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Abstract

Flexible AC Transmission Systems (FACTS) equipment is currently being incorporated into the
power system for controlling key network parameters aiming at improving the power system
steady-state and dynamic performances. The vast array of power system analysis tools used by
planners and system operators, on a daily basis, for the successful running of the network are to be
upgraded to include comprehensive modelling for FACTS plant components. Commensurate with
this global objective, this research work is aimed at developing comprehensive power system
models of FACTS devices suitable for small-signal stability studies. The FACTS components
covered in this research are the Static Var Compensator (SVC) and the Thyristor-Controlled Series
Capacitor (TCSC). More specifically, the modelling of these devices combined with advanced
modelling of synchronous generators has positioned the current work in the area of small-signal
stability modelling and analysis of power systems with electronically controlled compensation.
The work has been developed within the framework of the block-diagram methodology because it
yields physical insight and offers the opportunity to gain fundamental knowledge of the dynamic

interactions taking place between synchronous generators and FACTS plant components.

The key issues of synchronous generator modelling, from the viewpoint of small-signal stability
analysis, are addressed in this thesis. In particular, the impact of synchronous generator modelling
order, with emphasis on system damping, is discussed in depth. Various representations of salient-
pole synchronous generators are used to enable a variety of models suitable for small-signal
stability studies. The models range from synchronous generators with no damper windings, to
cases when one damper winding is included in each of the rotor axes, i.e. d and g-axis. The drive
behind the study is to settle the issue of what is a suitable number of machine damper windings to
be used in small-signal stability analysis that adequately represents the system model with a good
level of reliability while keeping engineering complexity manageable. The context of this
discussion belongs to the realm of FACTS-upgraded power systems networks. The system models
developed are used for a rigorous explanation of the dynamic interactions taking place between
synchronous generators and between synchronous generators and these FACTS devices. The
influence of SVC and TCSC plant components on the generator dynamic characteristic of the d

and g-axis flux linkages are explored.
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Abbreviations

Synchronous generator

E; = g-axis component of the subtransient internal e.m.f. proportional to total flux linkage
in the d-axis damper winding

E, = g-axis component of the transient internal e.m.f. proportional to field winding
flux linkage

E; = d -axis component of the subtransient internal e.m.f. proportional to the total flux
linkage in the g-axis damper winding

E ;= generator field voltage

e, = generator terminal voltage in d-q axis frame-of-reference
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1, = generator armature current in D-Q axis frame-of-reference

X, X, = synchronous reactance in d and g-axis, respectively

Xj, X, = transient synchronous reactance in d and g-axis, respectively

X}, X; = subtransient synchronous reactance in d and g-axis, respectively

', = Open circuit d-axis transient time constant

77, = Open circuit g-axis subtransient time constant

s = rotor angle

o = rotor speed

f, = nominal frequency

p, = electrical power injected into the grid system

P, = mechanical power supplied by the prime mover to the generator

H = inertia constant

D = damping coefficient

L,= stator leakage inductance

Ly =field winding leakage inductance

L, =d-axis equivalent damper winding leakage inductance: k=1,2,...n.

Ly, =q-axis equivalent damper winding leakage inductance: k=1,2,...n. -

L,; =d-axis stator to rotor mutual inductance

L,,=q-axis stator to rotor mutual inductance

L4, =differential leakage inductance proportional to the fluxes that link one or more
damper windings with the field but no with the stator:k=1,2,...n.

R, =field resistance

R,, =d-axis damper winding resistance: k=1,2,...n.

Ry, =q-axis damper winding resistance: k=1,2,...n.
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Static var compensator

v... = SVC terminal voltage in d-q axis frame of reference

V.. = SVC terminal voltage in D-Q axis frame of reference

i.. =SVC output current in d-q axis frame of reference

I = SVC output current in D-Q axis frame of reference

B, (@) = varying inductive suceptance as a function of firing angle
B, = capacitive suceptance

X, = inductive reactance

X = capacitive reactance

a = SVC firing angle

Reactive tie-line system

X, = reactive tie-line reactance

X,1» X,, = reactive tie-line reactance subjected to x, = x,, + x,,
i, = current injected at the infinite bus
v, = infinite bus voltage

Excitation control system

e,., = generator terminal voltage reference
K, = automatic voltage regulator gain
r, = automatic voltage regulator time constant

SVC control system

Vaers = SV C terminal voltage reference

Kk, = SVC voltage regulator gain
r, = SVC regulator time constant
K;»k, = PI controller gain

r, = time constant of washout element
TCSC control system

iseryy = 1CSC current reference

k., = TCSC voltage regulator gain
r. = TCSC regulator time constant

Operators

A = Incremental change
S = Laplace operator
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Chapter 1

Introduction

1.1 Power system stability

An electrical power system consists of many individual elements, connected together to form a
large, complex system capable of generating, transmitting and distributing electrical energy over
large geographical areas. A major concern in power system operation is to assess the system’s
ability to remain stable after it has undergone a disturbance such as a fault in electrical network
and sudden increase or decrease in load demands. Most stability problems are concerned with

studying the behaviour of synchronous machines after they have been perturbed [1-6].

If an unbalance between supply and demand is created by a change in load, in generation, or in
network conditions, a new network state is reached. The interval taken to adjust to the new
condition is called the fransient period. The system behaviour during this period is termed the
dynamic system performance [7], which is of critical concern in defining system stability. The
main criterion for stability assessment is to verify whether or not all synchronous machines
maintain synchronism at the end of the transient period. The system only becomes stable if the
oscillatory response exhibited du}ing the transient period is damped and the system settles down to

a new safe, operating point.

For many years, power engineers have categorised disturbances into small and large disturbances
[1, 2, 6]. Random, small perturbations in system loading occur very frequently and an assessment
of the ability of the system to return spontaneously to its initial operating state comes under the
category of steady-state stability or small-signal stability. On the other hand, short-circuits on high
voltage transmission networks or the loss of a major generating unit or transmission line are
examples of large disturbances. When one of these large impacts occur, one or more synchronous

machines may come out of step, i.e. lose synchronism. The problem is known in the literature as

transient stability.
1.2 Small-signal stability

In order to study the power system dynamic behaviour from the small-signal stability viewpoint,

realistic and flexible mathematical models to represent the system adequately need to be



established. If a disturbance is assumed to be sufficiently small, then a linearisation process of the
non-linear equations that describe the power system dynamics may be carried out [1-3]. Once the
system equations are linearised around a base operating point, the transfer functions of each
system component are established and suitably connected to represent the system under study. The
system performance can be studied by drawing out key information contained in the model, by
resorting to well-known analytical techniques used widely in classical engineering, such as root
locus, frequency responses and step responses. However, in power system engineering this
approach has only been used in the study of small systems. For large systems, the non-linear set of
differential equations that describe the network, in linearised form, is expressed in state-space form
and the stability characteristics are determined by examining the eigenvalues and eigenvectors of
the state-space matrix [1, 3-5]. This has become the only practical way in whichrsmall-signal
stability studies are conducted today since numerically efficient, comprehensive algorithms have
been developed over many years. The drawback of this method [1] is that it relies, exclusively, on
mathematical abstraction to achieve a global result and it contributes no physical insight to the

study.
1.3 Small-signal stability in small-scale power systems

Power systems have been growing continuously to meet higher load demands and, at various
stages of the evolution process,, system stability has become the stumbling block for sustainable
growth [1, 8]. In the 1920s, the fast-acting, high-gain Automatic Voltage Regulator (AVR) was
introduced to improve transient stability and voltage regulation. In the late 1960s, the Power
System Stabiliser (PSS) was developed to overcome the adverse effects introduced by AVRs at
certain frequency rage of operation. A great many studies [8-13] in the area of small-signal
stability have been conducted over a number of years to assess how the AVR affects the steady-
state dynamic performance of regulated power systems. A block-diagram approach, which yields
great physical insight, originally developed by Heffron and Phillips [9] and advanced further by
Demello and Concordia [10], has been used for these kinds of studies. The block-diagram model
was developed to represent a system under study where a synchronous generator connects to an
infinite bus through an external tie-line reactance. The block-diagram model leads to an excellent
explanation of how the AVR interacts dynamically with the generator and influences the
generator’s behaviour. The model also illustrates, in a diagrammatic form, the potential of using a
PSS to supply an additional signal into the excitation control system for enhanced stability. These
fundamental studies introduced very valuable knowledge in power system dynamics and formed a

good basis for dealing with larger, complex systems.



Although the original Heffron-Phillips block-diagram model was a popular tool in the past,
nowadays it is found unsuitable because the model only accounts for a simple representation of the
synchronous generator, where only the effect of generator main field winding is included. Due to
the low order model of the generator being used, there is an incomplete representation of the
dynamic interaction taking place between the generator and the network. It has been recognised
that this may lead to unreliable assessments of system model. From this standpoint, higher order
generator models, with an increased number of damper windings, have been used more recently
[14-18]. In particular, this has been the case in the design of excitation controls for enhancing
system stability, because the successful tuning of these controls is critically dependent on the
quality of the model used. A rigorous study of the inclusion of the damper winding effects into the
generator block-diagram representation has already been conducted in [14-16]. Although the
number of damper windings to be included in the model is, up to a point, arbitrary; in practice, it is
limited by the difficulty to solve the large number of differential equations describing the system
in an efficient manner [17-19]. Various orders of generator representations have been suggested in
the open literature and whether higher or lower degrees are preferable may be open to argument
[20]. Many factors play a role in the selection, for example, electrical proximity of the tie-line
impedance between generators, severity of the disturbance and the type of excitation control, etc.,
influence the requirement of the generator model accuracy. From this viewpoint, the key concern is
to select the simplest machine models that still yield sufficient accuracy of results and are

amenable to meaningful small-signal stability analysis.

Once a satisfactory representation of the transfer-function block-diagram model of the power
system has been established, its performances can be analysed by using a variety of methods such
as the synchronising and damping coefficients method, root-locus plots, frequency domain

analysis, etc. The essence of these methods is outlined below:

e The synchronising and damping coefficients method offers a very traditional way to
investigate the stability of synchronous machines [1]. The electrical torque is expressed in
terms of synchronising and damping torques which are useful in assessing small-signal
stability. System instability can be of two forms: (i) Steady increases in rotor angle due to lack
of sufficient synchronising torque, (ii) rotor oscillations of increasing amplitude due to lack of
sufficient damping torque. This method has been widely used because it yields physical insight

into power system stability problems.

e The Frequency response method is a very useful technique for assessing the steady-state
response and for predicting and adjusting system dynamic performances without resorting to

the explicit solution of the system differential equations that govern the system. The amplitude



and the phase angle of the resulting transfer function are plotted as a function of system
frequency, which changes with operating conditions. The evaluation of system stability is

indicated by gain and phase margins.

* The root-locus method is normally used for representing variations in system parameters and
operating conditions. Whether or not the system is stable can be determined by examining the

roots obtained from solving the characteristic system equation, i.e. 1+G(S)H(S)=0.

o The state-space analysis is widely used in connection with system studies described by #-non-
liner differential equations. The stability characteristics are determined by examining the

eigen-values and eigen-vectors of the system matrix [1].

e Very recently, a new frequency domain based methodology has been developed inA [21], termed
Individual Channel Analysis and Design (ICAD). It is a very promising tool aimed at the
analysis and design of single and multi-variable systems. ICAD has been applied to small-
signal stability analysis of a single-machine infinite-bus system, where the role of the PSS is

investigated with the aid of the block-diagram approach [22].
1.4 Small-signal stability in large-scale power systems

Early power system dynamic studies were based on the concept of a single-machine infinite-bus
system. In the 1950's and mid 1960's these studies were found to be satisfactory. However, as the
size of power systems continued to grow due to increasing interconnections, power system
dynamic studies became much more involved [5, 23-36]. The state-space approach was introduced
some years ago to deal with systems containing a large number of synchronous machines. The
fundamental concept in this methodology is to use the system state variables to incorporate the
dynamics of all power system components. The generator variables are blended seamlessly with
the network variables by resorting to axis transformations [1, 23]. The equations of power plant
components are linearised and suitably organised for inclusion in to the state-space matrix. Hence,
the state variable matrix provides the complete description of the system dynamic behaviour. The
method is very flexible, it allows the implementation of new elements into the state-space form

with ease.

Eigen-value and eigen-vector analysis is the most popular tool for conducting small-signal stability
studies in large power systems. The system stability characteristics are analysed by extracting
valuable information contained in the eigen-properties of the system state-space matrix. They are
obtained by solving the system characteristic equation. This technique is reported to work very

well when second-order systems are analysed. For higher-order systems, this method is reported to



run into difficulties due to the widely differing magnitudes of the eigen-values involved [1]. The
method used for the computation of eigen-values in large systems is the QR transformation method
[1]. This method is numerically stable, robust and converges rapidly. It has been used for the
small-signal stability studies of medium-size power systems. However, the QR method cannot take
advantage of the sparse nature of power system networks. Instead, some powerful techniques such
as iterations and a modified Arnoldi method have been developed to deal with this problem [26].
The AESOPS (Analysis of Essentially Spontaneous Oscillations in Power System) algorithm [27]
has also been developed for a more efficient and reliable computation of eigen-values in very large

power systems.

Alternatively, the multi-machine power system model equations can also be arranged in the form
of a transfer-function representation. This leads to a physically-oriented block-diagram
methodology that could be used very effectively to represent the system under study. This
technique has in fact been used in [5, 28] where it has been found that the great advantage of this
approach is the meaningful, physical-oriented explanation of how dynamic interactions take place
between the various synchronous generators in the power system. The authors in [5, 28] developed
the basic block-diagram model to represent a general » machine system, aiming at studying basic
dynamic interactions between machines and between machines and their excitation control
systems. In their work, the authors studied the behaviour of large scale-power systems by
subdividing the system into subsystems. One of them includes a small number of synchronous
machines, those of most concern. The other subsystems are external systems, which may contain a
large number of machines and are of secondary concern. Each external system is then replaced by
a dynamic equivalent [32-34]. This is reasonable because the attention is not focused on the
dynamic behaviour of the external equivalent itself but on the dynamic interaction between
synchronous generators in the internal subsystem and only the contribution from the external
systems. Three main methods have been reported in the open literature for dynamic equivalencing
for stability studies: the model approach [29, 30], the coherency approach [31-33] and the

estimation approach [34].

The block-diagram model with application to dynamic equivalent estimation techniques [5, 34]
yields a good explanation on dynamic interaction of multi-machine power systems. However, the
system dynamic representation was not fully implemented because only the effects of the generator
main field winding were included. In order to achieve a more realistic power system representation
in a multi-machine environment, the generator model in the block-diagram framework requires

further developments to include damper winding representation.



1.5 Small-signal stability of power systems including FACTS devices

With the advent of high-speed power electronics technology, a new generation of power system
controllers has emerged [35-57]. These controllers can be grouped under the umbrella title of
Flexible AC Transmission Systems (FACTS). The following plant components are examples of
FACTS controllers: Static Var Compensators (SVC), Thyristor Control Series Compensators
(TCSC), Thyristor Control Phase Shifters (TCPS), Unified Power Flow Controllers (UPFC). The
main objectives of introducing FACTS devices into the power system is to increase the power
transfer capability of transmission networks and to provide direct control of power flows over
designated transmission routes [35]. The FACTS components achieve their objective by providing
continuous control over one or more of the following power system parametérs: voltage
magnitude, line impedance, phase angle, active and reactive power flows. Owing to their rapid

speed of response, FACTS devices perform a useful role during both steady-state and transient

conditions [35, 36].

The study of the effects that FACTS devices have in enhancing power system stability has become
a topic of great research importance. In the area of the small-signal stability analysis, the block-
diagram approach has been used for studying the influence of FACTS controllers on power system
stability. A unified model has recently been proposed by using the block-diagram approach [58-
61]. These models are useful in describing some aspects of FACTS components that influence the
generator’s dynamic characteristic. However, the models exhibit serious short-comings since only
the effect of the generator field winding is represented. In this situation, the all-important
interactions between machines and between machines and FACTS devices through the d and g-
axis damper windings are all but neglected. The models contain another major drawback, the
dynamic interaction between FACTS controllers and the power system has not been fully
implemented. For example, the feedback signal from the power network to the FACTS controller
is not included for closed-loop control strategies [58-61]. Hence, further research activity is

required to develop more accurate, reliable models of FACTS-upgraded power systems.
1.6 Main aims of the PhD research project

This research is primarily concerned with small-signal stability modelling of power systems
containing electronically controlled shunt and series compensation. Since FACTS equipment has
only been recently developed and installed in electrical power systems, it has become necessary to
develop a new generation of power system tools to encompass models for all FACTS components,
so that engineers can use the new tools for the planning and operation of power systems reliably

and with satisfactory accuracy. The small-signal modelling of power systems including FACTS



devices is currently an area of great interest [58-61]. Very significant advances have been made
with the incorporation of FACTS models within the state-space matrix oriented methodology.
However, owing to the large amount of effort involved with developments in the block-diagram
oriented methodology, heretofore a complete small-signal block-diagram framework, where the
full aspects of dynamic interactions between synchronous generators and between generators and
FACTS devices are accounted for, is not available. The inclusion of electronically controlled shunt
and series compensation within a framework for conducting small-signal stability analysis is a

contribution in that direction. The objectives of this research are as follows:

e To develop comprehensive power system models for single and multi-machine small-signal
dynamic analysis. Models for SVC and TCSC devices are developed and seamlessly combined
with models of other power system components. Synchronous generator models range from
models with no damper windings to model where damper windings are included in the d and g-
axes. The physical-oriented block-diagram methodology is employed to represent the system

under study.

e To critically assess the dynamic performance of the various synchronous generator models
covered in this research and to carry out an effective model comparison, in terms of their
complexity and reliability of response, to identify a suitable number of damper windings

required in small-signal stability studies using the block-diagram oriented methodology.

e To gain physical insight into the dynamic interactions taking place between synchronous
generators and electronically controlled compensation, and to investigate the capabilities of

these controllers to improve the generator's dynamic performance.

1.7 Main contributions

The main contributions of this research work are summarised below:

e Mathematical models of power systems containing electronically-controlled compensation are
derived from first principles for small-signal stability analysis. SVC models have been
developed for single-machine infinite-bus and for multi-machine frameworks. The graphical-
oriented block-diagram methodology is applied to represent the power system model. Various

generator models are realised which include a varying number of rotor windings.

e The various models are carefully evaluated by using the well-known frequency response
methodology. Conclusions are reached as to what model yields the most satisfactory response,

bearing in mind that this time the key interest lies on assessing the dynamic interactions



between synchronous generators and FACTS-type controllers, as opposed to only dynamic

interactions between synchronous generators.

e The models were successfully applied to study the dynamic interactions between synchronous
generators and SVCs. The influence of the SVC on the generator through the main flux linkage
in the d and g-axes is investigated. The SVC’s ability to improve the generator dynamic
performance by contributing additional system damping, mainly through the d-axis, is

demonstrated.

e The block-diagram methodology has been extended to encompass the TCSC with regards to the
single-machine infinite-bus framework. Very timely investigations of the dynamic interactions
between the synchronous generator and the TCSC are carried out. The TCSC's ability to

improve system dynamic performance, as a function of compensation level, is demonstrated.
1.8 Transaction-grade publications
The following publications were generated during the course of the present research:

e P. Aree and E. Acha, “Block Diagram Model for Fundamental Studies of a Synchronous
Generator-Static Var Compensator System”, IEE Proceedings on Generation, Transmission and

Distribution, Vol. 146, Part C, No. 5, September 1999, pp. 507-514.

e P. Aree and E. Acha, “A Generalised Block Diagram for Small-Signal Stability Analysis of
Multi-machine, Multi-SVC Power System”, Submitted to IEEE Transaction on Power System,
1999.

1.9 Outline of the thesis
This thesis is organised as follows:

Chapter 2 reviews key aspects of the mathematical modelling of power system plant components
which are essential to the derivations carried out in Appendices A-C. Synchronous generator
modelling and their excitation controls are briefly addressed. Also, an overview of FACTS

technology with particular reference to SVC and TCSC modelling are presented.

Chapter 3 presents a comprehensive transfer-function block-diagram model for a single-machine
infinite-bus power system, incorporating a SVC. The block-diagram model is employed to explain

the dynamic interactions taking place between the synchronous generator and the SVC.



Chapter 4 deals with the overall assessment of the power system models developed in Chapter 3.
The performance of the various orders of block-diagram models are evaluated using frequency
response methods. The effects of damper windings on the level of reliability of the various system
models are thoroughly investigated. Moreover, the system models are applied to investigate the
SVC’s ability to enhance the system dynamic performance, when the SVC is located at mid-point

of tie line and when it is located at the generator's terminal bus.

Chapter 5 derives the transfer-function block-diagram models of the multi-machine, multi-SVC
power system. The various degrees of system model representation are critically assessed,
similarly to the case of the single-machine infinite-bus framework. The system dynamic

performance is investigated when SVCs are applied in the multi-machine system.

Chapter 6 addresses the development of the transfer-function block-diagram models of a
transmission system including a TCSC. This development is with regards to a single-machine
infinite-bus system which resembles the very practical case of a long transmission line for which
series compensation is essential. The block-diagram model is employed to explain the dynamic
interactions taking place between the generator and the TCSC. For completeness, the capabilities
of the TCSC and the SVC to improve the system dynamic performance are compared against each

other.

Chapter 7 presents the major conclusions of the research project and discusses areas that require

further research effort.
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Chapter 2

Power systems and Electronically-Controlled

Compensation

2.1 Introduction

In conventional power systems, synchronous generators are the main source of electrical energy,
which is exported to the points of consumption via high voltage transmission lines and low voltage
distribution systems. From the operational control point of view, the quality of power supply
should meet certain standards with regards to frequency and voltage levels, which should not
deviate significantly from pre-specified operating values [1-2]; various levels of control are used to
meet such requirements. For example, in the generating plant itself, there are prime-mover controls
and excitation controls to regulate frequency and output voltage magnitude at the terminals of the
generating plant, respectively. In the high-voltage transmission network, there are devices such as
synchronous condensers, and tap-changing transformers which control voltage magnitude, and
phase-shifting transformers which regulate active power flow. With the advent of modern high-
power, high-current power electronics technology, a wide range of advanced power plant
controllers is just becoming available. They are generically known as Flexible AC Transmission
System (FACTS) devices. They have been developed to provide continuous power flow and

voltage magnitude control at key points of the transmission network [3-5].

In order to carry out system level studies of modern power systems, accurate modelling of the
newly emerging power plant components, alongside established power plant components, is a
matter of fundamental importance. In this chapter, the mathematical models of power system
components suitable for small-signal stability studies are reviewed. Emphasis is placed on the
mathematical modelling of synchronous generators and electronically controlled shunt and series
compensation. The chapter starts by reviewing the basic theory and classification of synchronous
generator models, to be followed by a brief description of the turbine-governor control system and
the excitation control system. The chapter ends with an overview of the main characteristics of
FACTS devices with particular reference to electronically controlled shunt and series

compensation.
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2.2 Synchronous machine modelling

In system stability studies, the basic approach to generator modelling is to consider the generator
as an arrangement of three stator windings, 120 electrical degrees apart, and a rotating structure
with a field winding and one or more damper windings [6-12]. The schematic representation is

shown in Fig. 2-1.

Rotor Stator

Figure 2-1 Modelling structure of a synchronous machine

In Fig. 2-1, the rotor circuits are located along the direct and quadrature axes, respectively. The d-
axis coincides with the axis of the field winding and the g-axis leads the d-axis by 90 degrees in

the direction of rotation.

The essential mathematical tool to study the synchronous machine is Park's transformation [6]. The
idea is to mathematically transform all time varying three-phase stator voltages, currents and flux
linkages into time invariant direct and quadrature axes quantities. In the transformed framework,
deviations in speed of the rotor structure are easily accounted for as a function of the stator direct
and quadrature axes flux linkages and voltage relationships. The circuit representation of the

equivalent synchronous generator is shown in Fig. 2-2.

q-axis

- —@ - ﬁi\'— f_ﬂj‘{ > d-axis
Vi T Vu

I Iy

Figure 2-2 Machine equivalent circuit after applying Park's transformation
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The two axes model in Fig. 2-2 is the best known configuration of the generator model. The order
of the generator model may be defined as the number of rotor circuits in both the 4 and g-axes.
Theoretically, rotor circuits may explicitly contain an arbitrary number of circuits. For the purpose
of power system stability studies, however, the most complex model that has appeared in the open
literature is the model (3d.3g), which comprises the field winding, two damper windings in the d-
axis and three damper windings in the g-axis. It should be mentioned that on-site non-standard test
measurements were conducted to gather the data required to feed the model (3d.3¢) used in the
study. Based on this model, twelve possible circuit combinations are indicated in Table 2-1 but
according to some of the most authoritative material published in the field [12-13], it appears that
only seven model structures are serious candidates for inclusion in large power system stability
studies. Six of theses model structures are drawn in Table 2-1, with the seventh model being the
constant rotor flux linkage [2, 12]. Refer to the Abbreviations section for the notation used in the

diagram of Table 2-1.

A
lD_ Axis Q-Axis No damper One damper Two damper Three damper
circuit circuit circuits circuits
R¢ Lna R,
L - L
Lag- Lag:
Field circuit only Q Model (1d.2g) Model (1d.3q)
L . L R;
Luq: Luq Ll
Model (1d.0q) Model (/d.1q)
_ Laa R, Log g, _ Lag R¢
LL,q' LIIJN. Ri$ Ly Lllmq; il- Lyr
Field plus one Model (2d.0q) : L ; é '
damper circuits L R L Trix U TRinig
L‘“l‘ L, Luq: Ly 3L, an LigL, 3L
Model (2d.1q) Model (2d.2q) Model (2d.3q)
L Re
L RiS R .
Laq: LI » Lz Lfd
Field plus two Model (3d.0q) Model (3d.1q) Model (3d 2q) e
damper circuits L [RZR,SR,
Lug
LI : L)_ L] !
Model (3d.39)

Table 2-1 Generator models for various d and g-axes combinations

It should be mentioned that in reality model choice might be more restricted than what is stated
above. To conform with standard practices, it has been found necessary to limit the number of
rotor circuits to a maximum of three or four circuits since lack of standard data inhibits the use of

more elaborated rotor models except for very specialised studies [12].



For most practical purposes, Model (2d.2q) is the most elaborated structure used to represent
synchronous machines in stability studies. The model considers two windings in each axis.
Parameter values for this model are normally supplied by manufacturers of synchronous machines.
Two time constants and two rotor reactances and resistances are employed to describe the response

of the model in each of the d and g-axes. Model (24.2q) is applicable to round rotor generators.

Model (2d.1q), with a single g-axis damper circuit, is used to represent salient pole structures such
as hydro-generators. In this model, no distinction is made, in the g-axis, between transient and
synchronous (steady-state) conditions and only one g-axis rotor circuit is used for representing the

rapidly decaying subtransient effects.

