of the synchronous machine, i.e.
it is valid when the rotor angle does not exceed “normal” steady-state values (approx.

60° for large turbogenerators).

When a synchronous machine is being operated in the under-excited region, the
behaviour of the saturated synchronous reactances is extremely complicated if they are
expressed as function of the total magnetising current i,, and it is impossible to model
such a pattern in a simple manner. The above discussion is supported by the finite-
element simulations of the two turbine generators of 150 MVA and 588 MVA presented
in figures 3.3 and 3.4. The synchronous reactance derived from the open-circuit and
short-circuit characteristics was computed as it appears in the discussion section of

Namba et al [52] publication.

In order to give a physical explanation of this reactance variation, the basic
reactances x4 and x,, were plotted as a function of the total magnetising current. The
finite-element calculated reactances are shown in figures 3.5 and 3.6 for one generator.

Similar variations were obtained for the 588 MV A generator.

The mutual basic reactance exhibits a similar variation to that of the self basic
reactance x4, except that it has a lower magnitude. The reactances presented in figures
3.5 and 3.6 do not contain any cross-axis effect. It is clear that the reactance variation

pattern is not identical to that shown in figures 3.3 and 3.4. The non-linear behaviour of
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Figure 3.3 Synchronous reactance behaviour in terms of the total air-gap mmf for the

150 MVA turbine-generator. a) Direct-axis effective reactance. b) Quadrature-axis

effective reactance.
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Figure 3.4 Synchronous reactance variation as a function of the total air-gap mmf for

the 588 MVA machine. a) Direct-axis effective reactance, b) Quadrature-axis effective

reactance.
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Figure 3.6 x,, variation as a function of i, for 150 MVA turbine-generator

xad and xgq, is thought to be attributable to the non-linear relationship of the stator axis
currents and field current excitation. A characteristic of the synchronous machines
when they are operated in the underexcited region, and it is well-known as the V-curve.

Figure 3.7 shows typical V-curves obtained from finite-element calculations.



54

Comparing the reactance variations of figures 3.3, 3.5 and 3.6, it may be seen

that the cross-axis effect of one winding over the other is significant. ~Although the
cross-axis effect is not large, it has an important role in synchronous machine behaviour.
The g-axis demagnetising effect is such that makes all direct-axis effective reactances
for different power levels, lie close together over a substantial region. A similar effect

is presented in the g-axis effective reactance.

In the d-axis effective reactance calculation, the rotor angle and the field current
are also present. Figure 3.8 shows the relationship between them. At small excitation
currents, the rotor angle is highly sensitive and this can lead easily to an unstable
condition. It is thought that this effect also contributes to the non-linear variation
presented in figures 3.5 and 3.6.

Care must be taken in trying to model the saturation of synchronous machines as
a function of the total magnetising current. This way of modelling saturation can be

applied to steady-state simulation but the mathematical model has a limited application.
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Figure 3.7 V-curves obtained from finite-element calculations, 150 MVA turbine-

generator.
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Figure 3.8 Rotor angle- field current relationship for a 150 MVA turbine-generator.

3.3 BASIC REACTANCE CHARACTERISATION.

It was decided to characterise the basic reactances because they follow similar
patterns variations, whereas the effective reactances (in particular x ) have a difficult
shape to model in the underexcited region. In order to get a proper identification of the
saturated basic reactances, the following variables were tried as saturation level

indicators: a) Air-gap flux linkage and b) d-g axes magnetomotive forces.

Since the cross-axis reactances can be approximately modelled as a function of
the rotor angle, no attempts were made to look for a better representation. The problem
is now reduced to find appropriate representations for x4q, x4 and xgq.

3.3.1 Characterisation in terms of air-gap flux linkage.

It was found from finite element simulations that the self and mutual reactances

of the direct axis, x4s and x4, can be represented accurately as a function of the total air-
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gap flux linkage y,, (equal to steady-state air-gap voltage in per unit) by a saturation

function.
x4 = f; (OY,,
= F1 (@) , , , }(3.14)
fi(ov,,)=ay (oY, )" +b (0Y,, ) +cyuy(oy,, ) +dy (oY, )+ey

Xar = 12 (O)\]Im,) (3.15)
T2V ) = ay (O, ) + by (0, ) + i (0, ) +dy (@Y, ) +ey ’

where the saturation functions coefficients ays ... e4 are obtained using least square

fitting and the air-gap voltage magnitude is given by:

Oy, =V, +Jjiax, (3.16)

The leakage armature reactance is assumed to remain constant [60,61], i.c.
independent of saturation effects. Design values were employed for both generators.
In equation 3.16 the armature resistance is neglected since its contribution to the drop
voltage is very small. The characterisation of these two reactances is illustrated in

figures 3.9 and 3.10 for the turbogenerators considered.

The self basic reactance xg can also be represented with good accuracy as a
function of the total air-gap flux linkage as shown in figure 3.11.

The basic g-axis reactance, x,q, is the most difficult pattern to represent. By
doing a basic analysis an approximate function was constructed. When the machine is
overexcited, the g-axis component of the total air-gap flux linkage is small. Saturation
of x,44 occurs because of the direct-axis flux. This saturation effect at these load angles
(figure 3.12) occurs in the rotor, that is, the rotor saturation in this region is caused by
the field leakage and mutual fluxes of the direct axis. The direct- and quadrature-axis

mutual fluxes share the common reluctance, which is the rotor core.
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Figure 3.9 x4 and x4 in terms of total air-gap flux linkage of the 150 MVA turbine-

generator. a) Self basic reactance, x4, b) Mutual basic reactance, xgr.
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generator. a) Self basic reactance, x4 b) Mutual basic reactance, x4
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Figure 3.11 xg representation as a function of the total air-gap voltage, 150 MVA

turbogenerator.

This may be considered as an equivalent reluctance, that is composed of two

basic ones. An equivalent reactance x,,”“ is obtained from the effect of the g-axis

magnetic effects with the d-axis ampere-turns equal to zero. The g-axis excitation

current is varied from zero to the rated stator current. In other words, this variation will

correspond to a similar one of the g-axis flux linkage due to the stator excitation current

in the same axis. The related open-circuit direct-axis rotational voltage does not contain

the overhang leakage voltage drop. The characteristic is shown in figure 3.13a. The

equivalent reactance obtained above does not consider the effect of the rotor saturation

of the direct axis mmf. This function is expressed as:

Xy = F3(0OY )

F(0W,,) = a, (0, ) +b(0y,, ) +c (0, ) +d (0, ) +e (0, )+ f,

(3.17)

From figure 3.12, a saturation factor by which the rotor saturation effects in the

g-axis can be represented was obtained.

The saturation factor more appropriate to
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represent the basic quadrature reactance variation is a function of the total air-gap flux

linkage (a)\y m,) and it was obtained from the zero power factor (lagging) test, at rated

1.80 —+— 100 % load
—a— 75% load
—a— 50 % lYoad
175 1 —— 0% load
;
1.70 4
—_ 1.65
: -
&
1.607
o
o= ]
155-1
1.50 4
1454
1 1 111 1 1 7T

00 0.1 02 03 04 05 06 07 038 09 10
oy, PW)

Figure 3.12 Load saturation curves for x4, as a function of the g-axis air-gap flux

linkage. 150 MVA turbogenerator, finite-element calculations.

current [62,63]. This test was chosen because it gives a better approximation of the
rotor saturation under load. By the use of the superposition of flux linkages on the
above test, a quadrature axis basic reactance, x,,%/, due to direct-axis excitation current
(iriq) was derived. The reactance x,,% reflects the effect of the rotor saturation in the

g-axis. The saturation factor was obtained by normalising x,,® to its unsaturated value

; Jl:qquf
kxgg® =—gfa =S4 (V)

*qq

fq(Oy ) = aqu(mwm,)‘s +bqu(mwm,)4 + cqu(m\ym,)3 +quq(mvm,)2 +equ(u)\ym,)+ fqu
(3.16)
The estimated value of x,, is obtained by the multiplication of the saturation
factor by the g-axis basic reactance obtained from the “g-axis open-circuit”. The

coefficients of functions f; and f; are obtained by least square fitting.
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The procedure can be summarised by 3 steps:

1) A basic quadrature reactance, x4, is obtained due to the quadrature axis current
with zero equivalent excitation in the direct axis. The reactance variation is a
function of the quadrature axis air-gap flux linkage, (¥,,,), as shown in figure
3.13a.