Model (/d.1q) is a simplification of model (2d.2g), where only two rotor windings are considered,
one in the d-axis and the other one in the g-axis. One time constant per axis is used to represent the

generator's response.

Model (/d.0q) is a further simplified structure of model (2d.2q). Using this representation only
changes in the field flux linkages can be determined. Model (/d.0qg) has been widely used until
very recently [15-23] but its limitations are far too many for the model to continue being used in

small-signal stability studies.

The simplest generator model is the classical representation, which assumes a constant voltage
behind a transient reactance. The rotor flux linkages are assumed to be constant and no transient
saliency exits. Since the voltages and currents are not resolved into d and g-axis components, the
model is not shown in Table 2-1. An advantage of this model is that the interfacing of the
generator and network equations is carried out with ease during step-by-step calculations, and a

minimum amount of data is required.

The mathematical representation of the model structures shown in Table 2-1 is presented below,

following a decreasing order of model complexity.
2.2.1 Phasor and mathematical representation of a synchronous generator

Since the equations describing the electrical characteristics of a three-phase synchronous generator
are well defined by a two-dimensional frame-of-reference, the electrical quantities can be
expressed in terms of d and g-axis parameters. Because the synchronous machine’s inertia prevents
the flux linkages from changing instantly, machine models can be defined for steady-state,
transient and subtransient conditions, depending on the speed of the external changes [2]. An

example of a d-g phasor diagram for the transient model of the generator is shown in Fig. 2-3 [1].
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Figure 2-3 Phasor representation of the synchronous generator for transient operation

From Fig. 2-3, each phasor quantity can be represented in terms of its d and g-axis components,

T = lgy + jigg (2-1)
e =ey+je, (2-2)
E=E,+jE, (2-3)

The algebraic equations for the synchronous machine transient model in Fig. 2-3 can be written as

follows,
Ej—ey = Ryigq — X}ig, (2-4)
Ey~ey = Rolgy + Xjigg (2-5)

These equations lead to the formulation of the following transient differential equations [14],

dE’

! =‘“1"[Efd_igd(Xd—Xc'1)"E¢}] (2-6)
a
dEclf 1 : ’ r

qo

The subtransient equations are developed in a similar fashion than those for transient operation and

are given as,

Ej—ey = Ryig —Xlig, (2-8)
E}—e, = Ryig +Xlig 2-9)
d " 1 dEl
R " r vy _ il 9 2-10
at 1z}, [Eq foa (Xa = Xd) E"] T (2-10)
dE(y 1 - r " ” -
dt :;,,_[lgd(Xq_Xq)—Ed] (2 11)

qo

Suitable combination of equations (2-6), (2-7), (2-10) and (2-11) allows for five different generator

models of varying complexity and accuracy.
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Model (2d.2q)

In this model the generator is represented by the subtransient voltages E g and Ej behind the
subtransient reactances Xj and Xj, as defined by the modified armature voltage equations (2-8)
and (2-9). The changes in E; and E/; as the fluxes linking the rotor circuits decay are described by
equations (2-6), (2-7), (2-10) and (2-11).

Model (2d.1q)

In this model the screening effects in the g-axis are neglected so that X; = X, and Ej = 0. Hence,

equation (2-7) is eliminated from the set of equations associated with model (2d.2q).

Model (1d.1q)

In this model the effects of the damper windings present in a round-rotor generator model (2d.2q)
are neglected, and equations (2-10) and (2-11) are not used here. No damper winding is used in the
d-axis and only on damper winding is used in the g-axis. The generator is now represented by the

transient voltages E; and E; behind the transient reactances Xz and X, as defined by equations

(2-4) and (2-5). The changes in E; and Ej are determined by equations (2-6) and (2-7).

Model (1d.0q)

In model (Id. 0q), all damper winding effects are neglected. The d-axis transient voltage E; is
assumed to remain constant, hence, E; = 0 and X;=X,. The generator dynamics are only
described by equation (2-6).

Classical Model

In this model, the generator is represented by a constant voltage E’ behind the transient reactance

X} . The existance of this model was justified in the past on the grounds that the time constant z,

in equation (2-6) is relatively long. In this situation, E; can be assumed to remain constant
because changes in E and i, are small. The model may be used for simplified analysis of power

system transient stability.

2.2.2 Synchronous generator frame-of-reference

The mathematical equations describing the synchronous machine are greatly simplified when they
are formulated in the machine's d-g axes frame-of-reference [1-2]. Since each machine has its own
reference, rotating independently from each other, studies of interactions between machines
through the network are difficult. However, this problem can be resolved by changing the frame-

of-reference of each individual machine to the network's frame-of-reference, which rotates at
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synchronous speed. By way of example, the transformation of the machine's d-q voltages to the

network's D-Q frame-of-reference is shown in Fig. 2-4.

Q-axis

g-axis

€rd

d-axis

Figure 2-4 Machine and network frame-of-reference

The following transformation matrix is formed by inspection of Fig. 2-4,
Ep _ sind c?SJ ey 2-12)
Ep —€0sd  sind | ey

or, in compact form,

E =/ (2-13)
where

& = eyt Jje, (2-14)

E = E, +JjEp (2-15)

Similarly, for the currents,

I, =/ 7, (2-16)
where

Iy = igq + Jig, 2-17)

I, = I+ jly (2-18)

2.2.3 Power relationships

With the aid of Park’s transformation, the electrical power of the synchronous generator can be

simply written in terms of d and g-axis quantities as follows,

S=P+jQ=¢li,, (2-19)

S= (ela' igd + elq igq ) + j(erq igd — €y igq ) (2-20)
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2.2.4 Dynamic equations of motion

Power system stability may be assessed by looking at the rotational inertia equations which
describe the electrical and mechanical power mismatches for each individual machine. These

equations, shown in [1], are given by,

dAw 1
&l [P, -P-DA _
" aglinFem Do) (2-21)
ds
2w ]
= 00 (2-22)

2.3 Electrical network

The electrical equations of the synchronous machine are normally given in the form of a Thevenin
voltage behind an impedance. For a nodal representation of the network equations, the machine's
Thevenin equivalent is converted into a Norton equivalent [1]. The network current injection
vector then includes the Norton equivalent current of each synchronous machine and the machine's
admittance is added to the system admittance at the machine’s busbar. The matrix form of the

network including » machines and r loads can be written as,

Ig| | B ¢ T | E
I P R (2-23)
o) L P LW

If loads can be assumed to be static then all load nodes have zero current injection. In this

situation, the reduction of the system matrix can be achieved by matrix algebra as shown below,

[1,1=[Y1E,] (2-24)
where
[F1=[Y,,1- (%, 1Y, 17" [¥,,] (2-25)

2.4 Generating units

Prime mover Generator
"~ valve /\ Transformer
3 V) (0 =
T o
Speed — T Measuring
governor Field system circuit
y j le(
— +

Q;\“ Exciter <—|- AVR 4——®<—et-mf
+ o

Figure 2-5 Generating unit

Fig. 2-5 shows the schematic diagram of a generating unit. Electrical energy is produced by the
synchronous generator driven by a prime mover, such as a steam or a hydro turbine. The turbine is

equipped with a governor to control the generator's speed according to a pre-set power-frequency



characteristic [24]. The generated power is fed into the transmission network via a step-up
transformer. The DC excitation, required to produce the magnetic field inside the generator, is
provide by the exciter, The generator output voltage is regulated by an Automatic Voltage
Regulator (AVR) in the excitation control system. Brief descriptions of the turbine-governor and

excitation systems are given below.
2.4.1 Turbine-governor system

In conventional power system, steam turbines, hydro turbines and diesel engines are normally used
to drive the synchronous generators. Standard turbine configurations and their dynamic models can
be found in [2, 24]. The generator speed is controlled by the governor, which adjusts the gate valve
positions to increase or decrease the amount of mechanical power to the input turbine by using a
servomotor mechanism. A simplified block diagram of the steam turbine governing system is

shown in Fig. 2-6(a).

o
é" 0)
Oref Aw 1 +
- _ HKa - Va.l ve Oref Ao _ 1 valve
s position —X)— —»%)—v —
+

1
N - R 1+ Tgs position
m servomotor
| load ref.
oad ref. Z (Xt set point
set point b P
(a) Block diagram with negative feedback (b) Equivalent block diagarm

Figure 2-6 Simplified model of the steam turbine governor system

The coefficient K4 corresponds to the amplification gain of the servomotor while the coefficient R
corresponds to the gain of the feedback loop. The block diagram in Fig 2-6(a) can be further
simplified by moving the coefficient R from the feedback loop to the main loop with little loss of
model fidelity. This is shown in Fig. 2-6(b), where Tg=1/(KAR) is the effective governor time
constant. The block diagram in Fig. 2-6(b) can be used for reasonably accurate analysis of the

static and dynamic properties of the turbine-governor system.

2.4.2 Excitation system

A generic structure of the excitation system is shown in Fig. 2-7. A comprehensive list of standard

excitation system models can be found in [2, 25].

In Fig. 2-7, the excitation system consists of an exciter and an AVR. The AVR regulates the
generator's terminal voltage by controlling the amount of current supplied to the generator field

winding by the exciter. The measured generator's terminal voltage and the desired reference

23



voltage are compared to produce a voltage error. The error is then applied and used to alter the

exciter's output. Generally speaking, exciters can be of either rotating type or static type.

Cioref . Efd
?@——-‘ AVR Exciter

v

Stabiliser
loop

Figure 2-7 Structure of the excitation system

In rotating structures, the excitation current is supplied by either a DC generatdr or an AC
generator fitted with a rectifier. Nowadays, all DC generators have almost been replaced by
alternators, which are simpler in construction and more reliable. However, a disadvantage of the
alternators is that slip rings are required to feed the rectified excitation current to the rotating field
winding and also that the exciter itself is quite large. Therefore, static exciters have been
introduced to overcome these difficulties. In static exciters, the thyristor rectifiers are controlled
directly by the AVR to adjust the field current, so that the voltage error is eliminated. The transfer

functions of the excitation control components are given below [2]:

AVR transfer function

Ka
1+17,s

(2-26)

L (8) =

Exciter transfer function

1
l+1z,s

g.(s) = (2-27)

Stabiliser loop

T,§
2.()=K, < +frfs (2-28)

2.5 FACTS devices

The Flexible AC Transmission System (FACTS) technology is a new application area in electrical
power systems. FACTS devices, utilising modern power electronics technology, are deployed at
key locations of the high-voltage transmission system in order to control and adjust one or more of
the main parameters in the transmission system [3-5, 26-62]. It has been proposed more recently to
incorporate similar devices in low-voltage distribution systems to solve power quality problems.
The ensuing technology comes under the umbrella title of Custom Power. By introducing flexible

and rapid control of key AC transmission parameters, FACTS enhances the power transfer capacity
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of existing transmission corridors. They decrease line losses and generation costs, and improve the
stability and security of the power system. Due to the great many advances of modern power
electronics technology, a wide range of FACTS devices has emerged in recent years. A summary

of the most promising devices is presented below:
Static Var compensator (SVC) [26-30]

The SVC belongs to the first generation of FACTS devices, it appeared in the market nearly
twenty years ago. The SVC consists of fast thyristor switches controlling a Thyristor-Controlled
Reactor (TCR) and paralleled with a capacitor bank (FC) as shown in Fig. 2-8. Its main task is to
provide voltage support under periods of heavy load and, under certain circumstances, it may also

contribute to system stability.

Figure 2-8 FC-TCR structure of the SVC
Thyristor controlled series capacitor (TCSC) [30-34]

The TCSC, shown in Fig 2-9, belongs to the second generation of FACTS devices. It is able to
control the line impedance through the introduction of a controllable capacitor-inductor set in
series with the transmission line. The major benefits of the TCSC are its ability to regulate power
flows along the compensated line and to rapidly modulate the effective impedance of the line in

response to dynamic events in the vicinity of the line.

JX.
m n
>I | e ’J__I—_‘
| |
H________/
JXcsc

Figure 2-9 Configuration of the TCSC
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Static phase shifter (SPS) [35-37]

The Static Phase Shifter is a FACTS device that helps to control the power flows between two
nodes. Fig. 2-10 shows the configuration of the SPS, which comprises of a exciting transformer
(ET), a boosting transformer (BT) and a converter circuit. The exciting transformer provides the
input voltage to the phase shifter. The boosting transformer, inserted between the sending and
receiving nodes, injects a controlled voltage in series with that of the system. The converter is used
to adjust the magnitude and/or phase-angle of the injected voltage in order to control the voltage at

the receiving node and the active power transfer across the transformer.

VE VB VP
e
It

ET é Converter

Figure 2-10 Configuration of the SPS
Static synchronous compensator (STATCOM) [38-40]

The STATCOM belongs to the latest generation of FACTS devices. Its configuration is shown in
Fig. 2-11. It is a new reactive power compensator that overcomes the technical limitations and high
cost of SVCs [5, 39]. The development of the STATCOM is based on the use of Gate-Turn-Off
thyristors (GTO). The DC voltage source serving as an input voltage is converted into three-phase
AC output voltages. STATCOMs can be made to either generate or absorb reactive power. It is
superior to the SVC in providing voltage support and it can also respond more quickly to damp
disturbances in the power system. STATCOMs exist for both high-voltage transmission

applications and for low-voltage distribution systems.

S

Vv

.8
S A

Converter

n

Figure 2-11 Configuration of the STATCOM
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Static synchronous series compensator (SSSC)

The SSSC is similar to the STATCOM except that its output transformer is connected in series

with the line as shown in Fig. 2-12. This is the high voltage counterpart of the Dynamic Voltage
Restorer (DVR) that is used in low voltage distribution applications.

Vs Vk

L

Converter
Ve

Figure 2-12 Configuration of the SSSC

Unified power flow controller (UPFC) [41-43]

The UPFC configuration is shown in Fig. 2-13. It consists of one STATCOM and one SSSC,
connected by a common link that includes a storage capacitor. The UPFC has the ability to exert
simultaneous control of active and reactive power flows, and nodal voltage magnitude. This
combination of functions gives the UPFC unique advantages over other FACTS devices making it

the most advanced FACTS controller currently under existence.

V.\' VP

Vog

Jf&“#i
%{ Shunt T Series
- Converter |_T_ | Converter

Figure 2-13 Configuration of the UPFC

Interphase power controller (IPC) [44-46]

Interphase Power Controllers belong to an alternative technology drive, which do not necessarily
use power electronics. They have the potential for increasing very significantly the power transfer
capability of phase shifting transformers [44]. Their ability to increase power transfer provides the
economic justification surrounding the development of this new technology. IPC applications are
ideally suited for cases where power transfer is thermally limited by the phase-shifting transformer
[45]. The IPC consists of two parallel reactive branches, one inductive and one capacitive as

shown in Fig. 2-14. Each branch is subjected to separately phase-shifted voltages [46].
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Figure 2-14 Configuration of the IPC

2.5.1 Static var compensators
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Figure 2-15 Typical Configuration ot a SVC system

SVCs started being used in power systems in the late 1970s, long before the concept of FACTS
was formulated. The role of SVCs is to adjust the amount of reactive power compensation at the
point of connection. Before SVCs became widely available for controlling voltage at weak points
of the network, voltage adjustment in specific locations of the transmission system was only
possible by using mechanically controlled shunt elements or by using expensive synchronous
compensators. The switching in and out of shunt reactors and capacitors lead to abrupt voltage
changes along with voltage and current transients. SVCs on the other hand provide a rapid and fine
voltage control, with no moving parts involved. SVCs have been used in various forms but the

basic schematic diagram, in one-line diagram from, is shown Fig. 2-15 [2, 26].

Each phase of the Thyrisor Controlled Reactor (TCR) consists of two bi-directional valves in
series with a shunt reactor and the three phases are usually connected in a delta configuration to
cancel out the third harmonic currents. These thyristors may be switched on at any point of the

voltage wave (from 90 to 180 electrical degrees) to provide fully adjustable control over the range

of rated reactive power absorption.

The Thyristor Switched Capacitor (TSC) also has bi-directional thyristor valves connected in
series with the capacitor. The TSC switches on by firing 90 degrees ahead of the voltage wave to

generate reactive power. A power transformer typically connects the SVC to the high-voltage

busbar.

28



Another popular form of SVC is the combination of a Fixed Capacitor and a Thyristor Controlled
Reactor (FC-TCR), as shown in Fig. 2-8. The fixed capacitor provides a permanently connected

source of reactive power.

Slope

.

»
L4

Capacitive 0 Inductive Live

Figure 2-16 Voltage-current composite characteristic of the SVC

Referring to the SVC configuration in Fig. 2-8, the variable shunt reactance is adjusted in order to
control voltage magnitude at the network point of connection. The SVC voltage-current (V/I)
characteristic for the FC-TCR structure is shown in Fig. 2-16 [26].

Depending on the SVC’s equivalent reactance, i.e. capacitive or inductive, Fig. 2-16 indicates that
. the SVCs is capable of drawing capacitive or inductive current from the power system. Suitable
control of the equivalent reactance allows continuous voltage regulation at the node where the
SVC is connected. The slope is determined by the capaéitive and inductive susceptance limits.
These susceptances represent the total SVC susceptance required to maintain the voltage

magnitude at the specified value. The expression for the total susceptance value is given by [26],

B, =B.-B,(a) (2-29)
where

B =2nfC (2-30)

B;(a)= EXLL {(z - @) + 05sin(2a)} (2-31)

2.5.1.1 SVC control scheme

SVC systems are usually configured to meet individual system requirements. Since application
requirements may differ and the control techniques offered by different equipment vendors may
vary [47-51], very detailed models of SVCs may not be necessary. Basic models for general
purpose studies have been recommended by CIGRE [2, 47]. In stability studies, the general SVC

control scheme shown in Fig. 2-17 is normally used [2].
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Figure 2-17 SVC block diagram model

The control block of the SVC voltage regulator consists of the gain K, and time constant t,. The
next block in line is the thyristor susceptance control block, that represents the variation of reactor
susceptance as a function of firing angle. The parameter 14 is a gating transport delay and,
typically, it has values of around 1 ms, and it is normally neglected. Similarly, 1, associated with
the thyristor firing sequence control has a values of around 5 ms and can also be neglected in most
studies. Moreover, the nonlinear relationship between the firing angle o and By is assumed to be
compensated, thus, making the use of 14 and 7, all but redundant, except for very specialised
studies where the control itself is the study subject. Thus, this block may be represented by a unity
gain with no time delay. The SVC control system takes the feedback voltage from the high-voltage
side of the connecting node. The time delay, 1, represents the lagging time constant of the
measuring circuit. Conventional and optional additional signals, such as the speed signal, can also

be injected at the summing points to improve the overall system dynamic performance.

2.5.2 Thyristor-controlled series compensators

Active power transfers between areas may be substantially increased and adjusted very effectively
by varying the net series impedance of the tie-line. An established method of increasing
transmission line capability is to install series banks of capacitors, whose effect is to reduce the
electrical length of the line. Conventional series compensation schemes switch capacitors in and
out of operation to vary the level of compensation, by using mechanical devices such as circuit
breakers [3]. The limitations of using mechanical devices to switch series banks of capacitors are
their relatively slow response due to the large number of capacitors in of the bank. The Thyristor-
Controlled Series Compensator is the electronically-controlled counterpart of the conventional
series banks of capacitors. It is able to rapidly control the line compensation over a continuous

range resulting in increased flexibility. Active power across the compensated transmission line can
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be maintained at a specified level under a wide range of operating conditions. A schematic
diagram of the TCSC is shown in Fig. 2-9. TCSC controllers consist of a capacitor bank in parallel
with a TCR, whose controlling elements are two anti-parallel thyristors, connected in series with a
linear reactor. In practise, the TCSC comprises of a large number of series connected TCSC
modules, which may be connected in tandem. This configuration is termed the Advanced Series
Compensator (ASC) and it is very effective in exerting control with minimum losses and minimum
harmonic distortion [52].

2.5.2.1 Basic characteristics of TCSCs

The main operational advantage of the TCSC is that it allows a smooth control of transmission
line compensation levels. Series capacitive compensation is bypassed during minimum loading in
order to avoid transmission line over-voltages resulting from excessive capacitive effects in the
system. Conversely, series capacitive compensation is fully utilised during maximum loading. The
purpose of this operating strategy is to increase the power transfer capability from generating sites
to load centres, without over-loading compensated transmission lines. Basically, there are three
fundamental modes of operation: thyristor-blocked mode, thyristor-bypassed mode, and thyristor

operating in phase controlled mode [53].

»

In the thyristor-blocked mode, the thyristor current is zero and, consequently, the TCSC functions
as a capactive reactance. This operating mode is illustrated in Fig. 2-18. The arrow thickness

represents the amount of electric current flowing across each component.

— !} capacitor :
—

ilinc I I
[ 1

Figure 2-18 Configuration of the TCSC in thyristor-blocked mode

In the thyristor-bypassed mode, the thyristor is fired with no delay, i.e. the TCR is fully
conducting. The TCSC behaves like a parallel connection of the series capacitor bank with the

inductor. Fig. 2-19 shows this mode of operation.
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. icapacilor

iline +— | |

Figure 2-19 Configuration of the TCSC in thyristor-bypassed mode

The TCSC can work as either a capacitive or an inductive reactance, when the thyristor operates in
phase-controlled mode, the thyristor operation is driven by the firing angle to vary the amount of

effective capacitance, as shown in Fig. 2-20.
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Figure 2-20 Configuration of the TCSC in phase-controlled mode

The TCSC operating range is limited by the firing angle range of the thyristors, and the current
carrying limits of the capacitors. In actual operation, these limits may affect the performance of the

control scheme. Fig 2-21 shows curves of the TCSC operating range versus line currents [54].

X
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D G
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A = Firing angle limit B = Thyristor blocked

C = Maximum voltage limit D = full thyristor
E = Firing angle limit F = hamonic heating limit

G = thyristor current limit
Figure 2-21 Operating range of the TCSC

The expression for the fundamental frequency of the TCSC impedance, as a function of the

thyristor's firing angle is given as [32],

- Xese = =j{Xe - G2~ @) + sin(2( - )]

(2-32)
+Cy cos? (7 - a)[/l tan(A(7 - a)) - tan( - a)]}
where
¢ = Xc ';XLC (2-33)
4X3-
c, = Hic (2-34)
Xy
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® (2-35)
XcX|
Xpo=—2C2L
L x--x; (2-36)
1
w2 =— (2-37)
LC

2.5.2.2 TCSC control scheme

In power system operation and control, the TCSC has two key roles to play: to schedule active
power flow and to enhance dynamic performance. In the latter application area, the control system
becomes a matter of great importance, and a distinction is drawn between the transient stability
control loop and the power damping control loop [55-61]. The former is a pre-progMed open-
loop control used to improve first swing stability. The control allows for maximum compensation
level just after the occurrence of a fault in the power network and it remains so for a pre-specified
period of time. The control is then transferred to the damping control loop to mitigate the ensuing
power oscillations [54]. For small-signal stability purposes, only the damping control loop is of
practical relevance. Fig 2-22 shows a generic block diagram of the TCSC control which is well

suited for small-signal stability studies [62].
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Figure 2-22 TCSC block diagram control

The TCSC block diagram control shown in Fig. 2-17 consists of TCSC control strategy, enclosed
by the dotted block, and the first-order lag transfer function representing the time delay Ty
associated with the thyristor's firing angle control. The value of Tics varies from 15 to 30 ms and it
can be neglected in small-signal stability studies [62]. For the TCSC control strategy block, a
simple control schemes such as PI controller can be used to schedule power flow. In Fig. 2-7, the
TCSC controller is represented by the gain K and the lagging time constant ., which is fully
equivalent to the one used in Chapter 6. The current signal derived from the network (L) is
compared with the reference signal (Ijinere) in order to control active power flow, which is achieved

by adjusting the TCSC reactance (Xicsc). The auxiliary signal can be used for the purpose of

damping system oscillations when the input comes from an additional damping control loop.
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2.6 Conclusions

This chapter has touched on generic aspects of power system models, with emphasis on the new
generation of power electronics based plant components currently emerging under the FACTS
initiative. The basic theory and modelling of synchronous generators is addressed in some detail.
The mathematical representation of synchronous generators with decreasing order of model
complexity is presented, as well as the turbine-governor and excitation control systems. The many
benefits that the application of FACTS controllers will bring to power systems operation are
highlighted. Against this background, the main characteristics and key modelling aspects of
electronically-controlled shunt and series compensation are addressed. These two FACTS devices
together with the synchronous generator form the main power system plant components that are to
be modelled as part of the research efforts on small-signal transient stability undertaken in this
investigation. The aim is to provide readers with a working understanding of the mathematical
modelling associated with such power plant components. It is the author’s view that this basic
knowledge should lead to a good understanding of the small-signal stability models developed in
Appendices A-C.

2.7 References

[1] P. M. Anderson and A. A. Fouad, “Power System Control and Stability”, The lowa State
University Press, 1986.

[2] P. Kundur, “Power System Stability”, McGraw-Hill Inc, 1993.

[3] IEEE/CIGRE, “FACTS Overview”, Special Issue, 95-TP-108, IEEE Service Centre,
Piscataway, N.J., 1995.

[4] N. G. Hingorani, “Flexible AC Transmission System”, IEEE Spectrum, Vol. 30, No. 4, April
1993, pp. 40-45.

[5] E.V.Larsen, J. J. Sanchez-Gasca, J. H. Chow, “Concepts for Design of FACTS Controllers to
Damp Power Swings”, IEEE Transactions on Power Systems, Vol. 10, No. 2, May 1995, pp.
984-955.

[6] R. H. Park, “Two-Reaction Theory of Synchronous Machines”, AIEE Transactions, Part 1,
Vol. 48, 1929, pp. 716-730 ; Part 2, Vol. 52, 1933, pp. 352-355

[7] B. Adkins, “The General Theory of Electric Machines”, Chapman and Hall, 1957.
[8] C. Concordia, “Synchronous Machine: Theory and Performance”, John Wiley, 1951

[9] R.D. Dunlop and A. C. Parikh, “Verification of Synchronous Machine Modelling in Stability
Studies: Comparative Test of Digital and Physical Scale Model Power System Simulation”,

34



IEEE Transactions on Power Apparatus and Systems, Vol. 98, No. 2, March 1979, pp. 369-
378.

[10] P. L. Dandeno, P. Kundur, A. T. Poray and M. E. Coultes, “Validation of Turbo-generator
Stability Models by Comparison with Power System Tests”, IEEE Transactions on Power
Apparatus and Systems, Vol. 100, No. 4, April 1981, pp. 1637-1645.

[11] E. L. Busby, J. D. Hurley, F. W. Keay and C. Raczkowski, “Dynamic Stability Improvement
at Monticello Station-Analytical Study and Field Tests”, IEEE Transactions on Power
Apparatus and Systemx, Vol. 98, No. 3, May 1979, pp. 889-897.

[12] IEEE Standard 1110-1991, “IEEE Guide for Synchronous Generator Modelling Practices in
Stability Analyses”, 1991.

[13] IEEE Task Force on Definitions and Procedures, “Current Usage and Suggested Practices in
Power System Stability Simulations for Synchronous Machines”, IEEE Transactions on

Energy Conversion, Vol. 1, No. 1, March 1986, pp. 77-93.

[14] T. J. Hammons and D. J. Winning, “Comparison of Synchronous Machine Models in the
Study of Transient Behaviour of Electrical System ”, Proceeding of IEE, Vol. 118, No. 10,
October 1971, pp. 1142-1458.

[15] H. F. Wang, F. J. Swift and M. Li, “Selection of Installing Locations and Feedback Signals of
FACTS-based Stabiliser in Multi-machine Power System by Reduced-Order Model Analysis”,
IEE Proceedings on Generation, Transmission and Distribution, Vol. 144, Part C, No. 3, May
1997, pp. 263-269.

[16] H. F. Wang and F. J. Swift, “FACTS-based Stabiliser Designed by the Phase Compensation
Method: Part I: Single-machine”, IEE Conference Publication, No. 450, November 1997, Part
I, pp. 644-649.

[17] H. F. Wang and F. J. Swift, “FACTS-based Stabiliser Designed by the Phase Compensation
Method: Part II: Multi-machine”, [EE Conference Publication, No. 450, November 1997, Part

II, pp. 638-643.

[18] C. J. Wu and Y.S. Lee, “Damping of Synchronous Generator by Static Reactive Power
Compensator with Digital Controller”, IEE Proceedings on Generation, Transmission and

Distribution, Vol. 138, Part C, No. 5, September 1991, pp. 427-431.

[19] C. H. Cheng and Y. H. Hsu, “Damping of Generator Oscillation Using an Adaptive Static Var
Compensator”, IEEE Transactions on Power Systems, Vol. 7, No. 2, May 1992, pp. 718-725.

[20] P. K. Dash, S. Mishra and A. C. Liew, “Fuzzy-Logic Based VAR Stabiliser for Power System

35



Control”, IEE Proceedings on Generation, Transmission and Distribution, Vol. 142, Part C,
No. 6, November 1995, pp. 618-624.

[21] H. M. A. Rahim and S. G. A. Nassimi, “Synchronous Generator Damping Enhancement
through Co-ordinated Control of Exciter and SVC”, IEE Proceedings on Generation,
Transmission and Distribution, Vol. 143, Part C, No. 2, March 1996, pp- 211-217.

[22] A. C. H. Cheng and Y.Y. Hsu, “Application of a Power System Stabiliser and a Static VAR
Controller to a Multimachine Power System”, [EE Proceedings on Generation, Transmission

and Distribution, Vol. 137, Part C, No. 1, January 1990, pp. 8-12.

[23] H. F. Wang, “The Indexes for Selecting the best Location of PSS or FACTS-based Stabiliser
in Multi-machine power system: A Comparison Study”, [EE Proceedings on Generation,

Transmission and Distribution, Vol. 144, No. 2, Part C, May 1997, pp- 155-159.

[24] IEEE Committee Report, “Dynamic Models for Steam and Hydro-turbine in Power System
Studies”, IEEE Transactions on Power Apparatus and Systems, Vol. 92, No. 6, November
1973, pp. 1904-1915.

[25] IEEE Committee Report, “Excitation System Models for Power System Stability Studies”,
IEEE Transactions on Power Apparatus and Systems, Vol. 100, No. 2, February 1981, pp. 497-
509.

[26] T. J. E. Miller, “Reactive Power control in Electric System”, John Wiley & Sons, 1982.

[27] S. Torseng, “Shunt-Connected Reactors and Capacitor Controlled by Thyristors”, IEE
Proceedings, Vol. 128, No. 6, November 1981, pp. 366-373.

[28] I. A. Erinmez, “Static Var Compensator”, Work Group 38-01, Task Force No. 2, CIGRE,
1986.

[29] A. E. Hammad, “Analysis of Power System Stability Enhancement by Static Var
Compensator”, IEEE Transactions on Power Systems”, Vol. 1 No. 4, November 1986, pp. 222-
227.

[30] L. Angquist, B. Lundin and J. Samuelsson, “Power Oscillation Damping Using Controlled
Reactive Power Compensation: A Comparison between Series and Shunt Approaches”, IEEE

Transactions on Power Systems. Vol. 8, No. 2, May 1993, pp. 687-699.

[31] X. R. Chen, N. C. Pahalawaththa, U. D. Annakkage and C. S. Kumble, “Output Feedback
TCSC Controllers to Improve Damping of Meshed Multi-machine Power Systems”, IEE
Proceedings on Generation, Transmission and Distribution, Vol. 144, Part C, No. 3, May 1997,

pp. 243-248.

36



[32] S. G. Helbing and G. G. Karady, “Investigations of an Advanced Form of Series

Compensation”, IEEE Transactions on Power Delivery, Vol. 9, No. 2, April 1994, pp- 939-
947.

[33] M. Noroozian and G. Andersson, “Power Flow control by use of Controllable Series

Components”, IEEE Transactions on Power Delivery, Vol. 8, No. 3, July 1993, pp. 12-18.

[34] A. Olwegard, “Improvement of System Stability by Switched Series Capacitors”, IEEE
Transactions on Power Apparatus and Systems”, Vol. 85, No. 2, February 1981, pp. 3933-
3939.

[35] R. Baker, G. Guth, W. Egli and P. Eglin, “Control Algorithm for a Static Phase Shifting
Transformer to Enhance Transient and Dynamic Stability of Large Power System”, IEEE
Transactions on Power Apparatus and Systems, Vol. 101, No. 9, September 1982, pp. 3532-
3542.

[36] M. R. Iravani and D. Maratukulam, “Review of Semiconductor-controlled (Static) Phase
Shifter for Power System Application”, IEEE Transactions on Power Systems, Vol. 9, No. 4,
November 1994. pp. 1833-1839.

[37] B. T. Ooi, S. Z. Dai and F. D. Galiana, “A Solid-state PWM Phase Shifter”, IEEE
Transactions on Power Delivery, Vol. 8, No. 2, April 1993, pp. 573-579.

[38] P. W. Lehn and M. R. Iravani, “Experimental Evaluation of STATCOM Closed Loop
Dynamic”, IEEE Transactions on Power Delivery, Vol. 13, No. 4, October 1998, pp. 1378-
1384.

[39] C. D. Schauder, “Development of a 100 MAVR Static Condensor for Voltage Control of
Transmission System”, IEEE Transactions on Power Delivery, Vol. 10, No. 3, October 1995,
pp.- 1486-1493.

[40] L. Gyugyi, “Dynamic Compensation of AC Transmission lines by Solid-state Synchronous
Voltage Sources”, IEEE Transactions on Power Delivery, Vol. 9, No. 2, April 1995, pp. 904-
911.

[41] L. Gyugyi, C. D. Schauder, S. L. Williams, T. R. Rietman and A. Edris, “The Unified Power
Controller: A New Approach to Power Transmission Control”, IEEE Transactions on Power

Delivery, Vol. 10, No. 2, April 1995, pp. 1085-1097.

[42] R. Mihalic, P. Zunko and D. Povh, “Improvement of Transient Stability Using Unified Power
Flow Controller”, IEEE Transactions on Power Delivery, Vol. 11, No. 1, January 1996, pp.
485-490.

37



[43] A. Nabavi-Niaki and M. R. Iravani, “Steady-State and Dynamic Models of Unified Power

Flow Controller (UPFC) for Power System Studies”, IEEE Transactions on Power Systems,
Vol. 11, No. 4, November 1996, pp. 1973-1943.

[44] J. Lemay, F. Beauregard, J. Brochu and P. Pelletier, “Increasing the Capabilities of Phase-
Shifting Transformers with the Interphase Power Flow Controller Technology”, EPRI
Conference on the Future of Power Delivery in the 21" Century, Session 2: Grid Operation
and Planning, November 1997, La Jolla California.

[45] J. Brochu, P. Pelletier, F. Beauregard and G. Morin, “Interphase Power Controller, A New
Concep for Managing Power Flow Within AC Networks”, IEEE Transactions on Power
Delivery, Vol. 9, No. 2, April 1994, pp. 833-841.

[46] F. Beauregard, J. Brochu, G. Morin and P. Pelletier, “Interphase Power Controller with
Voltage Injection”, IEEE Transactions on Power Delivery, Vol. 9, No. 4, October 1994, pp.
1956-1962.

[47] IEEE Committee Report, “Static VAR Compensator Models for Power Flow and Dynamic
Simulation”, IEEE Transactions on Power Systems, Vol. 9, No. 1, January 1994, pp. 229-240.

[48] C. H. Cheng and Y. H. Hsu, “Damping of Generator Oscillation Using an Adaptive Static Var
Compensator”, IEEE Transactions on Power Systems, Vol. 7, No 2, May 1992, pp- 718-725.

[49] C. J. Wu and Y. S. Lee. “Damping of Synchronous Generator by Static Reactive Power
Compensator with Digital Controller”, IEE Proceedings on Generation, Transmission and

Distribution, Vol. 138, Part C, No. 5, September 1991, pp. 427-431.

[50] A. A. EI-Emary, “Formula For the Effect of Static VAr Compensator on Synchronising
Torque Coefficients”, IEE Proceedings on Generation, Transmission and Distribution, Vol.

143, Part C, No. 6, November 1996, pp. 582-586.

[51] H. F. Wang and F. J. Swift, “Capability of the Static Var Compensator in Damping Power
System Oscillations”, IEE Proceedings on Generation, Transmission and Distribution, Vol.

143, Part C, No. 4, July 1996, pp. 353-358.

[52] N. Christl, R. Hedin, R. Johnson, P. Krause and A. Montoya, “Power System Studies and
Modelling for the Kayenta 230 KV Substation Advanced Series Compensator”, Proceeding of

the IEE 5™ International Conference on AC and DC Power Transmission, London, 1991, pp.

33-37.

[53] E. V. Larsen, K. Clark, S. S. Miske and J. Urbanek, “Characteristic and Rating Considerations

of Thristor Controlled Series Compensation”, IEEE Transactions Power Delivery, Vol. 9, No.

2, April 1994, pp. 883-841.

38



[54] X. Zhou and J. Liang, “Overview of Control Schemes for TCSC to Enhance the Stability of

Power System”, IEE Proceedings on Generation, Transmission and Distribution, Vol. 146, Part

C, No. 2, March 1999, pp. 125-130.

[55] L. Clark and B. Fardanesh, “Thyristor Controlled Series Compensation Application Study-
control Interaction Considerations”, IEEE Transactions on Power Delivery, Vol. 10, No. 2,

April 1995, pp. 1031-1037.

[56] G. N. Taranto and D. M. Falcao, “Robust Decentrailsed Control Design Using Genetic
Algorithms in Power System Damping Control”, IEE Proceedings on Generation,

Transmission and Distribution, Vol. 145, Part C, No. 1, January 1998, pp. 1-6.

[57] L. Rouco and F. L. Pagola, “An Eigenvalue Sensitivity Approach to Location and Controller
Design of Controllable Series Capacitor for Damping the Power System Oscillation”, IEEE
Transactions on Power Systems, Vol. 12, No. 4, November 1997, pp. 1660-1666.

[58] M. Noroozian and G. Andersson, “Damping the Power Oscillation by Use of Controllable
Components”, IEEE Transactions on Power Delivery, Vol. 9, No. 4, October 1994, pp. 2046-
2054.

[59] H. F. Wang F. J. Swift, “A Unified Model for the Analysis of FACTS Devices in Damping
Power System Oscillation Part I: Single-machine Infinite-bus Power System”, IEEE

Transactions on Power Delivery, Vol. 12, No. 2, April 1997, pp. 941-946.

[60] H. F. Wang, F. J. Swift and M. Li, “A Unified Model for the Analysis of FACTS Devices in
Damping Power System Oscillation Part II: Multi-machine Power System”, IEEE Transactions

on Power Delivery, Vol. 13, No. 4, October 1998, pp. 1355 1360.

[61] H. F. Wang and F. J. Swift, “Application of the Controllable Series Compensator in Damping
Power System Oscillation”, IEE Proceedings on Generation, Transmission and Distribution,

Vol. 143, Part C, No. 4, July 1996, pp. 359-364.

[62] K. R. Padiyar, “Analysis of Subsynchronous Resonance in Power System”, Kluwer Academic

Publisher, 1999.

39



Chapter 3

Small-Signal Modelling of a Synchronous Generator-
SVC System in a Single-Machine Environment

3.1 Introduction

In small-signal stability studies, a transfer-function block-diagram model of single-machine
infinite-bus system has been used extensively in the past [1-7]. It has been used for explaining and
assessing the synchronous generator’s dynamic behaviour [8, 9], and for the analysis and design of

power system controllers such as AVRs and PSSs [7, 10].

Major break-throughs in high-current, high-power solid-state technology have seen the widespread
use of power electronic controllers in the high-voltage side of the network to provide fast-acting
control. The new generation of power plant components is collectively known as FACTS devices
[11-13]; with the SVC being the older and better known of these devices. The SVC main uses are
to provide fast reactive power support and to damp power system oscillations. Accordingly, studies
of dynamic interactions between synchronous generators and SVCs have become a matter of

paramount importance.

In this chapter the block-diagram model is extended to include the full SVC dynamic effects and a
comprehensive synchronous generator representation, to bring the synchronous generator model in
line with what is known to be the most complete, yet realistic representation in small-signal
stability studies [8, 9]. The overall block-diagram model includes, in addition to the main field
winding in the d-axis, one damper winding in the d-axis and one damper winding in the g-axis. The
synchronous generator excitation system and the turbine-governor control system form an integral
part of the block-diagram model. The SVC plant caters for an explicit representation of the
damping control loop in addition to the standard voltage control loop. Indeed, it is this ability to
incorporate in a unified frame-of-reference the fuller representation of both plant components that
makes the new block-diagram model a more advanced analysis tool than a contemporary, less

rigorous block-diagram model [14, 15].

The new transfer-function block-diagram model is used to study and to elucidate the dynamic
interactions taking place between the synchronous generator and the SVC plant. The model yields
physical insight into the dynamic interactions taking place between the various rotor windings,
between the generator windings and the excitation control system, between the electrical and the
mechanical parts of the generating plant, etc. This is in contrast to eigenvalue and eigenvector-

based techniques, which rely exclusively on mathematical abstraction to produce an aggregated
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system result from which system stability is assessed. Arguably, the block-diagram approach is the
most attractive way of conducting fundamental analysis of dynamic interactions between

generating plants and between generating plants and FACTS controllers, e.g. SVCs, TCSCs.

3.2 System under study

The test system in Fig. 3-1 is used to study the influence that the SVC exerts on the generator
dynamic characteristic. The test system consists of a synchronous generator feeding into an infinite
bus via a tie-line system, which includes a shunt compensator in the form of a SVC system. In
order to conduct a more general study of dynamic interactions between the generator and a SVC,
the SVC is located at an arbitrary point along the tie-line system, between the reactance X,; and
Xp. The two extreme cases are when the SVC is connected at the generator terminals, i.e., X;;=0

and when it is connected at the infinite bus, i.e., X,=0.

.]X d E‘ jX” stc JXtZ Vq,
Ig Isvc: ‘_}_I It Q
JXL
L -jXc
TCR FC

Figure 3-1 System l_mder study
3.3 Mathematical representation of the system under study

The small-signal model that represents the system under study is developed from first principles,
by using the non-linear differential and algebraic equations that represent the synchronous
generator and the SVC. The dynamic equations of the generator [16-18] and SVC [19-21] system
are well documented in the open literature, respectively. Several transfer function models, with
decreasing order of complexity and accuracy, are established by using salient-pole synchronous

generator models with varying degrees of rotor winding representation. They are as follows:

Model 1

The model accounts for the effects of the generator main field winding plus one damper winding in

the d-axis and one in the g-axis.

Model 2

In this model, the damper winding in the d-axis rotor circuit is removed from Model 1. Hence,

AE; and X arereplaced by AE; and X, respectively.

Model 3
All damper windings in Model 1 and 2 are neglected. Hence, only the effect of the field winding

exists, i.e., AE) =AE] =X} =X}=0.
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The main differential and algebraic equations required for establishing Models 1-3 are summarised

in Table 3-1.
Model 1 Model 2 Model 3
Fleld Tl 4 N Y ' '
TdoE Efd E TdOEq = Efd - E(l TdOE Efd E’
Equation —(Xg = Xa) gy = (Xg = X)) gy —(Xy =X gy
D-axis thEy = E) - EJ+ ok
Synchronous Damper = (Xq - d)lgd ____________
Equation
Generator Q-axis 7, E"=— E!} " E" = Y
qo
Damper +(X, — X1y, +H(Xy =Xl
Equation
Stator E,=Ej-Xjlg Eg,=E;- X1y Ey=E;- X4l
Equation " "
Ey=Ej+X/l, E,=Ej+ X/, Ey =X,y
Current AVC j B\ Ve " SVC
SvC Equation where B,,, = B, - B, ()
Susceptance Bi(a)=[2(r-a)+ sin2a)]/ 72X |
Equation

for small-signal stability analysis

3.4 Representation of system model

Table 3-1 Summary of synchronous generator and SVC equations required

A straightforward but cumbersome linearisation exercise of the dynamic equations shown in Table

3-1 (refer to Appendix A for details) produces the following transfer-function expressions, in §

domain:

Model 1

Active power equation

AP, = APy, + AFpy

or

—APeq +APsvc

AP, = K\AS + Ko AE] — KygAE] + Ko1Aa
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Generator terminal voltage equation

Ae, = KsAS + KAE! + Ko AE] + KA (3-3)
SVC Terminal voltage equation

AV = Ks,AS + K, AE!' + K4 AES + K, 5, At (3-4)

d and g-axis flux linkages equations

AEG = g3()AE y — 84()AS + goyer (5)Acx (3-5)
AE] = 844()AS + g5,04 (5)Acx (3-6)
Model 2
AP, = KiAS+ Ky AE) — Kog AE] + KA (3-7)
Ae, = KsAS + KAE, + Ko ,AE] + K, 3A (3-8)
Avge = K5, A6 + Ko, AE] + Koy AE] + K, 5, A (3-9)
where
AE; = g3()AE g ~ g4(5)AS + ggyer ()Acx (3-10)
AEf = g44(5)AS + goc2q(s) A (3-11)
Model 3
AP, = K|AS + K5AE) + KyolAa (3-12)
Ae, = KA + KAE, + K ,3Ax (3-13)
Avg, = Ks5,AS + Ko, AE; + K 3,0 (3-14)
where
AEG = g3()AE 1y ~ 84(S)AS + ggyea ()Act (3-15)

The system coefficients and transfer functions for representing Models 1-3 are given in Appendix

A. The generic block diagram of Models 1-3 is shown in Fig. 3-2.

Fig. 3-2 shows the overall structure of the system, which can be represented by three single-input
single-output feedback subsystems, i.e. excitation control, turbine-governor control, and SVC
voltage and damping control loops. These are in addition to the generator-SVC system. The
outputs of interest are: generator speed (Aw), generator output voltage (Ae;) and SVC output
voltage (Avy,). Since the response of the turbine-governor system is typically slow, i.e. 0-1 rad/sec,
it is assumed here that no variation in electrical power (AP,), due to the governor action, takes
place during small perturbations. Hence, the system can be treated as a two single-input single-
output systems. The second channel is the excitation control, which regulates the generator output

voltage by controlling the generator field voltage (AEg). Throughout the thesis, a fast acting AVR

is used.

In the third channel, the SVC voltage control loop is designed to control output voltage by
changing the firing angle (Aa). The feedback control voltage is directly taken from the SVC

terminal voltage. The SVC voltage control loop can be represented by one simple lagging transfer
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function of gain K,, and time constant t,. The non-linear component in this control loop

cancelled out by an ideal linearised block [21]. At the summing point of the SVC voltage

will be

control

loop, the additional stabilising signal (Av,qg), due to the SVC damping control loop, can be injected

to provide system damping capabilities [22-25].

Generator-SVC System

A 4 . § '
Oref Turbine-Governor| : J o, | A8 : Ao
+ Control : — {1
: s v
SVC damping control loop g d(s)
4
peeeend. Aw
: +
: AE"d
7,8
l+7,8 T ‘
( ) KSn
gsvc2a' 3
Ky + l
K Avgye

SVC voltage control loop

gsw.‘Z (S)

_ _______________ svel K6 +
Avadd l + ................. . n ‘?
AVgveref ( ) K’ Ao J Kk f

At ref Aterr K, AEgq ( AE",
+ ( ) l+z,s &(5) 2z K K,
- Excitation -
system &4 (S) t

il é_”rurbme-Govemor m »A®
Control
Generator-

Avadd SVC Voltage |Aa SVC

+ »  Control Loo e

p System
+

A€eres Excitation  |[AEw

rund (> > Control v > Ae

A€err

Figure 3-3 Block diagram of the generator-SVC system

with the SVC is placed at generator’s terminal bus
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The block diagram in Fig. 3-2 represents the generator-SVC system, where the SVC is located at
an arbitrary point along the tie-line system. For the case where the SVC is located at the
generator’s bus, the SVC voltage control loop is directly controlling the generator output voltage
in parallel with the AVR. The voltage references Ae,..s and Avg,.f become one, as shown in Fig.
3-3. The complexity of the generator-SVC block diagram reduces because the SVC output voltage

coefficients Ks,, Ken, Kean and K,c3, coalesce with those of the generator output voltage.
3.5 Analysis of the interaction between a synchronous generator and a SVC

In small signal stability studies, the incremental change in synchronous machine electrical power
and terminal voltage (AP., Ae) are the key relations for describing power system dynamic
characteristic. In this chapter, changes in AP, is the main variable which is employed to study the

interacting effects between the generator and the SVC.

The physically oriented block-diagram model of Fig. 3-2 gives a detailed account of the many
dynamic interactions that may exist in the generator-SVC system. These effects can also be

presented in terms of the generator output power loop, as shown by the block diagram in Fig. 3-4.

D-axis flux linkage and AVR SVC voltage control loop
| K,
&)
chB fa 40
g_ch (S)
gschd (S)
K 4——/

swel

Figure 3-4 Electrical power loops of the synchronous generator-SVC system

Here, it can be seen that increment changes in the generator’s electrical output power (AP, ) and
the rotor angle (A8 ) are taken to be as output and input signals, respectively, in the power loop. A
change in A3 is directly fed into the flux linkage in the direct axis via the transfer function g4(s),

and into the flux linkage in the quadrature axis via the transfer functions gs4(s). Also, Ao is passed
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on into the SVC voltage control loop via the coefficient Ks, to make an increment change into the
firing angle (Aav). A variation in Ao may lead to change in voltage proportional to d-axis flux
linkage (AE"y) directly through the transfer function gg,(s) and indirectly through the coefficient
Ksves; it will also induce a change in voltage proportional to g-axis flux linkage (AE"4) through the
transfer function g..,4(s); and a change in electrical power AP, through the coefficient K,y.;. APy,
is a portion of generator’s output power that is changed due to a change in SVC susceptance
(AB4,.) induced by a change in the firing angle. Hence, it can be seen that the generator’s electrical

output power AP, is influenced by the SVC directly through variation in AP,,, and indirectly

through variations in AP4, and AP.,, which are due to d and g-axis flux linkages, respectively.
3.6 Analysis of the SVC impact on the synchronous generator dynamic characteristic

When the SVC is incorporated into the system, it impacts the electrical performance of the
generator in various ways. For one, the SVC susceptance (By,,) and location along the tie line
have a major impact on generator performance. All coefficients and transfer functions, making up
the generator-SVC system in Fig. 3-2, are functions of By, and X; to X,. The generator
performance is also greatly affected by the SVC firing angle. Once a small perturbation in firing
angle takes place, its effect is delivered to the generator through the relevant coefficients and
transfer functions, i.e., Kgej, Ksves, and ggea(s), Zove2da(s). The two kinds of SVC contribution to

generator are further elaborated below:
3.6.1 Effect of changes in initial operating conditions and SVC location

Firstly, let us consider the effect of SVC location. The coefficients and transfer functions, making
up the generator-SVC system, are a function of the tie-line reactance X, and Xy, subjected to
XutXp, = X;. Hence, dynamic interactions between the generator and SVC depend critically on the
electrical distance between them. Furthermore, a situation which deserves special attention is when
the SVC is located at the generator’s terminal bus, i.e, the reactive tie-line X;; becomes zero. The
coefficients Ks,, Ky, Kean and K3, become equivalent to Ks, Kg, Kea and K3, respectively.

Therefore, the terminal voltage magnitudes and angles of the generator and SVC coincide with

each other.

Secondly, all the coefficients and transfer functions are also affected by the susceptance Biyco,
which is determined by the initial firing angle, a,, as given by eqn. (A-12). There are three quite
distinct conditions, which can be identified: (i) the SVC provides reactive power to the system
B.o>0 (BL(0)<Bg); (ii) the SVC absorbs reactive power from the system By,e,<0 (BL(a)>Bc); (ii1)
the SVC neither injects nor draws reactive power from the system, Byo=0 (BL(a)=Bc). In this
case, the coefficients Kgei, Ksves Ksn, Keon, Koans Ksvean, and transfer function gecx(s), 8sveada(s) will

still exist in the model.
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3.6.2 Effect of changes in firing angle

Incremental changes in the SVC firing angle will impact on the generator dynamic characteristic.
The extent of which can be assessed by examining the variation in electrical power in the power

loop, i.e. AP¢q, AP, and APg,..
3.6.2.1 Variation in electrical power AP

From Fig. 3-4, it is easy to see that the output power (AP.) of the generator can be changed due to a
variation in AP, resulting from a change in the d-axis flux linkage. There are two pathways
through which the SVC can influence the d-axis flux linkage, when a small disturbance occurs.
The first one is a direct pathway via the transfer function gg.,(s). The second one is an indirect
pathway through which the SVC induces a variation in generator terminal voltage (Ae,) via the
coefficient K ;. In a regulated system, the AVR takes the generator terminal voltage as the
feedback voltage, which is compared with the reference voltage (Ae...r) and then amplified by its
normal high gain in order to exert generator field voltage (AEw). Hence, the AVR with high gain
plays a crucial role in substantially enhancing the SVC contribution to the d-axis flux linkage via
the coefficient Kq.3. In general, the SVC’s impact via made the K3 branch is greater than the

impact through the g..»(s) branch.