2)  From the zero power factor test, x,,% , is obtained and is plotted against the air-
gap voltage @wy,,. This quadrature basic reactance is then normalised with
respect to its unsaturated value shown in figure 3.13b.

3)  The final approximation to x4 (figure 3.13c) is found to be :
Yo = (xqqocq) ' (k xqquf) (.19)

The quadrature axis basic reactance x,, was then characterised for the 588 MVA
generator. Simulation results are shown in figure 3.14.

The heuristic approach followed in this section, can be thought as a linear
superposition of the magnetic saturation state of the synchronous machine. Figure 3.15

shows a flow diagram of the characterisation procedure.
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Figure 3.13 x4, characterisation for the 150 MVA turbogenerator. a) x,, derived from the
open circuit g-axis test. b) kx,, derived form the zero power factor test. ¢) x,, derived

from finite element and its estimated value.
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Figure 3.14 x4, derived from finite elements and from saturation functions. 588 MVA

generator.
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Figure 3.15 Flow chart for characterising basic reactances in terms of air-gap flux

linkage.
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3.3.2 Characterisation in terms of mmf components.

A second characterisation approach was tried and it is based on saturation

functions dependant on the air-gap mmf components.

Based on the same principle that the rotor core exhibits a mutual reluctance to
the direct- and quadrature-axis magnetic fluxes, two saturation factors were defined to
completely characterise the basic direct-axis reactance x4s. A basic saturation function
resulting from the zero power factor test at rated current was defined (figure 3.16a).

This function is dependant on the d-axis mmf, therefore,

xdz{;f = filiy —iy) (3.20)
Filiy —ig)=ag(ip —ig)* +bgli —iy)’ +cyliy —ig)* +dy(i, —iy)+ey
an auxiliary saturation function to model the influence of the quadrature-axis mmf

component on the direct-axis permeance (figure 3.16b) was defined as:

) : x;q
] 1 )=—""—
dd f4(q) xg;qu (321)

Foliy) = agq (i) + by (i + €q (i) + diga(iy) + e4g

which was obtained from the "g-axis open-circuit characteristic" through non-linear

magnetostatic solutions. The final estimated value of this reactance is given by:
Xga = Filip —ig) * fy(i,) (3.22)
Figure 3.16 shows the results of this method.

The same method was then applied to the 588 MVA turbine generator. The

results are presented in the figure 3.17.
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Figure 3.16 Characterisation process for x42. 150 MVA turbogenerator. a) x4 obtained

from the zero power factor test. b) kx » obtained from the "g-axis open-circuit”. ¢) x4

derived from finite elements and from saturation functions.
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Figure 3.17 x_, derived from finite element calculations and from the use of saturation

functions. 588 MVA generator.

The characterisation of the basic mutual reactance, x4, is based in a similar

procedure as that outlined for x44. The basic saturation function due to the d-axis mmf is

defined as :

x§ = fylip ~ia)

fz(,'f_id)=adf(if—id)4+bdf(if—id)3+cdf(if—id)2+d#(if—id)+e#

(3.23)

and the auxiliary saturation factor due to the g-axis mmf was defined by the saturation

function.
ocq
gt =29 £ )
daf _xocqu —J5\'q
df

Fslig) = g (i)* + by (iy ) + € (iy) + digy (i) + €y

(3.24)

The estimated value for the basic reactance was calculated as the product of equations

3.23 and 3.24.



68
xy = fylip = i) * f5(i,) (3.25)

The results of the this characterisation are shown in the figure 3.18.
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Figure 3.18 x ” derived from finite element and its estimated valued from saturation

functions. a) 150 MVA turbine-generator. b) 588 MVA turbine-generator.
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In estimating the saturated basic g-axis reactance, two saturation functions are
computed. The first saturation characteristic is obtained from the g-axis magnetisation

characteristic.

x:;;q = f6(iq)

(3.26)
Jo(iy) = aqq(iq)4 + bqq(iq)j + qu(iq)z +dy (i) +e,

and an auxiliary saturation factor dependant in the d-axis mmf which is defined as :

; _ Xat
kx? = = f(i, —iy)
S e (3.27)

filip —ig) = ap, (i —iy)* + By (i — i,) + Chq (i -iy)? +dige(iy —ig) + ey,

The predicted value of the basic quadrature reactance, x,,, is given by the product of

functions f, and £, .
Xoq = J3lip —ig) * f5(i) (3.28)