According to eqns. (A-60) and (A-78), the transfer function g.,(s) and coefficient K3 are given

by,
o 2| Vg Oy X)X oK = X)) 16
8sve2\8) = ’ FESTENTE BV
sve X | Ay + {TC'IOA’d * T&o(Azf +(Xg - Xg)(A- XtZstco))}s + {TdordoAd }s
Ko = 2 | Eyp . XtZXc;,f/svcdo + tho . XIZXd:/scho] (3-17)
mYL Eto Aq Eto Aa’
where
Ad =X12+(Xd+th)(1—XtZstco) (3'18)
AZi =X12+(X('1+th)(l—XIZstco) (3"19)
Ay =Xp +(Xz'i’+th)(1_XIZstco) (3-20)
Ag=X,2 +(X¢;+th)(1—Xt2stco) (3-21)

As seen from eqns. (3-16) and (3-17), the magnitude of the transfer function gg.(s) and coefficient
K3 is always positive. The maximum impact that the SVC can make to influence the d-axis flux
linkage will take place when the magnitude of the transfer function ge.x(s) and the coefficient K3

are greatest, i.e., when the SVC is located at the generator’s bus.
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3.6.2.2 Variation in electrical power AP,

The SVC’s impact on the g-axis flux linkage is mainly carried out through the transfer function
sv2d(S) as shown in Fig. 3-4. Hence, the generator’s output power will be influenced by changes
in the electrical power AP, generated by the g-axis flux linkage, in response to change in SVC

firing angle. From eqn. (A-65), gg.c24(s) is given as,

K
Esvc2d (8) = |:sv_c2d

(1+745) (3-22)
where
2 XtZ(Xq "X(,]')stcdo
Ksed = X, { . (3-23)
Ay =X +(Xy + Xn)(1- X2 Bsyeo) (3-24)

Similar to gg2(s), the SVC located at the generator terminals will induce maximum effect on the

g-axis flux linkage.
3.6.2.3 Variation in electrical power AP,

It can be seen from Fig. 3-4 that the generator’s output power will also changed in response to
variations in electrical power APy, as a result of variations in SVC susceptance following change

in firing angle Aa..

Referring to eqn. (A-95), the coefficient Ky, is given as,

(3-25)

2 [ (Xn +Xc,1’)Voodostcqo (X1 +X¢}')Vooqusvcdo
Kl = -

X | Ay Ag

Since the coefficient K. can take either a positive or a negative value, depending on generator
and SVC operating conditions, SVC location, generator and tie-line reactances, the SVC causes
the generator to increase or decrease its electrical output power. The coefficient Ky will take a

maximum positive value when the system is operating under heavy load since Vg0V eato™> VsvedoV go-

3.7 Analysing the generator’s impact on SVC

We have now established that the SVC interacts electrically with the generator through the
coefficients Kq.c1, Kees and transfer functions ggc:(s), sve2d(s). On the other hand, any change from

the generator rotor angle, d and g-axis flux linkages will affect the SVC through SVC terminal
voltage (Avs,). These changes are induced through the coefficients Ks,, K¢, and Kean, respectively.

Moreover, the SVC output voltage can be determined by the negative feedback making through the

coefficient K,.3, at the voltage control loop.
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According to eqns. (A-82)-(A-85), Ksn, Ken, Kean and K3, are expressed as,

Ky, =|Vovdo (Xg*+XiWego Vovego (Xg +X1)Weodo 3-26
i Vsveo A; Veveo AY (3-26)
Kg =_stﬂ.ﬁ
" | Voveo  Ad (3-27)
V X
K | lsvedo 12
6dn |:—_stco _A;]' (3-28)
n 2
K _ 2 Vs%cdo X (Xg+Xy) Vveqo Xp(Xj+X,)
sve3n = ) - + : (3-29)
Xy Veveo Aq Veveo Ay

As indicated in eqn. (3-26), Ks, can take either positive or negative values but it is usually
negative. On the other hand, Ken, Kean and K3, in eqns. (3-27)-(3-29) are always positive. If the
SVC is installed at the generator’s bus, the coefficients Ks,, Ken, Koan and Ky have maximum

magnitudes and, hence, the generator has maximum influence on the SVC output voltage.
3.8 Assessing the SVC’s effects on the generator dynamic performance

In this section, the generator dynamic performance is assessed by measuring the synchronising and
damping power components of the electrical powers AP¢4, APy, and APy, due to oscillations in the
rotor angle (Ad). The total power can be decomposed into two components: the first component in
phase with jo,Ad or A® (imaginary axis co-ordinate) gives the damping power and the second
component in phase with Ad (real axis co-ordinate) gives the synchronising power [6]. The system
becomes stable if both power components are contained in the first quadrant in the A5-A plane. In
this section, the frequency response method is used to investigate power components of AP.4/Ad,
AP./AS, and APg,/A8. Comparison of the power components of the tie-line system with the SVC
and with no SVC are made in order to evaluate the system dynamic performance. The system
operating condition is given in Table 3-2. It should be noted that the same amount of active powers
delivered from the generator to the infinite bus is considered in both cases, i.e., when the system

has a SVC and when it has not.

3.8.1 Electrical power AP

The phase versus frequency in Fig. 3-5 shows that at frequencies around of 8-18 rad/sec, because
the phase angle of AP.4/Ad with no SVC is greater than 180°, there are undamped responses due to

negative damping and synchronising power components in the d-axis flux linkage.
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Without SVC With SVC
P, 0.736 p.u. 0.736 p.u.
Q, 0.752p.u. 0.5514 p.u.
Qsve - 0.378 p.u.
Q 0.552 p.u. 0.727 p.u.
X 02p.u. 0.2 p.u.
Xu - 0.1p.u.
\ 0.92 p.u. 0.92 p.u.
€ 1.0522 p.u. 1.0522 p.u.
Vmid 0.9832 p.u. 1.0022 p.u.
I 1 p.u. 1.1246 p.u.
o - 150°
S 29.85 35.92
Etio 2.3087 p.u. 2.0618 p.u.
Model 1 Model 1
8O) | memeT | Baneer
O
Zeve2(S) - 35%
Buals) Foiiess T
Zsvc2d(S) - 1 91915:71i\
K, 2.8639 2.86248
K, 1.2085 1.32003
K4 2.2041 2.21768
Ks 20.07319 -0.07463
Ks 0.49228 0.48896
Kea 0.19899 0.22076
Kol - 0.01538
Kves - 0.01225
Ks, - -0.06031
K, - 0.24106
Kedn - 0.13042
Kevesn - 0.01925

Table 3-2 System operating conditions
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When the SVC is used, the phase angle drops down below 180° for all the frequency ranges
considered. Hence, at frequency ranges of 8-18 rad/sec, the SVC improves the system stability by
supplying positive damping power component to the d-axis flux linkage. Moreover, the gain versus
frequency plot indicates that the electrical power contributed from the flux linkage is significantly
enhanced when the SVC is used. From the stability point of view, however, since the phase of
AP.4/A3 is greater than 90°, the synchronising power component of the d-axis flux linkage is

negative throughout the oscillation frequency range.
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’ ——— Without SVC
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Figure 3-5 Frequency response of AP.4/Ad with and with no SVC

It is well known that the power system exhibits undamped responses at local oscillation modes,
1.e., 6-10 rad/sec. An interesting point is to assess by how much the SVC can increase the damping
power generated from the d-axis flux linkage when an undamped frequency is considered, e.g., 7.5
rad/sec as calculated from operating conditions in Table 3-2. It can be appreciated from Fig. 3-5
that the SVC shifts down the phase angle of AP.4/Ad from 177° to 167° at 7.5 rad/sec. The system

dynamic performance can be also assessed from the synchronising and damping power

components of AP4 in the 45746 plane, as shown by Fig. 3-6.

Fig. 3-6 shows that the SVC increases the damping power component of the d-axis flux linkage but
at the expense of a deteriorating synchronising power component over a range of AVR operating

gain. In other words, the SVC counteracts the AVR action. The block diagram in Fig. 3-4 can also
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be used to explain why the AVR action is reduced. It should be noted that signal A& supplied
through the coefficient Ks, opposes the signal supplied through the coefficient Ks, before being

passed on to influence the d-axis flux linkage. Moreover, Fig. 3-6 shows that the damping

improvement due to the SVC is quite small.
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Figure 3-6 Plot of electrical power generated by the d-axis flux linkage with various AVR gains
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Figure 3-7 Frequency response of AP.,/AS with and with no SVC
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The plot of AP.//Ad in Fig 3-7 shows the power characteristic of the g-axis flux linkage over a
wide frequency range. The phase angle is a gradual decrease towards 90°, as the oscillation
frequency increases. Therefore, it can be said that the damper windings always provide positive
damping power, hence, suppressing oscillations. According to the result in Fig 3-7, the SVC only
provides a slight increase in frequency gain and no change in phase, compared to the case when no

SVC is used.

3.8.3 Electrical power AP,
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Figure 3-8 Frequency response of AP, /AS with SVC

Fig. 3-8 shows the frequency response characteristic of AP,../AS. In the frequency range of 0.5-30
rad/sec, where phase is greater than zero, the positive synchronising and damping power
components of APy, due to a variation in the firing angle, is obtained. Hence, the SVC improves

system stability. After that frequency range the phase decreases downwards trend -90°. The

damping power component is changed from the positive to the negative direction, and system

stability is reduced.
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3.9 Conclusions

A new and more comprehensive transfer-function block-diagram model of a synchronous generator
with a SVC system has been derived from first principles and presented in this chapter. It provides
a fundamental basis for the analysis and elucidation of the dynamic interactions between
synchronous generators and SVCs. The block-diagram model confirms that the generator dynamic
characteristics are significantly influenced by a change in SVC firing angle as well as by the SVC
location along the tie-line system and the base operating point. The generator’s dynamic
performance has been assessed by analysing the synchronising and damping electrical power
components produced by the generator’s flux linkages. The SVC increases the damping power
contributed from the d-axis flux linkage of the generator’s main field winding by counteracting the
negative AVR effects. Due to the high AVR operating gains, the SVC has a greater effect on the
power characteristic of the d-axis flux linkage than on the power characteristic of the g-axis flux
linkage. It should be noted that the SVC is not able to increase significantly the system damping
contributed from the g-axis flux linkages. These more detailed observations than what has been
possible heretofore, advance the understanding of the role played by SVC plant in power system
dynamics. They have been made possible by the more comprehensive approach to plant modelling

undertaken in this research.
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Chapter 4

Evaluation and Application of the Small-Signal Block-
Diagram Models

4.1 Introduction

In power system dynamic studies, the order of the synchronous generator model affects
significantly the reliability of the result and the computational time required for the analysis [1-5].
A comprehensive transfer-function block-diagram model of a synchronous generator-SVC system
was introduced in Chapter 3, where a different number of damper windings has been catered for,
i.e. Models 1-3. The selection of the simplest system model that still yields a high level of
reliability while minimising the computational time required in the study of the power system

behaviour is of critical concern.
The main aims of this chapter are:

(i) To evaluate the various modelling possibilities with a view to identify and recommend a
suitable model of the synchronous generator-SVC plant for small-signal stability studies, for
the purpose of single-machine infinite-bus framework. The overall dynamic performance of the
three system models is investigated, i.e. Models 1-3, with the SVC influence on the dynamic
characteristics of the flux linkages in the d and g-axes being compared. The end result is a
critical assessment of the impact of damper winding representation on the study of

synchronous generator-SVC systems.

(ii) To apply the newly developed dynamic model to investigate the role played by the SVC
voltage control loop and damping control loop in the enhancement of the generator dynamic
performance. Two different network conditions are considered: when the SVC is placed at the

generator’s terminal bus and when the SVC is placed at mid-point of the tie-line system.

It should be mentioned that the well-established frequency response, i.e. bode analysis, and time

response are used to carry out all the fundamental analyses presented in this chapter.

4.2 Fundamental evaluation of small-signal system models

With various classes of Models 1-3, the influence of the SVC generator dynamic performance is
investigated by examining the frequency response characteristics of the additional transfer

functions and coefficients, which bring the SVC effects to the flux linkages in the d and g-axes.
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The characteristic of the electrical power generated by the flux linkages is then compared. The

overall dynamic responses of various system models are finally assessed.
4.2.1 Characteristics of the additional transfer functions and coefficients

Referring to the general block-diagram model in Fig. 3-2, AE", and AE"4 represent the variation in
the subtransient voltages proportional to total flux linkage of the d-axis field plus damper windings
and g-axis damper winding, respectively. The output power of the generator can be influenced by
the SVC contributions to AE"; and AE"y. The SVC affects AE" directly via the g (s) branch and
indirectly via the Ky.; branch of the generator terminal voltage. In a regulated system, the AVR
can enhance the SVC contribution through the K, branch, to influence AE", by controlling the
field voltage (AEgw). Therefore, a change in AE”; due to a change in the SVC fringe angle Aa is
given by the total transfer function -Ky3g3(S)gavi(s), Where g..(s) represents the AVR system. The

negative sign is introduced because of the negative voltage feedback nature of the AVR system.
The g2(s) and Ky,3 branches bring about a change in the electrical power APq in the d-axis flux
linkage. Moreover, AE"; is influenced by Ao through the gg.4(s) branch, which is amenable to a

SVC contribution to the electrical power AP, of the g-axis flux linkage.

In this section, the characteristics of the transfer functions guw(s), -Kevesg3(8)gavi(s) and gevera(s)
with Models 1-3 are investigated via frequency response analysis to show how the flux linkage
characteristic changes with the number of damper windings included in the model. The system
operating conditions are given in columns 2 and 3 of Table 4-1, which shows that the SVC is used
to increase the voltage at mid tie-line point (V;q) from 0.9832 to 1.002 p.u. and to increase the
reactive power exported to the infinite bus from 0.522 to 0.727 p.u., while the active power is kept

constant. The system parameters are given in Appendix D.
Characteristics of the transfer function g.,..(s)

Fig. 4-1 shows the direct SVC effects on the d-axis flux linkage due to changes in Aa via the

g.c2(s) branch, with constant AEgy and A8. The gain and phase versus frequency of gec(s)
corresponding to Model 1 differ substantially from those of Models 2 and 3. In Model 1, the SVC
gives a higher frequency gain and a higher phase lead to AE", to improve system performance over
the frequency range of concern. For Models 2 and 3, a lower gain and phase lead are given to AE',
because the d-axis damper winding is neglected. Fig. 4-1 also indicates that the steady-state gains
obtained for the three models are quite low (approximately 35 dB). It is noted that the gain and

phase of Models 2 and 3 are identical because they only consider the effect of the main field

winding.
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With no SVC With SVC
Py 0.736 p.u. 0.736 p.u.
Qg 0.752p.u. 0.5514 p.u.
Qsve - 0.378 p.u.
Q. 0.552 p.u. 0.727 p.u.
X, 0.2 p.u. 0.2 p.u
Xu - 0.1 p.u.
Voo 0.92 p.u. 0.92 p.u.
€ 1.0522 p.u. 1.0522 p.u.
Vimid 0.9832 p.u. 1.0022 p.u.
I, Ip.u. 1.1246 p.u.
a - 150°
O 29.85 35.92
Etso 2.3087 p.u. 2.0618 p.u.
Model 1 Model 1 Model 2 Model 3
g3(s) 57894019 __6789+019s _od _o
2947449385+ 57 2924449245+ 5 06029 +5 06029 +5
g4(s) 1039+617s 11346 + 6748 02086 02086
2947449385+ 5° 2024449245+ 06029+ 06029 +5
Eevea(S) - 05288+ 03145 000972 000972
2924 +49.245 + 5* 06029 + 5 0.6029 + s
g44(5) 11.048 11116 11116 -
20136+ 19987+ 19987+
Zeve2d(S) - 11116 11116 -
19987+ 19987+
K, 2.8639 2.86248 2.6866 1.45331
K, 1.2085 1.32003 0.9722 0.97220
Kad 2.2041 2.21768 221768 -
K; - - 0.31531 0.31531
K4 - - 1.09761 1.09761
Kug - - 0.55615 -
Ks -0.07319 -0.07463 -0.13975 -0.01697
K¢ 0.49228 0.48896 0.36012 0.36012
Keq 0.19899 0.22076 0.22076 -
Kivei - 0.01538 0.02358 0.00507
Kovez - - 0.05116 0.05116
Kovead - - 0.00835 -
Ksves - 0.01225 0.01528 0.017126
Ksn - -0.06031 -0.09241 -0.01987
Kén - 0.24106 0.17754 0.17754
Kedn - 0.13042 0.13042 -
Ksvean - 0.01925 0.02075 0.021838

Table 4-1 System operating conditions (Section 4.2)
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Figure 4-1 Frequency response characteristic of the transfer function AE"/Aa.

through the gg.»(s) branch

Characteristics of transfer function -K,;383(5)g.v(s)

The bode plot of the transfer function -K,3g3(S)gaw(s) in Fig. 4-2 shows the indirect SVC effects
on the d-axis flux linkage via the generator terminal voltage in a regulated system. In this result a
change in Ad and Aq, given via the g4(s) and gg.,(s) branch, respectively, are kept constant. This
plot shows that a phase lead is given to the d-axis flux linkage by all three models, owing to the
negative voltage feedback effect produced by the AVR system. The plot of gain versus frequency
shows that Models 2 and 3 have a higher gain at lower frequencies, up to about 100 rad/sec.

However, Model 1 provides better phase lead, obtained from the numerator of gs(s), which

improves the system dynamic performance during high frequency oscillations.

The frequency responses of Models 1-3 in Fig. 4-2 correspond to a gu«(s) gain of 100. It can be
observed that the AVR enhances the SVC contributions via the K3 branch, with a higher steady-
state gain of 9-11 dB. By comparing Figs. 4-1 and 4-2, it is not difficult to see that the SVC

contributions via the K3 branch are greater than the contribution via the goc(s) branch, owing to
the important role played by the AVR.
Characteristics of the transfer function g s,c24(s)

The frequency response in Fig. 4-3 indicates that the SVC effects on the g-axis flux linkage
through the gq.24(s) branch, with constant A8, has a low steady-state gain of 41.5 dB. This gain

remains almost constant over a medium range of oscillation frequencies, i.e. 10 rad/sec.
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The gains and phases of Model 1 and 2 are identical, since 8sve2d(S) 1s the same for both models. It

is noted that g,,.,4(s) does not exist in Model 3 because the g-axis damper winding does not exist in

this model.

It can be said that the number of damper windings influences significantly the SVC contribution to
the d and g-axis flux linkages of the generator. A close observation of the SVC contributing
branches reveals that the K3 branch plays a significant role when the generator output voltage is
regulated, since the AVR enhances significantly the SVC contribution, which is passed on to

influence the d-axis flux linkage.

4.2.2 An investigation of the power characteristics of the flux linkages in d- and g-axes

The flux linkages of the d and g-axes are among the most significant factors which determine the
generator dynamic characteristics. Hence, variations in the electrical powers generated by these
flux linkages can be meaningfully used to describe how the system dynamic response changes with
respect to various orders of system models. Hence, in this section, the frequency response
characteristics of AP.4/A8 and AP./A8 in Models 1-3 are plotted, so that the synchronising and
damping power components can be investigated and compared. The system operating conditions

are given in columns 3-5 of Table 4-1.

The frequency response in Fig. 4-4 indicates the phase characteristics of the electrical power
generated by the d-axis flux linkages. The phase versus frequency of Model 1 is greater than 90°
throughout the frequency range of concern. This means that Model 1 has positive damping and
negative synchronising power components. For Model 2, the positive synchronising and damping
powers can only be obtained during the following frequency ranges 0.1 and 8 rad/sec, where the
phase angle is greater than 0° and less than 90°. Then, during the high frequency range, Model 2
has a poor performance due to a very significant negative damping power component, which is
shown by a gradual decrease of the phase angle from 0° to -180°. The frequency response also

shows that Model 3 has negative damping power components since its phase angle is always less

than 0°.

The frequency response in Fig. 4-5 gives the power characteristics of the g-axis flux linkage,
where it is observed that the flux linkages produce positive damping power components at all
frequencies. The response characteristics of Model 1 and 2 are identical since there is one g-axis

damper winding in these models. In contrast, Model 3 contains no damper circuits.
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4.2.3 Assessment of the overall system models

This section assesses overall system dynamic performances, as given by Models 1-3, in order to
identify a suitable block-diagram model for small-signal stability studies. This is in relation to the
synchronous generator-SVC system shown in Fig. 3-2. The open-loop frequency responses relating
to Ae/Ae., and time responses are used. The SVC with a voltage control loop gain of 2.5 is used.
The excitation control system consists of a fast-acting AVR with no stabiliser. The AVR gain is

tuned at 100. The system operating conditions are given in columns 3-5 of Table 4-1. It is noted

that a zero mechanical damping term D is used.
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Figure 4-6 Frequency response characteristic of Aey/Aeer

The stability of Models 1-3 can be investigated by looking at the phase margin angle, which should
not drop beyond -180° at the gain-crossover point [1, 2]. In Fig. 4-6, the plots of phase versus
frequency shown clearly demonstrate that Model 3 is undamped at the natural oscillation
frequency, with a high switch-back characteristic due to the lack of realistic damping. By
incorporating the g-axis damper winding in Model 2, system damping is introduced over the
frequency range of concern. However, Model 2 has an appreciable lower phase lead at the high
frequency range compared to that of Model 1. Therefore, during high frequency oscillations,
Model 1 provides a better dynamic performance because of the phase lead, which is supplied by

the d-axis damper winding. It should be mentioned that the frequency response of Models 1 and 2

resemble quite well the measured responses presented in [8].
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The time responses obtained from the three models can also be employed to further demonstrate
how the damping windings influence system dynamic performance. The transient responses of the
generator output Ae, are obtained by applying a step change to Ae,. with no time delay while
Avgeref Temains constant. It should be noted that the step size of 0.001 is used in the integration
process to obtain the output Ae,. The voltage profile of Model 3 is undamped, as shown in Fig. 4-7,
while those of Model 1 and 2 are better damped. Although a higher overshoot in the step response

of Ae, is observed in Model 2, its magnitude settles down to a steady-state value similar to that of

Model 1.
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Figure 4-7 Step response of generator output voltage Ae, resulting from

applying a step change to A rr

It can be said that Model 3, including only the effect of the d-axis main field winding. does not
yield sufficient system damping. An approach that has been used in the past to compensate for the

undamped response in Model 3 is to introduce artificial damping, D, into the mechanical system

equations [1. 2, 6-7]. From Fig. 4-8, it can be seen that the undamped response is compensated by
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including a damping term D greater than zero. It requires a high value of D, e.g. 12.5, which is

exceptionally high. Hence, the application of Model 3, as a block-
stability studies, may

diagram tool for small-signal
lead to inaccurate analysis. Due to the vast improvement observed in system
damping, Model 2 may be the best model to use for small-signal stability analysis, because it
minimises complexity and computational time. However, Model 1 exhibits a higher level of

reliability and it may be used instead if better dynamic performances over the high frequency range
are required.
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Figure. 4-8 Frequency response characteristic of Ae/Aeq,

4.3 An investigation of the generator dynamic performance

In this section, the overall dynamic performance of the generator is assessed. The performance is
evaluated with the aid of open-loop frequency responses of the transfer function Ae/Aecq,
corresponding to Model 2. The system operating conditions are given in Table 4-2 and the system
parameters are given in Appendix D. Three different kinds of studies are carried out below: (i)
system with no SVC, (ii) system with SVC placed at mid point of the tie-line system and (iii)

system with SVC placed at the generator’s terminal bus.
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4.3.1 Generator performance with no SVC

Before assessing the generator dynamic performance with the SVC being applied, let us consider
the inherent dynamic characteristic of the system when no SVC is present. The static excitation
control with a gain of 100 is applied to maintain constant generator terminal voltage. Under
lagging power factor, the generator dynamic performance with different operating conditions are
assessed: Firstly, the effects of changing the tie-line reactance values from 0.2 to 0.8 p.u. are
investigated. The former corresponds to a strong connection while the latter corresponds to a weak
connections. Secondly, generator output powers of 0.5 and 1 p.u. are considered. The system

operating conditions are given in columns 2-4 of Table 4-2.

The open-loop frequency response in Fig. 4-9 shows the generator dynamic performance as the
reactance of the tie line is increased from 0.2 to 0.8 per units. The high switch-back characteristic
occurs at the natural frequency of oscillation because the damping power contributed from the flux
linkages is greatly reduced when the tie-line reactance becomes larger. Similarly, the frequency
response in Fig. 4-10 illustrates the generator dynamic performance with respect to different output
powers. The switch-back characteristic at a frequency of around 8 rad/sec indicates that the system
damping is reduced as the demanded power increases from 0.5 to 1 per unit. The resulting switch-
back characteristic indicates a poor generator voltage output profile and introduces difficulties in

controlling the system at this frequency range.
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Figure 4-9 Open-loop frequency response between Ae/Aee for two tie-line reactance values

67



Without SVC With SVC
Case I Case II

o - - - 150° 150°

. 0.736 p.u. 0.736 p.u. 1.00 pu. [ 0.736 p.u. 0.736 p.u.
Qe 0.127 p.u. 0.512 p.u. 0.80 pu. | 0.258 p.u. 0.04 p.u.
Qsve - - - 0.425p.u. | 0.473 p.u.
Q 0.0 p.u. 0.0 p.u. 0.19pu. { 0212p.u. 0.0 p.u.
X 0.2 p.u 0.8 p.u. 0.2p.u. 0.8 p.u. 0.8 p.u.
Xu - - - 0.4 p.u. 0.0 p.u.
Xirans 0.2 p.u. 0.8 p.u. 02pu. | 0.734 p.u. 0.8 p.u.
Vo 0.92 p.u. 0.92 p.u. 0.92 p.u. 0.92 p.u. 0.92 p.u.
€ 0.9339 p.u. | 11207 p.u. | 1.0522pu. | 1.1207 p.u. | 1.1207 p.u.
Vnid 0.923 p.u. 0.974 p.u. 098 pu. [ 1.062 p.u. 0.974 p.u.
I 0.8 p.u. 0.8 p.u. 1.23 pu. | 0.832p.u 0.8 p.u.
do 29.85 32.62 39.02 35.92 63.45
Eftdo 2.3087 2.0095 2.54 1.7388 1.48
K 1.98643 0.79475 2.8002 0.86871 0.75836
K, 1.26576 0.69000 1.5283 0.76557 0.80632
Ko 1.78999 0.52331 1.9744 0.57089 0.45025
K; 0.31367 0.49710 0.3136 0.51252 0.56416
K4 1.42894 0.77901 1.2660 0.86433 0.91303
Kug 0.44558 0.22809 0.7165 0.25468 0.22294
Ks -0.1836 -0.17041 -0.09784 | -0.17969 -0.18869
Ks 031610 0.66464 0.46978 0.66424 0.68793
Ked 0.31973 0.25396 0.25165 0.35829 0.41978
Ksvei - - - 0.05923 0.05384
Kooz - - - 0.09348 0.22165
Keverd - - - 0.03525 0.05932
Keves - - - 0.07376 0.06375
Ks, - - - -0.21916 -
K, - - - 0.30630 -
Kedn - - - 0.28986 -
Ksvean - - - 0.07376 -

Table 4-2 System operating conditions (Section 4.3)
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Figure 4-10 Open loop frequency response between Ae/Ae,, for two electrical output powers

Fig. 4-9 also shows that the system phase surpasses the threshold of -180 degrees at approximately
5.3 rad/sec. Hence, the system becomes susceptible to instabilities with closed-loop control. Also,
the frequency response indicates that increasing the tie-line reactance from 0.2 to 0.8 p.u. reduces
the natural oscillation frequency from 7.5 to 5.3 rad/sec. Since the synchronising power is
proportional to the natural oscillation frequency, increasing the tie-line reactance value results in

decreasing system synchronising power.
4.3.2 Generator performance with SVC voltage control loop

Let us now introduce the SVC with only voltage control loop capabilities, to compensate the
undamped system. The SVC is applied at two locations of the weak tie-line system, i.e. reactance

value of 0.8 p.u. (i) at the mid-point of the tie-line reactance and (ii) at the generator’s terminal

bus.

Case I SVC placed at mid-point of the tie-line system

We first consider the SVC located at mid-point of the tie-line system (Xu=Xp=0.4 p.u.), which
maximises active power transfer. The SVC firing angle is adjusted to 150 degrees which results in
the SVC injecting 0.425 p.u. reactive power, increasing the voltage at mid-point of the tie-line

system from 0.974 to 1.062 p.u., i.e. 9% voltage increase. An active power of 0.736 p.u. flows

69



from the generator to the infinite bus. It should be noted that this power flow is the same for both
cases, the system with SVC and with no SVC. The equivalent reactance (Xirans) of the network, as
seen from the generator terminals, reduces from 0.8 to 0.734 per units. The reactive power injected

to the infinite bus increases to 0.212 p.u., from a previous value of zero (see Table 4-2).

Fig. 4-11 shows the frequency response when the SVC is placed at the mid-point of the tie-line
system with a voltage controller gain of 2.5, the system phase increases from -182 to -160 degrees.
It should be noted that the SVC voltage control loop provides phase lead to compensate the
undamped response at the natural oscillation frequency. The SVC also increases the system
synchronising power, as observed by the slight shift of the switch-back characteristic towards the

higher region of the frequency scale, hence, enhancing system stability.

The generator performance is further investigated by increasing the SVC voltage controller gain in
the range 2.5 to 40. The frequency response characteristics in Fig. 4-12 show that increasing the
SVC voltage control loop gain, up to a value of 20, brings about an improved damped system
response, owing to the SVC giving a higher phase lead to reduce the system switch-back
characteristic. The trade off is a reduction of system steady-state gain from 35 to 31 dB.
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Referring to Fig. 4-12, it was found that the use of the SVC voltage gain of 2.5 does not affect
adversely the system steady-state gain. It was also found that increasing the SVC voltage gain

above 40 does not yield any significant improvement in the reduction of the switch-back

characteristic.

Case II SVC placed at the generator’s terminal bus

This section considers the case when the SVC is located at the generator’s terminal bus (X,,=0).
The SVC firing angle is kept at 150 degrees. The SVC aids the generator by exporting 0.473 p.u.
reactive power to the tie-line (see column 6 of Table 4-2). The active power delivered to the
infinite bus is kept at the same level as in the previous study. The generator dynamic performance

with the SVC located at the generator’s terminal is investigated below.

It can be seen from Fig. 4-13 that when the SVC, with a voltage controller gain of 2.5, is applied at
the generator’s terminal bus, it provides phase lead to improve the generator dynamic performance
across the full frequency range, except at the natural oscillation frequency. In particularly, the SVC
provides extra damping at the high oscillation frequencies as observed by the marked increase in
system phase, which tends towards -90 degrees instead of -180 degrees. However, with the voltage

gain of 2.5, the SVC voltage control loop does not yield any significant smoothing of the system

switch-back characteristic.
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Figure 4-13 Open-loop frequency response between Ae/Ae,
for cases with SVC and with no SVC

The generator dynamic performance as a function of SVC voltage controller gain is shown in Fig.
4-14. Increasing the SVC voltage gain from 2.5 to 100 is a very effective way of providing a higher
phase lead over the entire frequency range considered. This also results in a reduction of the
switch-back characteristic, hence, system damping is very much improved. However, the switch-

back characteristic cannot be completely overcome, even when voltage gains as high as 150 are
used.

By comparing the frequency responses between Figs. 4-12 and 4-14, it can be seen that when the
SVC is placed at mid-point, increases in the voltage control loop gain provides a phase lead at only
the frequency where the switch-back frequency occurs. On the other hand, when the SVC is placed

at the generator’s terminal bus, the phase lead is given over the full frequency range.

However, as seen from these results, increasing the SVC voltage controller gain is not the most
effective method of overcoming the switch-back characteristic. Moreover, high SVC voltage gains

deteriorate system performance at the low frequency range when the SVC is located at mid-point

of the tie-line system.
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Figure 4-14 Open-loop frequency response between Ae/Aee

for different SVC voltage control loop gains
4.3.3 Generator performance with SVC voltage and damping control loops

From the discussion above, it is clear that the SVC voltage control loop does not yield an effective
means of eliminating the switch-back characteristic. We now turn our attention to the SVC
damping control loop, which supplies an additional stabilising signal (AV,44) at the summing point
of the SVC voltage controller as shown in Fig. 3-2 of Chapter 3. The SVC damping controller is a
PI controller. The generator speed deviation, A®, is the input signal, which is passed through the

wash-out element before being fed to the PI controller. Two locations of the SVC are considered,

i.e, at mid-point of the tie-line system, and at the generator's terminal bus.

Case I SVC placed at mid-point of the tie-line system

In this location, the PI damping controller gain and wash-out time constant are suitably tuned to

gains of K,=27 and K;=335, and 1,=10, respectively. The SVC voltage controller gain is kept at
2.5, with a firing angle of 150 degrees.
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Figure 4-15 Open-loop frequency response between Ae/Aeer
with and with no SVC damping control loop

Fig. 4-15 shows the open-loop frequency response of the system with no damping controller and
with damping controller being applied to the SVC voltage control loop. It can be seen that the PI
damping controller is capable of eliminating the switch-back characteristic very effectively. A
well-damped system is obtained, resulting in an easily controllable system across the entire
frequency range, including the frequency range where the switch-back characteristic lies.
Moreover, it can be seen from Fig. 4-15 that applying the SVC damping control loop does not

affect adversely the system performance at low frequencies.

Case II SVC placed at the generator’s terminal bus

Let us now apply the PI damping controller to the SVC when it is installed at the generator’s

terminal bus. Two cases are presented below, which correspond to two different SVC voltage and

damping controller parameter sets.

Case 1: K, =2.5, K, =13, K; =155, 1,=10.
Case 2: K, =20, K, =1.7, K; =19.5, 1,=10.
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Figure 4-16 Open-loop frequency response between Ae/Aee,
with SVC damping control loop

Fig. 4-16 shows the absence of switch-back characteristic. The system in case 2, with a SVC
voltage controller gain of 20, exhibits a better dynamic performance than the system in case 1,
with a SVC voltage controller gain of 2.5. Applying the SVC voltage control and the SVC
damping control loop is an effective way to improve the system dynamic performance, particularly
when connected at the generator terminals. It should be stressed that SVC control parameters must
be tuned correctly to ensure the complete elimination of the switch-back characteristic. In this

case, the parameters were obtained by performing an extensive range of simulations, i.e. 10

simulations.

4.4 Conclusions

The overall transfer-function block-diagram model, Models 1-3, has shown to be an effective aid
for acquiring fundamental knowledge of the dynamic interactions taking place between a
synchronous generator and a SVC plant. It is evident from the investigations conducted that the
dynamic performance of the system model is highly dependent upon the number of damper
windings used in the study since they influence the dynamic interactions between the flux linkages
in the d and g-axes and the SVC. Detailed studies of the dynamic responses of Models 1-3 have
shown that system damping over a wide frequency range is significantly improved by taking
account of the generator damper windings in both axes, i.e. d and g-axes, as given by Model 1.

This indicates that in reality modern synchronous generators will exhibit a better dynamic
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behaviour than what they are sometimes credited with, since they indeed have physical damper
windings that, from the modelling viewpoint, would correspond to having damper windings in the
d and g-axes. The full synchronous generator representation becomes all the most important as
new power electronics-based damper controllers become more widespread. It is in this respect that
the new small-signal block-diagram model brings about substantial new improvements over
traditional block-diagram models [1-3,7], and even over contemporary block-diagram models [9-
12]. Based on the new light shed by the comprehensive results presented in this chapter, it is
recommended that Model 1, which exhibits the greatest level of reliability of response be adopted
as the block- diagram tool for carrying out small-signal stability studies of synchronous generator-
SVC infinite-bus system. Nowadays, with the inexpensive, massive computational resources
available to engineers it seems that, at least for the purpose of small-signal stability studies, past

anxieties concerning computation times are subsiding and the onus is on model fidelity.
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Chapter 5

Small-Signal Stability of the Synchronous Generator-
SVC in Multi-Machine Environment

5.1 Introduction

In Chapters 3 and 4, a comprehensive transfer-function block-diagram model was used to study the
dynamic behaviour of a SVC-upgraded transmission system. The long-time honoured infinite-bus
concept served rather well, as a first approach, the research work carried out in this investigation.
That block-diagram model proved very useful for studying the dynamic interactions taking place
between the synchronous generator and the SVC plant. The great improvement brought about by
the SVC plant on the generator's dynamic performance has been clearly demonstrated. It is
realised, however, that modern power systems are hardly radial and that a more realistic transfer-
function block-diagram model, suitable for multi-machine and multi-SVC plant, would need to be

developed, with the potential to study the behaviour of large, practical power systems.

Small-signal stability studies of multi-machine power systems are normally carried out using
eigen-analysis and eigenvectors based techniques. Indeed, for many years this has been the
preferred route taken by power system researchers world-wide and numerically efficient,
comprehensive algorithms have been developed to carry out these kind of studies. The drawback is
the lack of physical insight afforded by this approach which relies, exclusively, on mathematical
abstraction. A few researchers, encouraged by the success of the single-machine block-diagram
system in providing physical insight, have conducted work on multi-machine block-diagram
techniques but the outcome has been block-diagram models of limited value [1]. The reason is that
only a very contrived representation of the synchronous generator has been used heretofore, i.e. no
damper winding representation has been used [2-4]. This comes as a no surprise given the very
arduous algebra associated with the derivation of the full model, as evidenced by the long
derivations in Appendix B. The work of Wang is remarkable though [2, 5] in the sense that he has
incorporated many of the most promising FACTS devices within his block-diagram framework.
Nevertheless, the lack of damper winding representation in the synchronous generator model
severely impairs the usefulness of his block-diagram model to conduct fundamental studies of

dynamic interactions between synchronous generators and power system dampers, which may be

electronically controlled, e.g. SVC, TCSC, UPFC.
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In this chapter the small-signal stability model of the multi-machine, multi-SVC plant is developed
from first principles. The transfer-function block-diagram model is designed to accommodate n
synchronous generators and m SVC plants. Similarly to the J synchronous generator and / SVC
plant model developed in Chapter 2, several orders of generator models are available enabling a
variety of small-signal stability models of varying complexity and, consequently, of varying
reliability of response. The various system models, with different number of damper windings, are
critically assessed. The new simulation environment is used to conduct fundamental studies of
dynamic interactions between synchronous generators and between synchronous generators and
SVC plants. The test system used in these investigations is still a relatively simple transmission
system consisting of only two synchronous generators, and two SVC plants. The study of more
complex power systems was not deemed necessary in this investigation because the thrust is on
understanding the dynamic interactions that exist between devices. It was felt then a network with
a small number of dynamic elements was better place to aid to this fundamental objective than a
network with a larger number of components. The multi-machine, multi-SVC plant model
introduced here, however, is general enough to allow the solution of large power networks. Bode
analysis and time response are used to carry out all the analyses presented in this chapter. It should

be noted that the time responses are obtained with no time delay and with a step size of 0.001.
5.2 System under study

The system under study in the multi-machine environment is shown in Fig. 5-1. It consists of »

synchronous machines and m SVCs linked together through the electrical network.

n generators FESVES
E y ] 2 5] . E V:vc .
/q-\ JX ai . I I —un
\r\’/ I L7
gl sve S
” -:]xCl
E 226 Y E; Transmission Voez iy
JA d2 _
. system >
I' (Network) Lz
" g2 . : -j xCZ
E anJ" jX : - ijm
m dn ! ” ‘—' : l—
@/ m I: I.:\'CI" . =
= Eln vacm -jxcm

Figure 5-1 Representation of the system under study

5.3 Representation of system model

To study the dynamic interactions taking place between the many generators and SVCs, a

linearised transfer-function which caters for n generators and m SVCs is developed. Full
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derivations of the i machine and i SVC transfer functions are given in Appendix B. Three

models with a varying degree of complexity, similar to those presented in Chapter 3 for the single-

machine infinite-bus case, also exist for the multi-machine case.

Model 1: This model accounts for the effect of the generator main field winding plus one damper

winding in the d-axis and one in the g-axis.
Active Power Equation

n
AP, = (KmA(Si + Ky AEg; + K2diiAEc'ii) + jii(KlijA‘sj + Ky AEg; + KZd’J'AE‘Z') *

m (5-1)
(stcliiAai) + ji , (stclijAaj )
4
Generator Terminal Voltage Equation
n
Aey = (KsiA8; + KeiiAEg; + KeaiAE)+ z (KsyAd; + KeyAEg + KeayAE) +
I
. ’ (5-2)
(stc3iiAai) + i ,(stc3ijAaj)
J#i
d-axis Flux Linkage Equation
AEg; = (g3ii (AE pyi — 84ii (S)AS; — 87: (S)AE G ) -
n m (5'3)
j2¢i (g4ij (S)Aé‘j + 83j (S)AE;I'/ + 87jf ($)AE ) _(gsvc2ii ()Aq; ) - jii (gsvc2ij (S)Aaj)
g-axis Flux Linkage Equation
n
AEg; = (g4a’ii ($)AS; + g3g;i (S)AE g ) + ii(g4dy' (5)AS; + 8345 (S)AE ; + 874y (S)AE&})
! (5-4)
m
(g sveadii (8)Ae; ) + jii (g sveadij (A )
SVC Terminal Voltage Equation
n [ 114
AVgyei = (Ksm'iA5i + KgpniiAEg; + K6dniiAE¢'ii) + ,i,(KSnijAfS i+ KenifAEg; + K6dnijAan) +
| o (5-5)

(stc3m'iAai) + j%:i (KSVC3"UAaj)

The coefficients and transfer functions appearing in (5-1)-(5-5) are derived in Appendix B.

Model 2: In this model the damper winding in the d-axis rotor circuit is removed from Model 1.

Hence, AE; and X in (5-1)-(5-5) are replaced by AE, and X}, respectively.
Model 3: In this model both damper windings are neglected. Hence, only the effect of the field
winding, AE/, exists, i.e. AE)=AE; = Xj=X;=0.

Equations (5-1)-(5-4) represent the dynamic characteristic of the i" generator and equation (5-5)

represents the SVC dynamic voltage of the i SVC. These equations form the basis for drawing the
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generic block-diagram model, which represents the generator and the i SVC shown in F ig. 5-2.
The i” generator represents the characteristic of any one generator in the n multi-machine system.
The dynamic behaviour of the i* generator is represented by an incremental change in four main
variables, namely output power (AP,;), output voltage (Ae;), voltages proportional to the d and g-
axis flux linkages (AE"y) and (AE"y), respectively. As seen from Fig. 5-2, these variables will
change in response to changes in A8, AE"q and AE" delivered from within the ;* generator itself,
from the other »-1 generators and by changes in Aa delivered from the both * SVC and the other
m-1 SVCs. The dotted lines enclose the coefficients and transfer functions corresponding to the
internal change of the four main variables of the ;* generator. On the other hand, the external
dynamic contributions consist of a summation of changes in A3;, AE"; and AE"; from the rest of
the generators, i.e. n-1 generators, inputted to influence the i* generator through the coupling
coefficients with subscripts ij, where j=1...n and J#i. Conversely, the dynamic characteristic of the

n-1 generators will influenced by changes in A§;, AE" i and AE"y from the i generator imputed

through the coupling coefficients with subscripts ji, where J=1...n and j#i.

As shown in Fig. 5-2, the dot-dot-dashed lines encloses the i SVC system. It can be seen that the
" SVC terminal voltage (Avy,;) is made up of changes in A3, AE"; and AE"; through the
coefficients Ks,, K¢, and Kgg,. The changes contributed by the i" and n-1 generators are combined
and fed into the i SVC voltage controller. The terminal voltage of the i SVC is also determined
by changes in its firing angle (Aa;) through the coefficient K3, and by a summation of changes
in the m-1 SVC firing angle (Aoy) through the coupling coefficients Kgcsnij, Where j=1...m, and ji.
A change in Aq; through the coupling coefficient Ksveanij reflects the contributions from the m-1
SVCs to the i SVC (block with in dotted long-dashed lines in Fig. 5-2). Conversely, a change in
Ag;; of the i SVC will induced dynamic change in the m-/ SVCs through the coefficient Kgycsy;i.
The discussion indicates how the interaction between the m SVCs takes place. The combined
impact of the i and m-1 SVCs (see block with long-dashed lines) is inputted at the summing
points A, B, C and D. All contributions from the m SVCs will delivered to change in variable Ae,,
AE",, AE"4 and AP, of the i machine and the n-1 generators through the existing connections

between the generators and the SVCs at points A, B, C and D, respectively.

It can be seen from the i machine model that changes in Ae,; and AP are mainly determined by
variations in the flux linkages AE”, and AE"4 of all n generators. It should be noted that in this
case, compared to the block-diagram model of a single-machine infinite-bus system. there is an
additional dynamic loop formed by the flux linkages inside each machine, via the transfer

functions g-(s) and gsq(s), since damper windings in both the 4 and g-axes are accounted for.
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The existence of g;(s) and giq(s) is due to the more realistic conditions being considered in this
analysis, such as the resistive part of transmission lines impedances and the explicit representation
of PQ loads, represented as admittances. Also, subtransient saliency, i.e., X"#X",, plays an
important part in the existence of these transfer functions. Referring to (5-3), it can also be seen
that the various transfer functions making up AE"; have the same time constants, but different

gains. A similar situation arises for AE"; in (5-4).

In power system operation, the machine damper windings play a crucial role in providing system
damping [6-9]. It can be seen from Fig. 5-2 that changes in AE"; and AE"4 will be influenced by
the d and g-axis damper windings, respectively. Also, the flux linkage between the d and g-axes
within the i machine will interact dynamically with those of other machines and with SVCs.
Therefore, if the effects of the generator damper winding were to be neglected, it would lead to a
system model with unrealistic system damping. In the section below, an assessment of the various

system models, with decreasing order of machine damper modelling, is carried out.
5.4 Overall assessment of system models

In this section, Models 1-3 are assessed and recommendations are given for a suitable model to be
used in small-signal stability studies of multi-machine power systems. The frequency response

method is used to explore the dynamic characteristics.
5.4.1. Generator dynamic interactions

The adverse effects of neglecting machine damper windings on system model integrity 1is
investigated. Firstly the two-machine system shown in Fig. 5-3 is used in this study. Machine 2 is

represented by Models 1, 2 and 3 at the time whereas machine 1 is always represented by Model 1.

V=1£0 V,=.9284-9.3 V,=1.054£-.45
> L - 1——_*——@
@;1 2+4j.534 Z,=j0.25 Z,=j0.25 S=1+j.756
Ml M2

S=.6+j.2 S=1.2+).62 S=4+j.2
Figure 5-3 System under study (2-genearator system)

The open-loop frequency responses between Ae, and Ae.; of machines 1 and 2 are used in order to

gain insight into the effect of neglecting damper winding representation. In this experiment, the

open-loop frequency response of one of the machines is obtained while the other machine is kept
in close-loop control with the fast-acting voltage regulator (AVR), whose gain is tuned at 100 and

120 for machines 1 and 2, respectively. The system operating conditions are shown in Fig. 5-3, and
the machine parameters are given in Appendix D. It should be noted that machines 1 and 2 are

identical.
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Mac hine 1 =Model 1: Machine 2=Model 1
------- Mac hine 1 =Model 1: Machine 2=Model 2

20 Mac hine 1 =Mode! 1: Machine 2=Model 3
10
=
NS
O (0]
©
=
=
g -10
=
- 20
2050 s 2 s s 65 101 1.5 2 3 4 5 6 102
Frequency (rad/s)
—-70
—-90
_. —110 '
3 v
= i
o —130 H
a ! i
o —150 -
n '
S _ !
a —-170 F \I:
i L
—190 } ¥
5 (R}
—210 | v . . ’
100 2 3 4 5 B 100 2 3 4 56 102

Frequency (rad/s)
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Figs. 5-4 and 5-5 show the open-loop frequency responses of machines 1 and 2, respectively. It can
be seen from Fig. 5-5 that when Model 2 is used to represent machine 2, its frequency response
shows a reduction in phase lead with respect to the case when Model 1 is used to represent
machine 2. The reduction starts at the natural oscillation frequency and results are shown up to 100

rad/sec. As expected, machine 2 represented by Model 1 exhibits better dynamic performances in

these frequency ranges than those of machine 2 with Model 2.

The effect of using Model 2 for machine 2 is passed on to machine 1. It can be seen from F ig. 54
that this effect causes a slight change in machine 1’s characteristic. When Model 3 is applied to
represent machine 2, the frequency response in Fig. 5-5 shows that machine 2 is unstable,
exhibiting a very pronounced switch-back characteristic due to the lack of realistic system
damping. In this exercise, and for the sake of presenting results, a damping term D=12.5 was
applied to the mechanical mode of machine 2. The effect of using Model 3 to represent machine 2
also introduces an undamped response, with a high switch-back characteristic, into the frequency
response of machine 1, even though this machine is represented by Model 1. It can be concluded
that neglecting the machine damping windings may have a very significant degrading effect on the

generator dynamic response in multi-machine small-signal stability studies.
5.4.2 Generator-SVC dynamic interactions

In order to assess the overall dynamic characteristics of Models 1-3, including the SVC, the test
system in Fig. 5-6 is used. The SVC with the voltage control loop is applied at node 3 to supply
0.357 p.u. reactive power with a voltage gain of 20 and as a present of this, the voltage magnitude
increases from 0.928 to 0.98 per unit. The system operating conditions are shown in Figs. 5-6,
respectively. Three different cases are analysed below: Model 1 is used to represent machines 1
and 2, then Model 2 is used to represent both machines and, finally Model 3 is used. It should be
noted that for the first two cases the mechanical damping term D of both machines is set to zero

whereas for the third case is D=9.75.

V,=1£0 =98/-8.8 V,=1.054-.42
r = 0.25
@ z, _|0 25 Z, Zio ) @
=1.24] S=1+).538
S=12+ 326 s—-J - v
M1
S$=.6%).2 S"l 2462 g 44i2

Figure 5-6 System under study (2-genearators, 1-SVC system)

Fig. 5-7 shows plots of gain and phase versus frequency for machine 1. In this case, a high value of

mechanical damping, D=9.75, is applied to Model 3 in order to provide a similar amount of phase

than Model 1, at the switch-back frequency point. It should be noted that a severely undamped
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response would take place if a zero mechanical damping were to be used in Model 3. When Model

2 is employed the system damping is significantly improved over the frequency range of concern
without having to resort to artificially high levels of mechanical damping. Nevertheless when

compared to Model 1, Model 2 has approximately a 10° lower phase lead at the natural oscillation

frequency. This indicates that Model 2 has indeed a lower damping. The phase of Model 2 js also
lower than that of Model 1, starting at the natural oscillation frequency. Therefore, Model 1 with

generator damper windings in the d and g-axes provides a better frequency performance than

Models 2 and 3, particularly during the high frequency range.
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Figure 5-7 Open-loop frequency response between Ae, and Ae.,; of machine 1 with Model 1-3

Step responses of the machine output voltages (Ae,) can also be used to assess the impact of
damper winding representation in system model. They are obtained by giving a step change to the
voltage reference (Ae.). In this study, lack of inherent damping in Model 3 is compensated by
adding artificial mechanical damping, i.e. D=9.75. However, Fig. 5-8 reveals that the voltage time
response obtained from Model 3 has a different frequency of oscillation than that of Model 1. On
the other hand, Fig. 5-9 shows that the oscillation frequency in the voltage time response of Model

2 is very close to the response of Model 1. However, it has a higher oscillatory magnitude and it

also reaches the steady state at a slightly later time.

86



Magnitude
1.00 }
0.99 |
o.98 |
097}
0.96
0.95}
0.94 |
0.93}
o092 |
o.91 |

goobst o v . . L o ,
o 1 =2 3 4 5 6 7 8 9 10

Time(sec)

Model 1
- -- Model 3

Magnitude
1A
1.0}
0.9 |
08|
0.7 F
0.6
0.5
0.4
0.3}
0.2 |
0.1 |

0.0 + ! L ) s L N N
] 1 2 3 4 5 6 7 8 9 10

T

Model 1
---- Model 3

[

Time(sec)
(b)
Figure 5-8 Step responses of machine 1’s output voltage (Ae)) with Models 1 and 3

Magnitude

1.02 F Model 1
1.01', -- - - Model 2
1.00 F
0.99 |
0.98 |
0.97 |
0.96 8
0.95
0.94 |
0.93}F
0.92 |
0.91 f

0.90 — , > 3 n 5 e 7 8 9 10

Time(sec)

(a)

’/"—\_/ e S

|

87



Magnitude
1.1
-
0.9 /
0.7 /
0.6 Model 1
0.5 - --- Model 2

T

0.8

0.3
0.2
0.1

0.0

1

T

Time(sec)
(b)
Figure 5-9 Step responses of machine 1’s output voltage (Ae,) with Models 1 and 2

It is clear that neglecting both machine damper windings, i.e. Model 3, is not a suitable option for
carrying out small-signal stability analysis. Adding the g-axis damper winding, i.e. Model 2,
improves significantly the reliability of system model response. However, including damper

windings in both the d and g-axes leads to an even better reliability of system model response.
5.5 Multi-machine case study

In this section, the generator dynamic performance in a multi-machine system is further
investigated. The effect of changing system operating conditions due to changes in the
interconnecting tie-line impedance between two machines is explored. First for the case with no

SVC and then for the case with two SVCs are included, using various voltage control loop gains.

5.5.1 System dynamic performance with various operating conditions

This aspect of system dynamic performance with changes in interconnection tie-line impedance
values is investigated by using the system shown in Fig. 5-10. The system consists of two
machines linked by the series impedances Z; and Z,. The studies involve changing the values of Z,
and Z, from 0+j0.25 to 0.05+j0.25 per unit, and then from 0+j0.25 to 0+j0.1 per unit. The system
operating conditions are shown in Figs. 5-10 (a), (b), (c). Model 1 is used in the study. The two

machines are identical and their parameters are given in Appendix D.