The six saturation functions involved in this approach were expressed as
polynomials of fourth order and their coefficients were obtained by least square fitting.
The simulation results illustrate this characterisation process for both turbine generators
and are given in figures 3.19 and 3.20. A flow diagram of the method is given in figure
3.21.
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Figure 3.19 x,4 characterisation. 150 MVA generator. a) Saturation function due to g-

axis mmf. b) Saturation function due to d-axis mmf. c) x,, derived from finite-element

calculation and from saturation functions.
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Figure 3.20 Characterisation results for the g-axis basic reactance. 588 MVA

turbogenerator.
3.3.3 Cross-axis basic reactances characterisation.

A good approximation of the cross-axis reactances as a function of the rotor
angle was obtained. Two different expressions were derived from least squares fitting.
The first of them is :
Xgg = Gy, Sin(23)
Xgq = @y Sin(20) (3.29)
Xy =ay sin(20)

The second representation was derived in order to have a better approximation of the

cross-axis parameters and it is given by the following set of equations

Xgg = Qgg sin(20) + Ayq2 sin(49) + Ays cos(4d)
Xod = Ggqy Sin( 20) + yq; Sin( 45)+ agq3 cos( 45) (3.30)

Xy = Qg Sin(20) +ay, sin(46) + ays3 cos(49)

Figures 3.22 and 3.23 show the cross-axis parameters variations for both generators at

different fractions of rated power.
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Figure 3.22 Basic cross-axis reactances obtained from finite elements. 150 MVA

generator. a) x44 b) x44, €) x4 (negative)
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Figure 3.23 Basic cross-axis reactances obtained from finite elements. 588 MVA

generator.
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3.4 MODEL FORMULATION.

The model has been formulated on the basis that the terminal quantities power,
P, reactive power, Q, and terminal voltage, v,, are known, and that the rotor angle and
field current are predicted by using the basic-reactance saturation functions. The
relationships between synchronous reactances, x4 and x, and the basic parameters [20]

are given by equations 3.10 and 3.11. The d-q axis currents i, and i, are given by :

iy =isin(d+¢) (3.31)

i, =icos(6+¢) (3.32)

The generated power can be expressed by the machine per-unit power equations,

which are :

: 2
p=ltrtmd g Y| L 1|08 (3.33)
X4 2|x, x4
Vil Xy AR ARAREN
Q0= cosd -+ —+—|[+-L|——-—|cos25 (3.34)
x4 21x4 x, 2|x, x4

where Xpg = x4- x,.
For a given machine power, Py, reactive power, Q,.s, and terminal voltage, v,,

the generation must be equal to the load

P-P,=0 (3.35)
-0, =0 (3.36)

An iterative method is used in which equations 3.10, 3.11, 3.33, 3.34, 3.35 and
3.36 are solved together to give the field current and rotor angle. The related saturation
functions that describe the basic reactances variation with load are also included in

equations 3.10 and 3.11. The resulting non-linear set of algebraic equations were solved
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numerically using the Newton Raphson method [66]. A flow chart is presented in

figure 3.24.

Three steady-state models are described. The main equations are the same for all
models. Their formulation differ only in the way the basic reactances are characterised.
The models can include the cross-axis effects by taking into account the effective
reactances in the power equations. Alternatively, cross-axis effects are omitted by using

the basic reactances.

Model 1 is based on the use of saturation functions obtained in terms of the air-
gap flux linkage. The equations related to it are : 3.10, 3.11, 3.14, 3.15, 3.19, 3.30,
3.33, 3.34, 3.35 and 3.36.

In Model 2, the basic reactances used are characterised in terms of the air-gap
ampere-turns components. The equations related to the mmf based model are : 3.10,

3.11, 3.22, 3.25, 3.28, 3.30, 3.33, 3.34, 3.35 and 3.36.