Figs. 5-11 and 5-12 show the open-loop frequency response characteristics between Ae, and Aeer of
machines 1 and 2, respectively. The damping of both machines increase as the resistive parts of Z,
and Z, increase from 0 to 0.05 p.u., as indicated by a reduction of the switch-back characteristic at
the natural oscillation frequency. The frequency responses also show that machine 2 achieves
greater damping than machine 1. The reason is that increases of output power in a generator
degrades its damping, and in this study, machine 1 is responsible for supplying the active power

losses, i.e. generator | is the slack node, the resistive parts of Z, and Z,.
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Figure 5-10 System with various operating conditions

Figs. 5-13 and 5-14 show the frequency response characteristics of machines 1 and 2,
corresponding to the case when the reactive parts of Z, and Z, are increased from 0.1 to 0.25 per
unit. The system operating conditions are given in Figs. 5-10(a), (b), (c). It can be seen that
significant reductions in the damping of both machines is accompanied by an increase in the
switch-back characteristic. As expected, the dynamic performance of both machines becomes

severely impaired when the interconnecting tie weakens, i.e. the reactance value increases [8-10].

It is generally agreed that the network impedance plays a significant role in determining the system
dynamic performance. Inrgreasing the resistive part of the system impedance introduces extra

damping but at the expense of increasing losses. Hence, reducing the inductive reactance of the
network is the preferred method of improving power system damping [11-14]. This issue will be

addressed in greater detail in Chapter 6.
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Figure 5-14 Open-loop frequency response between Ae, and Ae.; of machine 2 with Z, and 7,
changing from 0+j0.1 to 0+j0.25 p.u.
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5.5.2 System dynamic performance with SVCs

Continuing from the previous section, further investigations are carried out for the two-machine
system but now two SVCs are included. Before applying SVCs, the system is o
Fig. 5-15a.

perated as shown in

V=120 V;=904/-11.5 V=909/-10.8 V,=1.054-1.94
= Zy=j0.1 2,502

S=1.2+j.673

S=3+j.1 S=1+j.4 $=.6+.3 S=2+j.1
(a)
V=120 V;=.98/-10.58 V,=982-9.99 V=1.05£-1.77
@ ‘ Z,=j0.2 Z5=j0.1 Z,5j0.2
S=1.2+j.283 -_. -_. - S=9+j.25 @
§=-j.39 S=-j.254
MI l M2
SVCl1 . SVC2 = fa
S=3+j.1 S=1+j.4 S=.6+.3 S=2+j.1
(b)

Figure 5-15 System under study (2-generator, 2-SVC systems)

The voltage magnitudes at nodes 3 and 4 with SVCs installed at both nodes, increase from 0.904 to
0.98 and from 0.909 to 0.98, respectively. The SVCs operate with only voltage control loops
whose gains are both adjusted at 15. The AVR gains of machines 1 and 2 are tuned at 100 and 120

respectively. In the simulation, Model 1 is used to represent the machines.

The plots of gain and phase versus frequency for both machines are shown in Figs. 5-16 and 5-17.
After applying SVCs in nodes 3 and 4, the switch-back characteristics clearly show that machine |
has a lower damping response at the natural oscillation frequency than machine 2. This is an
expected result since machine 1 supplies a heavier active load than machine 2, as seen by the
power flows in Fig. 5-15b. The frequency responses also show that the SVCs only provide a slight
damping improvement to machine 1 at the natural oscillation frequency. However, the SVCs

enhance the high frequency performance of both machines, where higher phase leads can be

observed at frequencies above 11 rad/sec.
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Figure 5-16 Open-loop frequency response between Ae, and Ae,, of machine 1
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Also, the time voltage responses in Figs. 5-18 and 5-19 show that the SVCs reduce the first peak of
o

Ae, when a step change in the AVR reference voltage (Aesire) is applied. However, the frequency

responses illustrate that the SVCs are responsible for a slight reduction in the steady-state gains of

the system, causing the output Ae, to reach slightly lower steady-state levels. It should be noticed

from Figs. 5-15(a) and (b) that the same amount of loading is considered for both cases. when the

system contains SVCs and no SVCs.
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Figure 5-18 Step response of output voltage A€
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Figure 5-19 Step response of output voltage Ae, of machine 2

System damping with various SVC voltage control loop gains is explored below. The open-loop
frequency response in Fig. 5-20 shows that machine 1°s damping improves slightly together with a
small reduction of the switch-back characteristic at the natural oscillation frequency when the
voltage control loop gains of both SVCs increase from 15 to 30. Moreover, Figs. 5-20 and 5-21,
indicate that the damping of both machines is improved in the high frequency range, above.40
rad/sec, where phase lead is obtained as the SVC voltage gain is increased. Time responses in. Figs.
5-22 and 5-23 also show that the SVC gain of 30 provides a important reduction in the magnitudes

' Ae,.r. hence,
of the first oscillatory peaks of output voltage Ae;, when step changes are applied to Aey

improving the system dynamic performance.
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System damping with various SVC voltage control loop gains is explored below. The open-loop
frequency response in Fig. 5-20 shows that machine 1°s damping improves slightly together with a
small reduction of the switch-back characteristic at the natural oscillation frequency when the
voltage control loop gains of both SVCs increase from 15 to 30. Moreover, Figs. 5-20 and 5-71.
indicate that the damping of both machines is improved in the high frequency range, above 40
rad/sec, where phase lead is obtained as the SVC voltage gain is increased. Time responses in F igs.
5-22 and 5-23 also show that the SVC gain of 30 provides a important reduction in the magnitudes

of the first oscillatory peaks of output voltage Ae;, when step changes are applied to Ae,..;, hence

improving the system dynamic performance.
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Figure 5-22 Step response of output voltage Ae, of machine 1 with

two different gains of SVC voltage control loop
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Figure 5-23 Step response of output voltage Ae, of machine 2 with
two different gains of SVC voltage control loop

5.6 Conclusions

The block-diagram model of multi-machine and multi-SVC plant has been developed from first
principles and presented in this chapter. In this simulation environment full dynamic interactions
between generators and between generators and SVCs are comprehensively accounted for. The
models have been used to enable a good explanation of how, in the multi-machine environment,
SVCs impact on the generator dynamic characteristics. The assessment of various system models
indicates that their dynamic characteristics are severely impaired if the generator damper winding
effects are neglected in the study. The results presented demonstrate that the reliability of system
model response critically depends on including at least one damper winding in the g-axis but the

) i ce. It 1S
inclusion of two damper windings adds enhanced fidelity to the representation. Henc
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recommended that Model 1, including one damper winding in the d-axis and one in the g-axi
-axis

should become the standard machine model in small-signal stability studies. This representation

will ensure  high level of system model reliability in multi-machine small-signal stabilitv studies

with the full dynamic representation of the other power system components, such as the

generator’s excitation control and FACTS devices, also included.

From the stability viewpoint, the dynamic performance of the synchronous machines is strongly
influenced by network impedance. The machine’s ability to damp system oscillations is severely
degraded if the network’s equivalent impedance is large. The results presented show that the
deployment of SVC plant, with only the voltage control loop, does not reduce by much the total
reactance of the network’s equivalent impedance but, instead, it yields effective voltage support.
Hence, the SVC plant with voltage control loop is only capable of increasing slightly the system
damping. However, the SVC voltage control loop, particularly when it operates with high gain, has
the ability to improve the high-frequency performance of the system. It should be noted that the
study is based on the small-signal stability analysis by considering the SVCs ability to provide
voltage support at the heavy-load node. For large signal-stability studies, the location of the SVCs
should be changed, i.e. to the mid-point of tie line. The multi-machine test system used in these
investigations is a relatively simple power network which has helped in understanding further the
dynamic interactions that exist between devices and to establish more clearly the level of

synchronous generator model complexity to be used in small-signal stability studies.
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Chapter 6

Small-Signal Modelling of Synchronous Generator-
TCSC System in a Single-Machine Environment

6.1 Introduction

The use of series capacitors in high-voltage transmission systems to reduce the electrical length of
the transmission corridor in order to increase its power transfer capabilities with enhanced
transient stability performance, has been a very popular resource among power utility planners
world-wide [1-5]. Very recently, great many efforts have been directed to researching into the use
of power electronics to enable the fast switching of series compensation. This has resulted in a
Thyristor-Controlled Series Compensator (TCSC) capable of: (i) introducing very substantial
improvements on system stability performance and (ii) increasing power flows by a substantial
margin, (iii) scheduling active power flows across the compensated transmission line [6-10]. It is
well-known among power engineers that instability problems arise in systems exhibiting poor
damping conditions and in transmission systems with long electrical distances. Recent experience
with the operation of experimental TCSC facilities indicates that the TCSC will become a new
powerful tool in the quest for providing better control in the high-voltage side of the power

network. TCSCs are designed to modulate line reactance on a cycle-by-cycle basis.

This has provided the motivation to carry out fundamental studies of the dynamic behaviour of
transmission systems including TCSC representation. Hence, the transfer-function block-diagram
model of the synchronous generator-TCSC system is developed in this chapter. The development
is based on the single—machiné infinite-bus concept on two counts: (i) the / synchronous generator,
1 TCSC block-diagram model is conceptually simpler than the 7 synchronous generator, m TCSC
block-diagram model, (ii) in most practical situations, compensated transmission systems will

resemble a transmission system based on the infinite-bus concept. Arguably. this system model

represents the best system to gain fundamental knowledge of the dynamic interactions between a

synchronous generator and a TCSC. Similarly to the investigations carried out in Chapter 3. the

dynamic interactions between the TCSC and the generator d and g-axis flux linkages are studied in

a decoupled fashion.

6.2 System under study

s generator

: i nchronou
The system under study is shown in Fig. 6-1. The system consists of one syn

T > of the TCSC 1s to
feeding into an infinite-bus system via a TCSC compensated tie line. The role o
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control the transmission system in order to control the impedance of the tie line on a cvcle-b
yele-by-

cycle basis.

. E XL
C e I O, X
" et ()
T
Xesc

Figure 6-1 System under study

6.3 Representation of system model

In order to study the small-signal stability of TCSC-upgraded transmission systems, the
linearisation of the system dynamic equations is carried out as shown in Appendix C. It should be
noted that in order to study the dynamic interaction between the synchronous generator and the
TCSC, the effects of the field winding and damping windings in the d and g-axes should be
included. After manipulating the relevant transfer-function expressions, in the s domain, the

following linearised equation are arrived at:

AP, = KjAS + KHAES — Ky g AEG + Ko A (6-1)

Ae; = KsAS + KgAES + Ky AE] + Kge3A0 (6-2)

Aigge = Ks5,AS + K, AEF — KganAEG + Kee3nAa (6-3)
where

AEF = g3(s)AE z3 ~ 84 (8)AS = gesca ()Aa (6-4)

AE} = 844 (S)AS + gcscnd (5)A (6-5)

From (6-1)-(6-5), the block-diagram model shown in Fig. 6-2 of the generator-TCSC system is

realised. The system coefficients and transfer functions are given in Appendix C.

There are three input-output feedback subsystems in the generator-TCSC block diagram, 1.e.
excitation control, turbine-governor control and TCSC impedance control loops. These are in
addition to the generator-TCSC system, whose outputs of interest are: generator speed (Aw),
generator output voltage (Ae;) and TCSC current (Algsc) flowing through the tie line.

e control loop of the TCSC is to schedule an amount of

e tie line. The impedance control loop may be

The main function of the impedanc

electrical power to be delivered through th

. . ' 12]. The
represented by the lagging transfer function with gain K. and the time constant T [12]

; ' the TCSC
feedback control signal is directly taken from the current (Aigs) flowing through the

' ; i d g-axes and
component. Hence, Ai. brings a change from the generator's flux linkages in the d and ¢

d K, which 1s compared with the reference (Alcscret) in
ns

rotor angle via the coefficients Ken, Kean, an

order to adjust the firing angle at the desired power flows level.
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Figure 6-2 Detailed block-diagram model of the generator-TCSC system

6.4 TCSC characteristic and control scheme

20

T, R o
el
H___/
jXcsc

Figure 6.3 TCSC configuration

The TCSC is connected in series with the tie line, as shown in Fig. 6-3. The active power flow

leaving node # can be adjusted by controlling the TCSC impedance (Xes)- This is achieved by

suitably changing the thyristor's firing angle. The TCSC impedance characteristic as a function of

firing angle can be calculated by using equation C-3 of Appendix C. The characteristic shown in

. oy 9] .
Fig. 6-4 corresponds to the case when the inductive and capacitive reactances are 0.025 and 0.05

p.u,, respectively.
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It can be observed that the impedance characteristic has two distinctive regions of operation, o
, one

inductive and one capacitive, as the TCSC firing angle increases from 90° to 180°. The capacitive

region starts at a firing angle of approximately 116°. For firing angle values near the resonant
point, i.e. 116, the variations of X, with respect to the firing angle are quite large even for a small
variation in the controlling firing angle. It should be noted that the curve follows a similar pattern
in both the inductive and capacitve regions. If an increase of TCSC impedance in the capacitive
mode is required then the firing angle value should move towards the resonant point. Hence, the
impedance control loop has a negative gain (-K.) when the TCSC operates in the capacitive mode,

as seen in Fig. 6-2.

3 1 * B T T T T - T
2 -
1 b Capacitive
S ot .
S
g -1 Inductive
(&)
=<
.__2 _
_._3 -
_4 L I 5 ! L ! 3 1 L | 1 \ . 1] L | i l i
90 100 110 120 130 140 150 160 170 180
Firing angle
Figure 6-4 TCSC Impedance characteristic (Xc.«)
O |- I - — .
__‘] -
-2} Inductive Capacitive
o I
%2} ___3 =
O -
><
“— _4_ |
O =
2 -5f
R |
a -7+ ;
-8t )‘ f
-9 |
i | i I
- — - : 180
1o 90 100 110 120 130 140 150 160 170

Firing angle

Figure 6-5 Derivative of the TCSC impedance characteristic (X..)

' haracteristic can be
For a small variation, the derivative value (F(a)) of the TCSC impedance ¢

ndix C. The plot of F(o) with respect to the firing angle is

calculated from equation C-10 in Appe
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shown in Fig 6-5. F(a) has always negative values in the TCSC firing angle range. The effect of
: ect o

F(a) appears in many of the system coefficients and transfer functions of the block diagram model
- el,

i.e. Keserr Keses, gcch(S)a gcchd(S)a as seen in the equations in Appendix C.
6.5 Analysis of the dynamic interactions between the synchronous generator and TCSC

Similarly to the study of the SVC conducted in Chapter 3, an incremental change in the electrical
output power of the generator is also employed here to investigate the dynamic interactions
between the generator and the TCSC system. The block diagram of the generator-TCSC system in
Fig 6-2 yields unique physical insight as to how the TCSC interacts dynamically with the
generator. The TCSC branches influencing the generator's behaviour are similar to those of the
SVC. An incremental change in the TCSC firing angle leads to a direct change in the output power
of the generator, which is made up of three individual electrical power loops, namely AP, AP.4
and AP.. AP is the component of the generator’s output power that is directly channelled
through the coefficient K¢ and it is due to a change in TCSC impedance (AX,). APy and AP¢q
are portions of the output power produced by the d and g-axis flux linkages, respectively. The
TCSC may influence the power produced by the flux linkages through the coefficient K ;3 and the
transfer function g>(S) and g.sc24(S), respectively. Once the firing angle is changed to increase the
TCSC contribution, in the capacitive mode, all the coefficients and transfer functions making up
the entire system will be effected due to a reduction of the tie-line's impedance. How much the
characteristic of the generator's output power is influenced by the three individual loops is

investigated in the sections below.

6.6 Assessing the generator dynamic performance with the TCSC effects included

n, where the

e bus. The

An assessment of the generator dynamic performance is carried out in this sectio

TCSC is applied to control the tie line's reactance linking the generator and the infinit

synchronising and damping power method is used for investigating the stability of the electrical

powers, i.e. AP.g/AS, AP./AS and AP,/A3. The operating conditions of the system under study in

are given in Table 6-1. It is noted that the same amount of the active power delivered to the infinite

bus is used when the TCSC is used and when it is not used.

6.6.1 Electrical power APy

. - ~“SC tion. As
Fig. 6-6 shows the frequency response of APes/Ad with TCSC and with no TCSC in operatio

JAS is greater than 180° in the oscillatory

seen from the result in doted lines, the phase of AP

8-20 rad/sec. It shows that an inherent damping characteristic ol

frequency range of approximately

the field plus damper windings in the d-axis is negative.
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e

Table 6-1 System operating conditions

106

™ With no FACTS device With TCSC :
—, T 5 T With SVC
T Q 0.752p.u. Qs 0.763 pu, gg i
o - > 8 0.5514 p.u.
X, 02pu X, 02 p.u. )Z“ O: ngi“-
Xu - '
X 0.1 pu
i 02pu. Kol 0.196 p.u. Xiota 0.196 p.u.
Vo 0.92p.u. Vo 0.92 p.u. V., 0.92 p.u.
e 1.0522 p.u. € 1.0522 p.u. & 1.0522 p.u.
Vimid 0.9832 p.u. Vmid 1.0022 p.u.
L Ipu. L 1.005 p.u. L 1.1246 pu.
o - o 152° o 150°
do 29.85 S, 29.43 8, 35.92
Etto 2.3087 p.u. Etao 2.3205 p.u. Esto 2.0618 p.u.
() S &) e (o) e
- Zese2(S) Eﬁ——i—;s% Zeve2(S) 7%2?::?—5—\'1‘\—
244(s) o g4a(s) L 24d(S) e
- esc2d(S) %*_;%‘% sve2d(S) e
K; 2.8639 K, 2.9007 K, 2.86248
K, 1.2085 K, 1.2044 K, 1.32003
Ky 2.2041 K4 2.2358 Ko 221768
K -0.07319 Ks -0.07463 K -0.07463
Ks 0.49228 Ks 0.48896 K¢ 0.48896
Keg 0.19899 Ked 0.22076 Ko 0.22076
3 Koot -0.02209 Kavel 0.01538
- Kews 0.03878 Kovea 0.01225
- K, 1.9799 Ksn -0.0603!1
3 Ken 24538 Ken 0.24106
— - o 10865 Kean 0.13042
T - Konn 20.02993 Kovern 0.01925
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In this situation, the potential of the system to damp oscillations is weak By including the TCSC,
g tne

the phase in this frequency range is compensated, dropping below 180° by a considerable
margin.
This indicates that the TCSC is capable of i Increasing the damping power generated by the d-axi
-axis

flux linkage. Moreover, the gain of AP.4/AS clearly shows a significant increase in electrical power

over a wide range of oscillation frequencies. This results in a higher amount of damping powe
;

available to suppress oscillations.

Using the block-diagram representation, one can clearly appreciate the great capability that the
TCSC counteract the AVR action by increasing the damping power component of AP./AS. As
seen from the given system operating conditions given Table 6-1, the coefficient Keses is positive

because {eqoxigio} is greater than {ewsxigo}. Hence, the positive rotor angle signal delivered

through the coefficient K3 counteracts the AVR action to improve system damping.
6.6.2 Electrical power AP,

The frequency response in Fig. 6-7 shows the g-axis flux linkage power characteristic with TCSC
and with no TCSC. Over a wide range of frequencies, the incorporation of the TCSC leads to a
small reduction of gain and a small increment of phase lead, particularly at high frequencies.
Therefore, the TCSC does not introduce any significant change into the power characteristic of the
g-axis damper winding. The contribution is through the transfer function g.,4(S). Fig. 6-7 also

shows that the g-axis flux linkage always supplies a positive damping power component.

6.6.3 Electrical power AP,

The frequency response in Fig. 6-8 shows that the power characteristic of AP, has a negative
synchronising and damping power component in the frequency range 0.1-14 rad/sec., where the
phase angle is lower than -180°, i.e. greater than 180°. At the frequency above 14 rad/sec, the
phase of AP, tends to increase from -180° to -270°, i.e. it tends to reduce from 180° to 90° in

absolute terms. Hence, this result again shows that system stability improvement is obtained.

6.7 Comparison of the damping capabilities of SVCs and TCSCs

In high voltage applications, SVCs are usually installed at mid-point of tie-line system to provide

fast-acting voltage support. TCSCs, on the other hand, are used to control

i n
to vastly improve active power transfers. Both FACTS devices control differe

the tie-line's impedance
t variables of the

trol schemes,
power system. Nevertheless, in this section, not withstanding their differences in control s

haracteristics
both devices are compared in their ability to damp local oscillations. Basically, the char

e compared. as
of the electrical powers generated by the main flux linkages in the d and g-axes ar P

and input Aeeq.
well as the overall dynamic response between the generator output Ae p o
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In order to compare meaningfully the capability of both plant components to damp system
oscillations, the system needs to be operated at the same operating point in both case. Hence, the
same amount of active power that is delivered to the infinite bus and the total impedance of the tie
line (between generator and infinite bus) are kept when either the SVC or the TCSC are used.
Moreover, the gain and time constant of both the SVC and the TCSC controllers are adjusted

identically. The system operating conditions are shown in Table 6-1.

Since the generator's damping characteristic is primarily determined by its d- and g-axis flux

linkages, the effect of the SVC and TCSC on these flux linkages are a matter of great interest. The

power of the d-axis flux linkage is plotted in Fig. 6-9 for three cases: (i) with SVC, (ii) with TC SC,

amping characteristic of the generator,

y range of 8-20 rad/sec. The

(iii) with no FACTS controller. It can be seen that the d
including no FACTS device, becomes negative at the frequenc

frequency response shows that the TCSC has a better capability to increase system damping in this

/A8 back towards

frequency range than the SVC. It pushes down the phase characteristic of AP
y the

90°. Furthermore, the TCSC provides a higher magnitude level of electrical power produced b

. : the
d-axis flux linkage over a wide range of oscillatory frequencies. Hence, impedance control of the

tie line yields a greater damping improvement than the nodal voltage magnitude control.
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he effect of the TCSCs and SVCs on

the g-axis flux linkage is of little consequence compared to those on the d-axis flux link '
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Figure 6-11 Open-loop frequency response between Ae; and Ae,,

After having compared the characteristic of the electrical power generated by the flux linkages in
the 4 and g-axis, the overall dynamic performance of the system is assessed by comparing the
open-loop frequency responses between the output Ae; and the input Ae.,. Three different cases are
considered, when the transmission system contains a TCSC, a SVC and when no compensating
devices is used. In this study, the system is assumed to contain a weak tie line (0.8 p.u.) connecting
the generator and the infinite bus. In order to make a meaningful comparison of system damping
enhancement, all factors affecting system stability are kept equal between studies, c.g.
compensated tie-line reactance and the active power exported to the infinite bus. As scen from th‘c
System operating condition in Table 6-2, the percentage of tie-line reactance is 7.5. .e. reactance 1s
SVC is used and when the

0.74 per unit. Also, the active power is 0.736 per unit in cases when the

: ' 10.
TCSC is used. Moreover, the controller gains of both devices are tuned at
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Table 6-2 System operating conditions

with no FACTS device With TCSC :
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The ability of the SVC and TCSC to improve system damping is shown in Fig. 6-11. The well-
known undamped response at the local oscillation frequency of 5.3 rad/sec is clearly shown. The
plot of phase versus frequency shows that the SVC provides phase lead to compensate the
undamped response. A phase lead of 12° is obtained at 5.3 rad/sec. For the case when the TCSC is
used, the frequency response illustrates that the TCSC is more effective than the SVC in

overcoming the undamped response because it supplies a larger amount of phase lead, i.e. 22°, to

reduce the switch-back characteristic.

From these results, it can be observed that controlling the tie-line impedance yields better damping
than by exerting voltage control. System damping of course depends on the amount of tie-line
compensation. In order to assess this point, the system dynamic performance with a varying
amount of tie-line compensation is shown in Fig. 6-12.
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Figure 6-12 Open-loop frequency response between Ae, and A€

ystem damping that exists with no compensation of the tie-line. The use

Fig. 6-12 shows the poor s |
e in improving the system dynamic performance which, as

of the TCSC is shown to be very effectiv

: ' i 20 to 40 percent.
expected, its effectiveness increases with the compensation level, i.e. from 20 t0 40 p
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6.8 Conclusions

A comprehensive transfer-function block-diagram model of a synchronous generator with a TCSC

has been developed in this chapter. This has enabled fundamental studies of dynamic interactions
between the TCSC and the synchronous generator to be conducted. These investigations show that
the generator dynamic characteristic is significantly influenced by the TCSC’s contribution to the
d-axis flux linkages. The TCSC yields a very significant improvement to system damping by

increasing the damping power component produced, mainly, by the generator's d-axis flux

linkages.

Although it is realised that the sphere of application of TCSCs and the SVCs lies on different
application areas, for completeness, the system damping capabilities of the TCSC have been
compared against those of the SVC with only voltage control loop. As expected, the TCSC’s
ability to damp system oscillation exceeded that of the SVC. Compensation level studies were also
carried out to gain first hand knowledge of the impact that TCSC-based compensation has on
damping system oscillations. The results obtained conform with the expectation that the higher the

compensation level the more effective the TCSC is in contributing to system damping.
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Chapter 7

Conclusions and Suggestions for Further Work

7.1 General

The FACTS technology is a recent development in power system engineering. FACTS devices
have been designed for controlling the main variables of the power system, such as active and
reactive powers, voltage magnitude and transmission line impedance [1-3]. Due to their fast speed
of operation they also have a crucial role to play in improving the dynamic performance of the
power system. This has prompted the urgent need to upgrade most of the power system analysis
tools to encompass all plant components of the FACTS family, so that they are made available to

power system planning and operation engineers.

This author has been motivated by this challenging task and has carried out research work to
provide improved power system models and tools within the context of small-signal stability
analysis. The new analytical tools include a subset of the FACTS devices available today, namely
SVCs and TCSCs. The main aim was to develop comprehensive models of power systems that fall
within the realm of electronically controlled compensation. The resulting SVC and TCSC models
have been incorporated into a transfer-function block-diagram framework. This methodology was
selected to represent the power system model to gain a fundamental understanding and elucidation
of the dynamic interactions taking place between the various power system components. System

models have been successfully accomplished for single-machine infinite-bus and multi-machine

frameworks, with varying degrees of synchronous generator representation.

The small-signal transfer function of a power system model emanates from the fundamental set of
non-linear differential and algebraic equations that describe the behaviour of synchronous
generators and FACTS devices. Various orders of generator models are available and they are well
documented in the open literature [4-9] but there is still some debate as to what model order is best

suited for conducting small-signal stability studies. With the recent need to cater for the inclusion

of FACTS-type controllers within the framework for small-signal stability studies, the question of

model complexity versus reliability of response has resurfaced. Bearing this in mind, three power

system models were developed in this research work, where SVC and TCSC plant components
were included. They cater for synchronous generator representation of varyving order of
he resulting models are useful for comparing their dynamic responses. These models

o study the fundamental behaviour of the power system with FACTS

complexity. T
are useful analytical tools t

devices.
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In Chapters 4 and 5, the dynamic responses of the various system models are captured with ease by

the well-established frequency response methods. The results clearly reveal the inadequacy of

synchronous generator models when only the effect of the generator’s main field winding is used

owing to a lack of inherent damping, leading to unreliable system responses. This observation is

valid for both single-machine and multi-machine studies. The inclusion of the damper winding in
the g-axis substantially improves system damping over the natural frequency range. Moreover, the
inclusion of the d-axis damper winding greatly enhances the dynamic performance of the system
model over the high frequency range. Therefore, the inclusion of generator damper windings in
both the d and g-axis is strongly recommended because it leads to more reliable dynamic responses
over a wide frequency range. The end result, when a system model with an adequate level of

reliability is used, is more realistic and meaningful small-signal stability analyses .

Referring to Chapters 3 and 6, the block-diagram model has shown to be a physical-oriented,
comprehensive way of conducting fundamental studies of the dynamic interactions taking place
between synchronous generators and between synchronous generators and FACTS-type devices.
Both the SVC and TCSC interact dynamically with the synchronous generator by delivering direct
and indirect changes to its output power characteristic. An incremental change in the thyristor’s
firing angle causes an incremental change in SVC susceptance and TCSC impedance, leading to a
direct change in the output power and in flux linkages in the d and g-axis of the generator. A
change in flux linkages is amenable to subsequent changes in the generator’s output power. In
regulated power systems, the influence of both SVCs and TCSCs in the d-axis flux linkages is far
greater than in the g-axis flux linkages because AVRs are normally designed with quite high
operating gains. The SVC and TCSC contributions to a change in the generator’s terminal voltage
is enhanced by the AVR, which controls the field voltage to influence the d-axis flux linkages.
Consequently, both FACTS devices play an important role in increasing the damping power
component generated by the d-axis flux linkage. From the system stability viewpoint, the
capability of the TCSC to increase the damping power component of the d-axis flux linkage is far

superior to that of the SVC. The reason is that the TCSC is capable of compensating very
effectively the tie-line reactance.

Power system models for conducting small-signal stability studies have been used to in Chapters 4

and 5 investigate the generator dynamic performance when enhanced by SVCs. They have been

applied to a power system where the effects of poor damping are clearly exhibited at the natural

frequency of oscillation, and are due to a weak tie line. The system dynamic performance is clearly

improved by incorporating the SVC, increasing damping power. This corresponds to a reduction of

the switch-back characteristic. Furthermore, the SVCs yields a very significant improvement of

system damping in the high frequency range. Further studies were conducted to assess the benefits
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on system damping using various values of gain in the SVC voltage control loop. In agreement
with current knowledge, it was observed that the dynamic performance of the system improves as

the gain increases. However, it was observed that beyond a certain level, further gain increases did

not translate into improved performances.

From the stability viewpoint, SVC voltage control loops on their own were not able to overcome
the poor system damping introduced by the electromechanical mode. The voltage control loop was,
however, successful in providing dynamic voltage support. Moreover, ways in which SVCs can
also contribute to system damping were investigated in Chapter 4, e.g. the use of a PI controller as
damping control loop. The additional stabilising signal is derived from the generator speed [10-
14]. The damping control loop introduces substantial improvement to system damping by
overcoming the switchback characteristic that exists at the natural oscillatory frequency.

Consequently, the SVC with damping control loop represents an interesting possibility for

providing system damping.
7.2 Suggestions for Further Research Work

Promising developments in the development of comprehensive power system models for FACTS
devices have been presented in this thesis. The block-diagram models give rise to the availability
of a small-signal stability analysis tool, which should generate further research work in the

following areas:

(D) System models have been evaluated and carefully selected for small-signal stability studies and
they should provide a powerful, reliable tool to investigate all the important aspects of dynamic
interactions taking place between synchronous generators and electronically controlled
compensation. However, parameter tuning for SVC and TCSC was not addressed in this
research. It is suggested that in order to improve the system dynamic performance several
methodologies should be looked at to address this issue, such as sliding mode [15], reduced-

order model analysis [16-17], phase compensation technique [18-19], pole placement technique

[20-21], eigen-value assignment [22].

(1II) The multi-machine block-diagram model is a tool that is suitable for the study of power

systems of any size. It is a physical-oriented methodology that could be used in conjunction

with a variety of techniques currently used in small-signal stability analysis. The conventional
eigen-value approach could be used with the state-space equations, from which the block-
diagram model is derived, to explore the stability characteristics of the system. Moreover, one
very interesting approach that the author would like to propose is the application of the

Individual Channel Analysis and Design (ICAD) methodology to the block-diagram model

itself. The ICAD methodology has recently been developed in [27-28] to overcome difficulties
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in the analysis of multivariable systems (multi-input, multi-output). Since the multi-machine
block-diagram representation can be seen as a multi-input, multi-output system then the new
application oriented framework, ICAD methodology, should provide an excellent method to

enable the application of classical Bode/Nyquist analysis and the application of other

multivariable system tools.

(IIT) A wide range of FACTS and Custom Power devices have been designed for use in the power
system. Because these devices provide fast control of many key system parameters, improving
the reliability of system operation, further models of FACTS devices should be developed for
inclusion in the transfer-function block-diagram framework. The author suggests that the

following FACTS components should be modelled as a matter of some priority: the STATCOM
and the UPFC.
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Appendix A

Derivation of the Small-Signal Transfer-Function Block
Diagram Models of the Synchronous Generator- SVC
System

This appendix derives the transfer function block diagram models of the synchronous generator-
SVC system shown in Fig. 3-1 of Chapter 3. With reference to Table 3-1, various orders of salient-
pole generator models are used to establish the block diagram models for Models 1-3. The

linearisation process for each model, in decreasing order of complexity, in presented below:

A-1 Model 1

The phasor diagram of the system under study may be drawn as shown in Fig. A-1.

En q-axis

Figure A-1 Vector diagram of the synchronous generator-SVC system
ator rotor position is taken as the reference vector, hence,

From the vector diagram, the gener

A-1
AV = Vo coso (A-1)

(A-2)

Avwd =V Sil’l5
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For small variations,
AVeng = ~Veoo SING,AS = ~v , AG (A-3)
AVood = Ve cOSS,AS = VoogoAS (A-4)
From Fig. A-1,

e = ke + ] (A-5)
Separating into real and imaginary parts, (A-5) can be expressed as,
lgd = lgeq +iyy (A-6)
feg = g +if, (A-7)
For small variations,
Aigg = Aigyey + Al (A-8)
Aig, = Aiye, +Ai, (A-9)
Alternatively, (A-5) can be re-written as,

— (v.s'vc - voo)

fy = TacV + 7 (A-10)
where

e = Ve Ve (A-11)

Yoo = J(Be = B (@) = jBg, (A-12)
It must be noted that for a given operating condition B,,,, = (Bc - Bro(@)).
From 2-30 and 2-31 in Chapter 2,

B, (a)= —m\%—L{(n— ) +Elsin(2a)} (A-13)

B =27fC (A-14)
For small variations,

ABgy. =-AB; (a) = F(a)Aa (A-15)
where

F(a) = 22 cos(2a) (A-16)

Xy X
It is noted that F(a) is a non-linear component due to the term cos(2q). This non-linearity.

however, is cancelled out by an ideal, linearised block in the SVC model. Therefore, F(a) can be

assumed to have a constant value of 2/(nXy).
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From (A-11), it can be separated into real and imaginary parts as follows

Yved = B sve vsch

lsch = —stcv.wcd

Applying a small perturbation, (A-17) and (A-1 8) can be expressed as,

Alsvcd = stcoAvsch + V_quoM sve

Alsch = —( B sveo Av.wcd Voo AB sve )

From the vector diagram in Fig. A-1, an expression for I, can be obtained as

b

i = € ~ Ve

g JX

Separating into real and imaginary parts,
ingtl =€y~ Viveq

Log X1l = Voved ~ €14

From the vector diagram in Fig. A-1, an expression for 7 . can be obtained as,

|
<

I, ==,

: X

Separating into real and imaginary parts,
ild X(z =V v

sveq ~ Yoog

g X12 = Veod ~ Vired
Re-arranging (A-22) by making use of (A-6) and (A-25) yields,
g =lga (X +Xp3) =iy X2 + Vg
Substituting the stator voltage equation (2-9), in Chapter 2, into (A-27) gives,

. E(;I_vooq +i.\'vch12:|
log =
¥ Xi+Xy+Xp

Re-arranging (A-23) by making use of (A-7) and (A-26) yields,

€d = Vod — igq (th + Xt2 ) + i.wchlZ
Substituting the stator voltage equation (2-8), in Chapter 2, into (A-29) gives,

)
. Vod — E(’i +lschX!2
‘g =

XJ+ X+ X

Separating (A-10) into real and imaginary parts,
ig‘lX’2 =Veod ~ (1 - XIZ stc)v.\'vcd

ingl2 = (1 - XIZ B.wc )vsch “Veoq
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(A-17)

(A-18)

(A-19)

(A-20)

(A-21)

(A-22)

(A-23)

(A-24)

(A-25)

(A-26)

(A-27)

(A-28)

(A-29)

(A-30)

(A-31)

(A-32)



Substituting (A-22) into (2-9) gives,

i = Et;’ - v.\'ch |

gd Xé' + Xll (A'33)
Substituting (A-33) into (A-32), linearising and incorporating (A-3) gives,

X " "
Av =|: t2 leEu_l:(Xd +X,1)voodo le5+|:Xt2(Xd +th)v.wcqo :IABWC

Y q A Al (A-34)
where
Ag =Xp+(Xq+X1)(1-XpBg,) (A-35)
Substituting (A-23) into (2-8) gives,
i - vSVCd - Etli’
89 X‘;,'f‘Xl] (A-36)
Substituting (A-36) into (A-31), linearising and incorporating (A-4) gives,
Avxvcd = [&%:IAE(}: +|:(Xl] + /Y':] )Vooqo AS + XIZ (Xl;, + Xll)v.\'vcdo ABWC (A-37)
Ag Ay Aq ‘
where
Ag =X +(X)+ X X1- X3 Bge0) (A-38)
Re-arranging (A-28) by making use of (A-19) and (A-34) gives,
- X
iy = [__1 KBy ]AE;J{_WO ]AJ {———'2”““"’ }AB (A-39)
Al Al Al
Re-arranging (A-30) by making use of (A-20) and (A-37) gives,
% 1-X,,B XV,
A = 0o AS — t2LPsvco AE" 12 Y svedo AB A_40
L;} [ 5 } [ 5 ] N

D-axis Flux Linkage Voltage Equation:

Transient Voltage Equation

Transforming the transient voltage equation (2-6) into the S domain, and for small variations,
(1+T&0S)AE4 =AEfd_(Xd_Xc'1)Aigd (A-41)

Re-arranging (A-41) by making use of (A-15) and (A-39) gives,

1
AE) = AE o — GIAE! - CHAS + C3A) (A-42)
g l+r;,os( 4 —C1ALg =3 3
where
C = (Xq -X&)(I_XIZBXVCO) (A-43)
ag
C2 =[:(Xd _Xcll)vcodo:l (A-44)
A
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229

C. = 2 XIZ(Xd _lei)vscho
3 = —
Y

Subtransient Voltage Equation:

Transforming the subtransient voltage equation (2-10) into the S domain

(1 + TZOS)AEg = C4AEfd - CSAigd + C6AEé

where
z_ "
Tdo

i o
Cs =|(Xg - X)+-2 (x, —X&)}
L T do

z_l!
Cs=|1- f"’J
Tdo

Re-arranging (A-46) by making use of (A-15), (A-39) and (A-42) gives,

C7 (S)AE(}’ = C8 (S)AEfd - C9 (5)AS + Clo(S)Aa

where

Ag +{TioAly + 7 (A4 +(Xyg - X3)(1- X2Byeo))}s +{Thotiorly ) 5

G7(S) =I:

Ag(1+7j,s)

Ad = X12 +(Xd +th)(1_XIZstco)

Aéi =X12 +(X& +th)(1_XIZstco)

Cs(s)z[m}

1+ 74,5

(Xg = X + {750 (X = X) + 0o (X g ~ X)) SJ

C9(S) = vwdo{ Ag(l + Té’os)

|

-

2X 12Vsucgo [ (Xa = Xif) +{ro(Xg = X + 25, (X g = X))
Cro(s) = . Ag(1+1},s)
or
AES = g3()AE gy - g4()AS + g5y (5)Acx
where
I A%(1+ 74 5) .
g3(S) - Ad + {T&OAéI + Ta’o(Ag + (Xa' - X;j)(l - X[ZBSVCO))}S+ {T‘,ior"i'oAd}s
| veao(a = XD+ {rip (K = X+ 5o (Xa ~ X} o 2
84(5)= Ag +{TioBig + 7o (Al +(Xg = X1 = X2 Boneo))}s + {70 o} 5" |
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(A-45)

, and for small variations,

(A-46)

(A-47)

(A-48)

(A-49)

(A-50)

(A-51)

(A-52)
(A-53)

(A-54)

(A-55)

(A-56)

(A-57)

(A-58)

(A-59)



8sve2 (S) = 2 { thvscho((Xd ~ Xf'i) + {rt'io(Xc’I - X;z:) + Tt’io(Xd - thi)}s) (A-60)

72'_X 4 ! 1 ”
L Ag +{zaoby + (A% + (Xg = X3)X1= X2Beeo))}s +{ ot} 57
Q-axis Flux Linkage Voltage Equation:

Transforming the subtransient voltage equation (2-11) into the S domain, and for small variations,

(1+7go8)AE4 = (Xy = Xg)Aigy (A-61)

Re-arranging (A-61) by making use of (A-15)and (A-40),

AE"c'i = 84d (S)A(S + 8sve2d (HAa (A'62)
or
" o_ 1
AEd =T gy (Kaahd+ Racaalia) (A-63)
where
| Kag
844 (9) { o T&,S)} (A-64)
K
Esve2d (8) = [ g i"f‘; )} (A-65)
q
X — X"
Ky, = {( ‘lA q’”‘”‘l"} (A-66)
q
Aq =)(t2"}'()(q +th)(1—XtZstco) (A-67)
X, (X, - Xy Vsvedo
K.\'vc2d - _7[3(2——{ tz( 4 A (l) e } (A-68)
L q
AII
Ty = {—q— T;o} (A-69)
Ag

Generator Terminal Voltage Equation:

The generator terminal voltage in equation (2-2) can be expressed in terms of d and g-axis

components, as shown in (A-70),

el =el +e, (A-70)
Applying a small perturbation,
Ae, = %o pg,, + 242 Ac, (A-T1)
) to
Substituting (A-39) into (2-9) gives,
ro | Xt Xu0= X0 Boeo) | Kivts |y 5 | KK o } AB.. (A-T2)
. Aj L A Ad
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Substituting (A-40) into (2-8) gives,

X, + X, (1= X.,B X "
Ae,d =[ 2 t1 e 12 wco) AE{;'+ q :oqo AS + Xq 12Vsvedo ABn-c
g A Ag

Re-arranging (A-71) by making use of (A-15),(A-72), and (A-73) yields,

where
1, 7
K, =| G XiVoi0 o Xivey,
| €10 At,]' o A:i'

K6 - €140 . Xt2 +th(1:Xl2stco)
€0 Ad

X, z{_d X +X,l<1—X,2Bm)}

€, A ;’
1, .
K _ 2 €do X, 12 X qVsvcdo + €90 X 12 X, dVsveqo
sve3 T ’ " )
X, | e, A e, Ay

SVC Terminal Voltage Equation:

(A-73)

(A-74)

(A-75)

(A-76)

(A-77)

(A-78)

Similarly to the generator terminal voltage, the SVC terminal voltage can be expressed in terms of

d and g-axis components,

2 2 +v2

Vove = Vved sveg

Applying a small perturbation, it can be expressed as (A-80),

e €
— Stdo qo
Ae, = Aey +——Ae,
€0 fo

Re-arranging (A-80) by making use of (A-15) and (A-34), (A-37) yields,

A VNVC = K5I1A5 + K6n AEr;’ + K6dnAEg + stc.’mAa
where
K. =|Ysvedo . (X‘;' + X’I)quo _ Vsvego (X7 + X1 ) Voo
5 N 11
" Vsveo Ac'; Vveo Ad

K. = Vsveqo . X, 2
6n A"
v d

| Vsveo

K6a'n - [ Vsvedo . é; :'

n
Vsveo A q

v

” 2 n
B 2 [vfm KX+ X)) Vi Xp (X +X,l>}

sve3n = " "
2 L svco Aq Vsveo Ad
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(A-79)

(A-80)

(A-81)

(A-82)

(A-83)

(A-84)

(A-85)



Electrical Power Equation:

The synchronous generator active power in equation (2-20) can be expressed as,
F, = eylgq +eyly,

or
P, =v i, + Veoglig

For small perturbations, the electrical power in (A-87) can be expressed as,
AP, = v oAl +i0 AV, + VoogoDiyy F oAV

Re-arranging (A-8) by making use of (A-19), (A-34) and (A-39), gives,

Aitd = |:A1 j|AE‘;'+ l:(l — (Xd + Xl])stco)va:)do :lA5+[(Xd + th)v.wcqo j,ABch

d Ay "

Re-arranging (A-9) by making use of (A-20), (A-37) and (A-49) gives,

1—-(X"+X.,)B "
Ailq = l:( ( . I,t) =2 )quo :IA5 - li_l,,_:lAEé, - l:(Xq : X,lyl )VSVCdO }AB.\'VC
Ag Ag Ay

Re-arranging (A-88) by making use of (A-15), (A-89) and (A-90) yields,
APe = K1A5+ KzAE(;' - KZdAEclil +stclAa

where
[~ _ " 2 1— X + X” B-v vczo
K1 = (1 (th +§:{)ch0)va0 +( ( L A:l’) - w) = +ildov°oq0 _i'tlovwdojl
L d q
K2 — Veodo
| A

2 (X nt X c’Il)voodov.wcqo _ (X n+t X (}I)vooqo Vsvedo
”n r
Al A

Swing equation:

Transforming the swing equation (2-21) and (2-22) into S domain, for small variations,

]
Aw = —— (AP, — AP, — DAw)
@ 2Hs( " ¢

AS =22 Aw
AY

(A-86)

(A-87)

(A-88)

(A-89)

(A-90)

(A-91)

(A-92)

(A-93)

(A-94)

(A-95)

(A-96)

(A-97)

The transfer-function block diagram model of the synchronous generator-SVC system for Model 1
is shown in Fig. A-2. It is realised by combining (A-57), (A-63), (A-74), (A-81), (A-91), (A-96)

and (A-97).
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A®

—b@_—; Turbine-Governor] :
+ Control :

SVC damping control loop

AVge

SVC voltage control loop » K
: 8wz (S) el
+ .
: + L Ae
E » K, — = o
: " + T+
Aet—ref Aeerr K’ AEfdk ( ) AE"q
()T s 80 [P K, X
- Excitation T
system : FAQ) i

Figure A-2 Block-diagram model of synchronous generator-SVC system with Model 1
A-2 Model 2

Substituting (2-4) into (A-27) gives,

. Ec; ~Veoy +i.wch12
1 =
&d X+ X, +X,

(A-98)
Substituting (A-22) into (2-4) gives,
i = [_____E‘; ~ Vaveq ] (A-99)
X +Xn
Substituting (A-99) into (A-32), linearising and incorporating (A-4) gives,
o Xl [Ei Xalaw s, X2 (X +X1)Vsueqo }ABM (A-100)
S VY Iy Y
Re-arranging (A-98) by making use of (A-19) and (A-100) gives,
- X sveqo
piyy =| LK Boeo) |\ gy | Yoo |n 5| DT np (A-101)
) A A A
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D-axis Flux Linkage Voltage Equation:
Re-arranging (A-41) by making use of (A-1 5) and (A-101) gives
AE; = g3()AE f7 — 84()AS + g0 (5)Acx

b

or

, Kj

=— 3 (AEy-K
175 Kyrgs CLst ~KaAS + Kooha)

where

g3(s) = —L]

_1+K3‘L";0S
_ KK
84(s) = '3‘4,
K3K
e (§) = | —3—swe2
1+K3T(§0S
_A,
Ky=|24
KAV

x| K -X:,>vmdo]
4 — A:1

X 2 [X,z(Xd —X;;)vm,o}

2 —_
S ¢ A

Generator Terminal Voltage Equation:
Substituting (A-101) into (2-4) gives,

X, +X,(-X,B X XaX 12V veqo
Ae,q=[ 12 i 12 MO):IAEé_[ dedo:IAé-_l_[ d :’ q }ABM

Ay d d

Re-arranging (A-71) by making use of (A-15), (A-73) and (A-110) gives,
Ae, = KsAS+ KGAE] + KgyAE] + Ky sbt

where

1.
XVog g0 X Vs

-

€1do
Ky =| o =10 =
€10 q €0 d

relqa . th +X11(1_XlZstco)
e, A,

0 -

K6=

K _l:eldo X12+th(l_thstco):l
6d — : A"
q

eto

’
K 2 [e,d(, X12X¢;,vsvcdo +elqo X!Zde.WCq0:|

sve3 = 1" '
X, | e, A q € A,
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(A-102)

(A-103)

(A-104)

(A-105)

(A-106)

(A-107)

(A-108)

(A-109)

(A-110)

(A-111)

(A-112)

(A-113)

(A-114)

(A-115)



SVC Terminal Voltage Equation:

Re-arranging (A-80) by making use of (A-15), (A-37) and (A-100) gives,
Avsvc = KSHA5+ K6n AE(; + Kédn AE!I', + ch3nAa

(A-116)
where
Ky, =| Yoot (KXg* XaWaie Vose (X§+X1)0g (A-117)
1 Vsveo AZ,' V sveo A:I
_vS'VC (/] X
K., =24 a2 -
6n Dy } (A-118)
Vecdo X
Kean = Svedo 212 A-119)
5 { v.\'VCO At,]' (
" 2
K y, = 2 vaz-vcdn _XIZ(X4+X'1) +VAVC¢]0 _XIZ(X(II"'XII) (A-120)
e X L | Vsveo A(,;' VY sveo Ac,i
Electrical Power Equation:
Re-arranging (A-8) by making use of (A-19), (A-100) and (A-101) gives,
—(X! Xi+X1)Vecao
Al = [L,]AE[; 4{(1 (Xa + Xi1)Biveo Ve }Aa{( 4 ¥ )y JAB (A-121)
Ay Ay d
Re-arranging (A-88) by making use of (A-15), (A-90) and (A-121) gives,
AP, = K\AS + K, AE) — Ky  AE] + K 1A (A-122)
where
- / 2 1-(X X, B\'vco 020 0
K] - F(l (th +Xa')stco)voodo +( ( nt ‘f') : )v kh +itdovooqo _itqovoodoj' (A-123)
Ay A
K, - vwdo} (A-124)
Y
Veogo A-125)
Ky =|— (
K 2 (X(II + X,] )vschovoodo B (Xl;’ + le )vsvcdovooqo (A_126)
svel T 77:XL A:j A;’

The transfer-function block diagram model of the synchronous generator-SVC system for Model 2

is shown in Fig. A-3. It is realised by combining (A-63), (A-96), (A-97), (A-103), (A-111), (A-
116) and (A-122).
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Figure A-3 Block-diagram model of synchronous generator-SVC system with Model 2
A-3 Model 3

Substituting (2-5) into (A-30) gives,

. Vood +ischX12
Teg =

(A-127)
X gt Xg+Xp,
Substituting (A-23) into (2-5) gives,
gy =| (A-128)
X, + Xy
Substituting (A-128) into (A-31), linearising and incorporating (A-4) gives,
Avo {(Xq + Xi1)Vego ] A 5+[X,2 Xy + X1)Vocao } AB. (A129)
SVCi A A
q g
Re-arranging (A-127) by making use of (A-20) and (A-129) gives,
Ai = v°°‘l” AS + X12v.wcdo AB (A-130)
8gq Aq Aq sve
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Generator Terminal Voltage Equation:

Substituting (A-130) into (2-5) gives,

X v
re { e }M[”\]AB

q A,

Re-arranging (A-71) by making use of (A-1 5), (A-110) and (A-131) yields

>

where

€1do _Xqvooqo €0 X Vs,

Ks =
| €t A, €10 Ay

(etqo . Xt2 +Xt](1_Xl2stco)-

K6 =
r
L o Ay ]
!
K _ 2 €tdo XlZXquvcdo +elqo XtZdescho
sve3 T : .
X; | e, A, e, A

SVC Terminal Voltage Equation:
Re-arranging (A-80) by making use of (A-15), (A-100) and (A-129) yields,
Av.s'vc = K511A5+ K6n AEc; + K.wc3nAa

where

[ viete K+ Xaio Voo (X&+X11)deo:l
KSn - ' - ’ s
Vv A Vv Ad

sveo q svco

vscho X,z
K6 = 1 ._ £

n 1}
B Vsveo Ad
2
2
K _ 2 v.\'vcdo.XIZ(Xq+th)+vscho_XIZ(X‘;'-FX”)
sve3dn T ;
X L | Vsveo A q VY sveo A d

Electrical Power Equation:
Re-arranging (A-9) by making use of (A-20), (A-129) and (A-130) gives,

Ait _ ':(1 _(Xq + XII)B.WCO )vooqo }A5_|:(Xq + Xll)v.wcdo :IAB.“,C

q A Aq

q
Re-arranging (A-88) by making use of (A-15), (A-121) and (A-140) yields

where

wdo

Al A

2
K —l:(l_(th +X{})stco)v2 + (1_(X” +Xq)BWC(’)v°°qo
1=
q
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+ ildovooqo - llqovmdo:l

(A-131)

(A-132)

(A-133)

(A-134)

(A-135)

(A-136)

(A-137)

(A-138)

(A-139)

(A-140)

(A-141)

(A-142)



K {M‘} (A-143)

2 (th + Xz'l' )vcodovscho (Xll + Xq )quovsvcdo
~ (A-144)

svel — 7Z'XL A& Aq

The transfer-function block diagram model of the synchronous generator-SVC system for Model 3
is shown in Fig. A-4. It is realised by combining (A-96), (A-97), (A-103), (A-132), (A-136) and
(A-141).

Generator-SVC System
A®ref _L . AP . Aw
Turbine-Governor| ; 8f'm I w, | A3 S
+ System _T’ — YHs+ D > 5 :
— | AP,
SVC voltage control loop
........ Ao + AP
T . sYn Kl d
%S
1+T(us + 4\
APSVC Ped & ﬁ KS"

S svel Avee
Siwse woswk L @ ;

P + :
AVsyeref i K Aa K .

SVC voltage control loop : K > K. 5
e +

: L Ae

: p> : »
+ + T+

A€ygef ACerr I<a AEg 5 1(3 AE'q 1<6
* I+zs + 1+ 2, Kys K,
- £

- Excitation
System

Figure A-4 Block-diagram model of synchronous generator-SVC system with Model 3
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Appendix B

Derivation of the Small-Signal Transfer Function Block Diagram
Model of the n Synchronous Generator

and m SVC Systems

This appendix derives the transfer function block diagram model for n-synchronous generators, m

SVCs. The Mathematical representations of the power system elements in Chapter 2 are used in

the derivation process.