A combination of the above models led to the model 3. The basic quadrature
axis reactance was predicted with greater accuracy when the air-gap mmf was used as a
saturation indicator. As the basic g-axis reactance plays an important role in
determining the rotor angle, this saturation function representation was used. On the
other hand, the direct axis basic reactances were predicted with higher accuracy in terms
of the total air-gap flux linkage. The use of these saturation functions will lead to a
better prediction of the field current. The equations associated wit this model are :

3.10, 3.11, 3.14, 3.15, 3.28, 3.30, 3.33, 3.34, 3.35 and 3.36.
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Figure 3.24 Flow Diagram for the steady-state model program.
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3.5 SIMULATION RESULTS.
The steady-state lumped parameter model was validated against finite element
calculated points. Due to the great amount of data, only comparative results and the

reactance variation for each of the three models are given. The rotor angle difference

was calculated for the three models as :
6dl;t)" = 8fem - 8model
The field current difference is given by :

if(fem)—if(model)
i/(fem)

*100

l}(dijf)=

3.5.1 Model 1: Air-gap flux linkage based model.

The simulation results are given in figures 3.25 and 3.26 for the 150 MVA
generator and 3.27 and 3.28 for the 588 MVA generator.

The steady-state simulations were made with and without the effect of the cross-
axis reactances. It is clear in figure 3.25a, that the prediction of the rotor angle with a
difference of 2 degrees, arising from the good prediction of x,, (figure 3.13c). The
maximum error occurs when the machine is underexcited. But, when the machine is
being operated in the normal steady-state region with a power factor angle range of 190
(underexcited) to 320 (over-excited), the prediction is very accurate. The higher
difference in rotor angle prediction is observed when the machine is generating the
lowest power level, 10%. When the model does not contain the cross-axis effects, the
difference can be as high as two degrees (overprediction), this error is observed in the
normal operating region. The effect of neglecting the cross-axis phenomenon is

strongly marked at high rotor angles.

The load angle prediction in the 588 MVA generator was not as accurate as that

of the 150 MVA machine. This higher difference is due to the relatively good
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approximation of x,, (figure 3.14). If the machine is operated in the normal operating
region, this model can be used to predict the initial values of rotor angle and excitation.

The field current was predicted with an accuracy of 1% (normal region), because
x44 was well-characterised by the air-gap voltage at power levels above 50%. When the
150 MVA generator was simulated at 10% load, a considerable difference in field
current was found, because x4y and x4 were not well-characterised by the total air-gap
voltage. The errors obtained in i, and & make the direct and quadrature-axis reactances

!
of the model different from those obtained by finite-element calculations.

3.5.2 Model 2: air-gap mmf based model.

It is clear from figures 3.29a and 3.31a that the rotor angle error is less than that
obtained by the use of model 1, because x,, is predicted with higher accuracy (figures
3.19 and 3.20). Since the basic direct-axis reactances were not predicted accurately, an
error is to be expected in the field current prediction (figures 3.29b and 3.31b). The
lack of accuracy in the field current and rotor angle prediction is reflected in the values

of direct- and quadrature- axis effective reactances (figures 3.30 and 3.32).

The effect of not considering the cross-axis reactances cause an overprediction in
rotor angle and field current. The higher values obtained are due the basic reactances

have higher values than the corresponding effective ones.

3.5.3 Model 3: mmf-air-gap flux linkage model.

As a result of combining the characterisation of x4 and x4 in model 1 and x4, in
model 2, model 3 was formulated. The rotor angle and the field current were predicted
accurately in both generators. The results are given in tables 3.1 and 3.2. The error
between the model and the finite element calculations probably arises from errors in the
fitting process of the saturation functions. Figures 3.33 and 3.35 show the effect of the
cross-axis effects. The outcome of these steady-state predictions is reflected in the
close agreement of x; and x, with values obtained directly from the finite element

solutions (figures 3.34 and 3.36).
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Figure 3.25 Finite element and model 1 comparison, 150 MVA generator. a) Rotor

angle. b) Field current.
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Figure 3.26 Finite element and model 1 reactance variation with rotor angle, 150 MVA

generator. a) x4, b) x,
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Figure 3.28 Finite element and model 1 reactance variation with rotor angle. 588 MVA

generator. a) x4, b) x,.
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Figure 3.29 Finite element and model 2 comparison, 150 MVA generator. a) Rotor

angle. b) Field current.
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Figure 3.31 Finite element and model 2 comparison, 588 MVA generator. a) Rotor

angle, b) Field current.
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Figure 3.32 Finite element and model 2 reactance variation with rotor angle, 588 MVA

generator. a) xg4, b) x,.
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Figure 3.33 Finite element and model 3 comparison, 150 MVA generator. a) Rotor

a