Starting with the re-arrangment (2-8) and (2-9) by making use of (2-1) gives,

& =E"+(Xy - X])ig, - X4, (B-1)
For the i machine, (B-1) can be written as,

& =E, +(X}j - X3 )iy — JX2T, (B-2)

gqi gl

Re-arranging (B-2) by making use of (2-13) and (2-16), the generator’s terminal voltage of the /*

machine in common co-ordinates is given by,

E, =e/0i-7/ 2)(E,."+ Xy - Xy )igq,-)— X5, (B-3)
For a n machine system, the generator’s terminal voltage in (B-3) can be written in matrix form as,
(E,1= [/ IE T+ LX) - Xi1ligy )| -LX ST (B-4)
where [¢/C~"'D7, [jXx7] and [X, +— Xj] are diagonal matrices.
For small variations, (B-4) can be expressed as,
(8B, 1= /0D JIAB 41 - X30AL 1+ [UE "1+ - X i YIAS) -LXGNAT,) (B-5)
where [i,,] is a diagonal matrix.

The incorporation of m SVCs into the power system networks introduces m SVC nodes, which are
retained for explicit representation together with the 7 machine nodes. The admittance matrix

[F]in (2-24) for n generator nodes plus the m SVC nodes can be expressed as follows,

(B-6)
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B-6) may be alternatively expressed as,
U 1= B0 IE 1+ [T, 11V, ]
[an][Et] + [Ymm + ii'vc][f/‘svc] =[0]

It is noted that the dimensions of [7 gl and [E,] are nx1 and [V, ]is mx1

For small variations, (B-7) and (B-8) can be expressed as,
(AT, )=, IAE, 1+[F,, 1AV, ]
(7 + ¥ AV 1= -[F,, [[AE, 1~ [AT, 17, ]
From (2-29), Y, can be expressed as,
Yoo = J(Bc - B, (@))

where

Bi(a)= ;(2_ {(n —-a)+ % sin(2a)}

L
BC = 27#C
It is noted that for a given operating condition ¥,,, = j(B. - B,(a,)) -

svc

For small variations,

_ 2 2
AY.,.=-jAB;(a) = j — — ——co0s(2a) tAa
sve JAB (@) j{ZXL X, ( )}

The non-linear term can be neglected (see previous discussion in Appendix A), therefore,

AYg, = jKAa
where

_2
Xy

K
For m SVC, AY,,. in (B-15) can be written in matrix form as,
[AY,,c1=[/K][Ac]
Re-arranging (B-10) by making use of (B-17) gives,
(A7 e 1= | + T | [T AE 1+ LK T[AGI ]

Re-arranging (B-9) by making use of (B-18) gives,
[AL]=[T,][AE ]~ [51UKIAIV ]

where
[%,]= (51 = [Fn 0 + Frse T (B

[%,1= (B W + T T
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(B-8)

(B-9)

(B-10)

(B-11)

(B-12)

(B-13)

(B-14)

(B-15)

(B-16)

(B-17)

(B-18)

(B-19)

(B-20)

(B-21)



Re-arranging (B-19) by making use of (B-5) gives,

[AT]=[F,][e/ " ]{[AE "L ~ XN Big, 1+ J[LE" T+ 1] = Xl Jias}

_ _ -22
where
_ =1 .. -1
[Tl =1 + 0] (B-23)
MAEANANIA (B-24)

Jth . . . .
For the i machine of the n machine system in D-Q co-ordinates, the generator armature current in

(B-22) can be re-written as,

15 _[(5]-—71'/2) ~n ” " . f T "
AT, =% 7, (B + (Xgy = Xy)igy + J(EJ+ (X = X igy A6, }

m (B-25)
_JEI mj (_]K )Aa
It is noted that in (B-25) the term j=i is included.
Changing from D-Q to d;-q; co-ordinates for the i"" machine gives,
Iy =e/ AV, (B-26)
For small variations, (B-26) can be expressed as,
Aiy = /O DAL, — jT,AS, (B-27)
Re-expression (B-27) by making use of (B-25), AT gi N drq; axis is given by,
=% Fye {AE;'+ (X2~ XAy + B+ (X~ X0igy JAS, }
/= (B-28)
-”E]Y (= 5,-+n'/2)(jK Woha,
where
5,=6,-6 (B-29)
ASj; =A6; —AS; (B-30)
Let us assume that,
Ty = Yoy (B-31)
?sij =Y,y oI (B-32
Re-arranging (B-28) by making use of (B-29)-(B-32) gives,
AL, é‘ Yy o it h) {AEJ’-’+(X‘;} — X)Aigy +j(E'j'-'+(X¢;} )lgq,\)A5 } 533

1

m j("5i+}’ij+”/2) K V Aa
- Ys,-je (] ) svg
j=1
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h . .
The generator armature current of the i machine in (B-33) can be decomposed in d-q; axis as,

n
A- = » B II. Il_ — ”' ; — " ” " " :
m
+ EI YS,-J-B,-J-KjAaj

(B-34)

s

Al .= . . " no_yn . " " " . "
s = £ {Sg,j (AES + (X~ Xg)igy) + CoyABg ~(Sy Epy = oy (Eg + (X - Xy ) AJJ,}

m
+ 21y 4K A
J=

(B-35)
where
Cgij = cos(6; + B) (B-36)
Sgij =sin(;; + By) (B-37)
Cyjj =c0s(8; +7;) (B-38)
Ssi = sin(; +7;) (B-39)
Alj = Ssij V.s'vcdj + Cslj V.s'chj (B'40)
Bij = Csij stcd/' - Ssij svegj (B'41)
For n machines, (B-34) and (B-35) can be expressed in matrix form as,
[Aigy] = [ Kpa A8+ [Kpa MAE]1+[Kpa NAE]+[CoullAig 1+ [K4allAc] (B-42)
[Cpy [Aig, 1=Ky [AST+[Kpy NAEGT+ [Ko, IAEF1+[K 4, l[Ac] (B43)
where
Kty = ~Ygi {Co By + Sy (B + (Xg = Xigg )} forj (B-44)
Ky = ~Yoy{Sey B = Cou (Bl = (X = Xy} forj (B-45)
Kpai == % Knay (B-46)
J#i
J#i
Kpai = ~YgiSey for j=1—n (B-48)
Kpgyj = YeiCai for j=1-n (B-49)
Koaj = YeiiCeij for j=1—n (B-50)
Kogii = YeirSei for j=1—n (B-31)
Cou = YesCos (X = Xip)  fory=In (552
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Cogi = ~YoiSgi (X - X2t for j=

(B-53)
Cogir =1+ Cg,; for j=i (B-54)
Kpay = Yy B;K, for j=1—-m (B-55)
Kagy = Yy 4; K for j=1—m (B-56)
Re-arranging (B-42) and (B-43) gives,
[Aiga ] = [ D4 NAE;1+[Q, [IAE] +[R, [[AS]+[ 4, |[Acr] (B-57)
[Aigy 1= D, JIAE;1+(Q, NIAE ] +[R, )[AS)+[ 4, J[Aa] (B-58)
where
[R,1=[Cp, 1" [Kp,] (B-59)
[D,1=1Cp,1"'[Kp,] (B-60)
[9,1=1Cp, 1"'[Kg,] (B-61)
[4,1=[Cp, 1" [K 4] (B-62)
[Ri1=[Kpa]+[CpqllR,] (B-63)
[D41=[Kpa1+[Cp1ID,] (B-64)
[041=[Kpa1+[CpallQ,] (B-65)
[44]=[K4a]+[Cpull4,] (B-66)
Electrical power equation:
As shown in (2-20), the electrical power of a synchronous generator can be expressed as,
Py =egigy +eyiy, (B-67)

Re-arranging (B-67) by making use of (2-8) and (2-9), the electrical power for the /" machine may

be expressed as,

Foi = Ejily + Egily + 10 (Xgi — X§)ig (B-68)

For small variation, (B-68) can be written in matrix form for » machines as follows,

[AR]= iy MAEZ)+[i, IAES) +[LEZ1+ [y LX) - XA, 1+ [N+ G0, - X1Jiad, ) (B-69)
Substituting (B-57) and (B-58) into (B-69) gives,

[AP.1=[Ky J[AST+[ Ko MAE, 1+[Kyg AE 1 +[K ot [[A2] (B-70)
where

[Ki1=[Q: ][R, 1+[D, 1[R4] (B-71)

[K21=[,]+[Q]ID, 1+ (DD, ] (B-72)

[K2a]= 1+ [Q1Q,1+[D,1[Q,] (B-73)
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[Keve11=10,104,1+[D,1[4,] (B-74)

[Q1=[EJ1+ [, 11X - X}

[F1=E1+ [, LX0 - X EEZZ
For the * machine, (B-70) may be expressed as,

AR, = Kiyhd, + ¥ KiyAS; + Ky AR} +é,- KyyAED + Koy AED +é,- Ky 4y AE}

+ KoeiAa; + j%éi KoeyAa; E70

where

Kyii = O Ryi; + DRy (B-78)

Ky = OiRyij + DRy (B-79)

Kyii =iy + O D,; + D, Dy, (B-80)

Ky =0, D, + D, Dy (B-81)

Koui =g + 0,0y + DOy (B-82)

Kodij = Q1 Qgyy + Dy Ouij (B-83)

Ksyerii = Oy Agij + Dy Ay (B-84)

Ksyery = Or Agy + Dy Agij (B-85)

D, = Ej +(X} - X}, (B-86)

O = EG +(Xgi — X))y (B-87)

D-axis flux linkage equation:

Transforming the d-axis flux linkages in equations (2-6) and (2-10) into S domain and expressing

the result in matrix form for » machines gives,

[0+ 025 IS AE; 1= [AE 4] - [ Xy - X 1[Aigy] (B-88)
[0+ [, sJ AL, = [(1+ (2, Is[AE; ) - [ Xy — X[ Aigy] (B-89)
Re-arranging (B-88)-(B-89) gives,
[Cy(IAE] = [C()AE 141~ [C (][ Adgg] (B-90)
where
[C (9 = |11+ [ )s] (B-91)
[Cy ()] = [[ Xy~ X1+ [l [ = X1+ 2 [ Xy = X3 T]s] (B-92)
(B-93)

(G =[[11+ e, + 2 Js + [t )5’

where [1] is a unit matrix and[z},] is a diagonal matrix.
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Re-arranging (B-90) by making use of (B-57) gives,

[ NP+ (O AES = [CUNAE 111 [ (YR, A8 + [0, AR
+[44][Ac]] 559

For the i machine, (B-94) may be expressed as,

n
AE}; = g3;i(S)AE 1, — T g2 (S)AE". — o,. :
qi ii fdi ot &3ij () g ~ 84ii (S)AS; —jii 84 (S)Aaj — 87ii (S)AE;

_ 2 ” m -95
where
1+ 74,8
.. s e —
83ii (5) AGs) (B-96)
g3() = {(Xdi - Xlz'i)} +(2 (ng (—)X;;,-) + 2 (X = X3y))s b, (B-97)
s y -
g4ii (S) = {(Xdl - thi'l)} + (Tgljol(X(,j;(—)Xgl) + Tt;'loi(Xdi — thil ))S Rd” (B 98)
s ii -
g4 (5) = {(de - Xt’ii)} +(Tt’ioi(X¢’1'i — Xai) + Toi (X i — Xz'ii))SR
) - .
AG) i (B-99)
O = )+ (o (X = X+ 2 (K = X))
£7ii(8) =
u A(S) Q(lii (B' 1 00)
o (5)- (X = X))} + (7 (X = Xii) + 2 (Xt = Xi)s (B-101)
A A(s) aj )
(Xai — Xai)f +\Taoi (Xay — X))+ Tioi (X gy — X g
a9 Akt D) o e M) i N~ i) (B-102)
(X gi = X+ (00 (Xl = Xi5)+ 20 (X i ~ X
gsvc2ij(S) = { di di } ( doi dA(S) d dm( d d ))s Adij (B-103)
A(s) = {1+ (X ~ Xij)Dai ) (B-104)

! 4 ] ’ ” 2
+ {(Tz’ioi + Tioi ) + (T&oi(Xdi ~ Xai) + tdoi (Xai — Xfﬁ))Ddii}S + {Tdoifdoi}s

Q-axis flux linkage equation:

Transforming the g-axis flux linkages in equation (2-11) into S domain and expressing the result in

matrix form for » machines gives,

[111+ L7515 (AEG] = [ X, - XM Aigg) (B-105)
Re-arranging (B-105) by making use of (B-58) gives,
(B-106)

[[11- 01X, - X500, 1+ 5015 [AEG] = [, - X IR, 1881+ (D, NAET+ (4, laa)|
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n n
AE =- % . " 3 :
di == X &1dy (S)AE G + 844 (5)AS; + jii 844i7(S)AS; + g3 ()AE?,

qi
5 " m (B-107)
+ 83 (DALG + rcaai()Aa; = X gy (s)Aa,
where
X X"
874;(s) = - - 9195,
(Xgi = X3:)Qgis + This (B-108)
( X" )
83 (8) = L
3dii 1- X X" )Qq” N Té,m (B-109)
( Xn )
8343 ($) = 7
TS, X" 4)0ii + TjorS (B-110)
( Xn )
844ii(8) = il
dii 1— X X",)Qq" N qu,S (B-111)
( X" )R
84dij(5) = ; ; (B-112)
1- (Xqi th)Qqn + Tq0iS
( Xn )Aq"
. S — -
8sve2dii (S) —(x,, X,, VO + oS (B-113)
( XII )Aqy
8svc2dif(5) = - B-114
e O) = G o+ v (B-114)

Generator terminal voltage equation:

For small variations, the generator terminal voltage can be written in matrix form for » machine as,

(e, 1= (e, [few lTAe, 1+ e, e, ] (B-115)
The generator terminal voltages equations in d-axis and g-axis, (2-8) and (2-9), can be written in

matrix form for » machines as,

[Aeyy 1=[AES]-[XG1[Aigy] (B-116)

[Aeyy 1=[AEG]1+[ X f1[Algg ] (B-117)
Substituting (B-57) into (B-116) gives,

[Ae,, 1= [[11-[X 410D, AL~ [ X GQu NAES] - [ X GNR,AS]- (X1 Ay N[ Aa] (B-118)
Substituting (B-58) into (B-117) gives,

(A, 1=[[1+1XQ, AL+ XD, MAEF)+ [X N, AS)+ X104, Jloe] (B-119)
Substituting (B-118) and (B-119) into (B-115) gives,

[Ae,] = [Ks1[AS] +[ K IAE)1+[Kea NAE 1+ (K e 1[Ac] (B-120)
where

(B-121)

[Ks1 = [e 1" [lew JLXUR, 1~ Loy NXAR, ]
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[Ke)= (a1 (e 1,1+ e 11 - L1 2, (B-122)

[Kerd = o1l 00+ L0, 1- le JLX100,1] (B-123)
[Kves) = e[ lea U104, 1~ [eg XA 4, (B-124)

For the i machine, (B-120) may be expressed as,

n n
Ae,; = K5;AS; + 2 Ks;jAS; + Kg, AE + I KgAE) + Ko i AED + 5 Koy AE;
J#i J#i

_];tl

+ Kl +1Ei KoesjAa B2
where

Ksii = €0 (e X iRy — e X Ry (B-126)
Ks; = e, l(e,d,X" » e,q,.X;,;.R,,,.j) (B-127)
Koi = e (e Xg; Dy — e, (1 - X ) Dy ) (B-128)
Koy = ei” (e X} Dy - e X Dy ) (B-129)
Koai = e (e (1= X)0y — €1 Xy Qi) (B-130)
Keay = e (e X i = i X Oy ) (B-131)
Koesii = € (elle i Agii _etincll;Adii) (B-132)
Koesy =i (e,d,X" Ay — e Xl Ad,].) (B-133)

SVC terminal voltage equation:

For small variations, the SVC terminal voltage for m SVC can be written in matrix form as,
[AV ] = Ve T [Poscp 1AV avep 1+ Ve 1A g )| (B-134)
Re-arranging (B-9) by making use of (B-5) gives,

[AE,]=[F.1Lix 51" [e/¢" ”’2)]{[AE”]+[X” Xi1Ai, ]+_/[[E"]+[X" X, ][zq]][AcF]} (B-135)

~ [V, 1AV ]
where
) =[Lx + 1%, (B-136)
Re-arranging (B-10) by making use of (B-135) gives,
[AV, ]= —[F, ][/ ]{[ AE" 1+ [ X0 - Xi[Aig, ]+ j[ [E"]+[X; = Xqlig, ]][AJ]} (B-137)

(AT )V nc]]
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where

1

(Y= [ + Ve = [ MU, )|

(B-138)
(F] = U M I (B-139)
For the i SVC in D-Q co-ordinates, the SVC terminal voltage can be re-written as,
no_ (Sj-nI2)| =, " A { =, ,
E'Y;u e’ (AEJ"‘(XQ,-_de)Ang, +j( Ej +(Xq;- )zgq/)AcS)
m (B-140)
Z qu qu
Let us assume that,
¥, =Ye’% (B-141)
¥y = Yyye'? (B-142)
Re-rearraging (B-140) by making use of (B-141), (B-142) and (B-15) gives,
AV g = = 5,y 0D B+ (X = X)Aigy + (B + (X - X igy )5
o (B-143)
- X Yye J¢"ch,(JK YAa;
J=1
The SVC terminal voltage of the i SVC in (B-143) can be decomposed in D-Q axes as,
AI/.\V(,DI =2 Yeij(_ CﬁjAEt; - Sﬁj(AEf’fj’ + (Xl;; - X‘Z)Aig‘ll')
Jj=1 (B-144)
(Sfj Eg —Cpy(Ej + (X - X )igw))A51)+ Elein/a(iAaj
Mg = 3oy (~ S AEg +Cpy(AEG + (X5 = X5)Biy)
Jj=1 (B-145)
(CﬂE,, +S(Ef + (X - X5igy ) |08 ) zz,,jK bda,
where
B-146
Cy = cos(By +5) (B-146)
. B-147
S 4 =sin(Gy +9;) ( )
(B-148)
Cyij = cos(@;)
. (B-149)
Sy = sin(¢;)
(B-150)
aij = SlijV.\'chj + ClijV.\'chj
(B-151)
bij = C/ij stcDj - Slij V.\'chj
For m SVCs, (B-144) and (B-145) can be expressed in matrix form as,
(B-152)
[AViyup] =[Sz MAST+[Spy NAE1+[Sp IAE{ ]+ [ScoallBig 1+ [S.ull @]
(B-153)

[AV el = [SRq][A5]+[SDq][AE,’]+[SOq][AEd]+[S(Oq][AI 1+[S 4 )[A]

145



where
Star = V(S5 = Ca(Eg + (X5 XPigy))  forj=1om

Stay = Yoy~ Cpy g = S, + (o - Xigy))  forj=1sn

Spaj = ~F;Cpy for j=1—n
Spgj =—Y;S 4 for j=1—n
Sody = ~Y.;8 5 for j=1—n
Soai = Yoy Cpy for j=1—-n
Scoaj = —Yoy S ( Xy - X7) for j=7—n
Scogy = Yoy Cy (X} = Xg) for j=1—n
Saay = Yy a; K, for j=1->m
Sagy = —Yub; K for j=1-n

Re-arranging (B-152) and (B-153) by making use of (B- -58) gives,
[AViep] = [Tra I[AS] +[Tpa J[AE]] +HIoa NAES]+[T,1[Ac]

[AV o] = [T, I AS] +[ Ty, IAES) +( T, NAEJ1+([T,, l[A]
where
[7ra] = [Sral+[ScoullR,]
[Zrg]=[Sry1+[Sco, IR, ]
[75a1=[Spal+[Sceall D, ]
[7pg]=[Spy1+[Sco 11D, ]
[7041=[Spal+[ScoallQ,]
[Tog1=[Spy1+[ScoallQ,]
[T4a]=[S4a]+[Scoall 4]

(T4 )= [S4q 1+ [Scoall 4]

Re-arranging (B-134) by making use of (B-164) and (B-165) gives,

[A vc] [KSn][A5]+[K6n][AE"]+[K6dn][AE ]+ wc3n][Aa]

where

(K51 = Ve [(Vonco W a1+ Vo0 Wy ]
[Kon] = Vv 1™ [[Vanep W a1+ Ve Wy ]

[Koun) = Ve ) [V W 1+ Ve W )]
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(B-154)

(B-155)
(B-156)
(B-157)
(B-158)
(B-159)
(B-160)
(B-161)
(B-162)

(B-163)

(B-164)

(B-165)

(B-166)
(B-167)
(B-168)
(B-169)
(B-170)
(B-171)
(B-172)

(B-173)

(B-174)

(B-175)
(B-176)

(B-177)



[ vc3n] [ vc] [[stcD][TAd]+[Vwc0][TAq]] (B-178)

For the i SVC, (B-174) may be expressed as,

n
AV.vvci = KSniiAé‘i + Z KSnijAaj + K6niiAE" + E KGmJAE"

+ Koanis AE; +j§’ Ko AEG + Koz Aat; + z KoveanjAa; (BA179)
where

Kspi = V\—ll (V weDi Irdii + Vv Tun) (B-180)
KSm'j = Vs_]: (V sveDi TRd: ch: Tqu) (B-181)
Koni = Viats( Ve Toas *+Vivegi Togit) (B-182)
Kﬁnij = Vc;;: (stch TDd: chx T; qu) (B-183)
Keanit = Vvei (Vch: Toaii + Vv TOqii) (B-184)
Keanij =Vivsi (V wei Lodij + Vo TOqij) (B-185)
Kovesni = Vevei (stch Tpaii +Vveoi T, Aqu) (B-186)
Kovesnj =V, :l:(VchlTAdy +Vcoi TAqy) (B-187)

The transfer function block diagram which represents » synchronous generators and m SVCs is

shown in Fig. B-1. It is realised by combining equations (B-77), (B-95), (B-107), (B-125), and (B-
179).
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Figure B-1 Transfer function block diagram model of n machine and m SVC system



Appendix C

Derivation of the Small-Signal Transfer-Function Block

Diagram Models of the Synchronous Generators-TCSC
System

This appendix presents the derivation of the transfer function block diagram model of a

synchronous machine and a TCSC system. The system is shown in Fig. 7-1 of Chapter 7. The

model (2d,1q), corresponding to a salient-pole machine is used in the dervations.

The vector diagram of the system can be drawn as shown in Fig. C-1.

< ig=ly

i \
d-axis

Figure C-1 Vector diagram of a synchronous generator-TCSC system

For the vector diagram in Fig. C-1, with the rotor position taken as the reference, an incremenatal
change of the infinite-bus voltage is given by, o
(C-
AV 0g = —V odo AO

(C-2)
AV pdg =VoogoAS
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According to equation (2-32), the total reactance (X,) of the TCSC can be expressed as

Xee =X, - C [2(rr — ) +sin(2(z - a))] +C, cos®(z - a)[ﬂ tan(A(z - @)) - tan(z ~ a)]
where

C1=XC+XLC

For small perturbations, variations in the TCSC's total reactance in (C-3) are given by,

sin(/l(fr - a)) _sin(z-a)
sos(/l(zr - a)) cos(7 - a)

AX s = {201(1 +cos2a) - C; sin 2a[/l

CZ{ 22 cos*(z - ) _ l)ﬂAa

cos? (/1(7: - a))

AX o = F(a)Aa
From the vector diagram in Fig. C-1, Tg can be expressed as,
- € Voo
& T (X Xese)
Separating into real and imaginary parts,
igd (Xy = Xosc) = €1q ~Veog
Igq (Xy — Xese) = Vood ~€ud
Substituting (2-9) into (C-12) gives,

. Eg —Veoq
lgd = " X
Xg+ X —Xese

Substituting (2-8) into (C-13) gives,

vooa'-Eclil
8~ X;;""Xt _Xcsc

i
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(C-3)

(C4)

(C-5)

(C-6)

(C-7)

(C-3)

(C-9)

(C-10)

(C-11)

(C-12)

(C-13)

(C-14)

(C-15)



By applying a small perturbation, (C-14) and (C-15) can be expressed as,

: — 1 " VOOdO igdo
Algd —[A_Z:,AEq +[§AZI :,A5+[AZ’ JAXCSC (C-16)
- 1 y .| Voogo Lego
Aig, =_’:E]'—:,AE‘1 +,: Al :,A5+[A¢']' AX oo (C-17)
where

A;’: =X¢'1'+X,—Xcsc (C_18)

A'q’zXé’-'_Xt—XCSC (C-]g)

D-axis Flux Linkage Voltage Equation:
Transient Voltage Equation
Transforming the transient voltage equation (2-6) into the S domain, and for small variations,
(I+ T8 AE; = AE gy = (X g ~ X)Aigg (C-20)
Re-arranging (C-20) by making use of (C-16) gives,
1

AE! = AE 5y — GAE! - CyAS - C2AX (C-21)
9 1+T('103( fd —+188g =42 38X ¢c)
where

¢, -| X4 —X"’} (C-22)

= 24" 2d
| Az

[ (Xa = X Veado ©23)
C; = I
. d

(Xd —Xa)igdo (C-24)
C3 = AH
d

Subtransient Voltage Equation:

Transforming the subtransient voltage equation (2-10) into the S domain, and re-arranging by

making use of (C-20) gives,

; ' (C-25)
(] + Z‘c'i'OS)AE; = C4AEfd - CSAlgd + C6AEq
where
Cy = [ %J (C-26)
Tlo
d (C-27)
Cs = ((X;, — X+ (X, - X )]
B Tdo
)
C _ rl TZ;O:' (C A-8)
e
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Re-arranging (C-25) by making use of (C-21), (C-16) and (C-10) gives
Cr(AEG = Cy()AE gy — Cy(5)AS - Cpo(s)Aar

(C-29)
where
C7 (S) = Ad + {T"ioA;i + Tgo(Ag + (Xd - thi))}s'i' {rc,lngoAg}Sz
Ag(1+74,5) (C-30)
Ad = Xd +X,-X
t csc (C-31)
1+ T&OS (C_32)
C9(s) - voodo,:(Xd - X"i')+{rc’lo(Xc'1 —Xg)+ Tc;"o(Xd —Xt’i)} P
Ag(1+1),5) (C-33)
| =X+ {eo Oy - X+ 2 (X - )
C = 0 d do\d d) N
10(8) lgd[ AL+ 2s) F(a) (C-34)
or
AE‘}' = g3(s)AEfd ~ 84(8)AS - geser (5)Ar (C-35)
where
i -
_ AG(1+1l8)
g3(s) = dl_* “do C-36
N (oo s Kt )+ 4 T - T oG} .
r -
g4(s) = Voodo((Xd = Xg) + {ro( Xy - X))+ 2o (X g - X;,)}s) 37
| Ag+ {thoTiohls + Tao(Xg = X5) + tio(Xg ~ Xg)}s+ {%%Ag}szj
foal(Xa = XJF) +1700( Xy — X4) + T Xy — XY)bs
8csc2(s) = £ (( ) { 0( ) 2 } ) F(a) (C-38)

Ag +{zaoTinhi + Tio(Xa = X5) + tio( Xg = Xa) s+ {thotio A} 57

Q-axis Flux Linkage Voltage Equation:

Transforming the subtransient voltage equation (2-11) into the S domain, and for small variations,

(+7/,9)AE} = (X, = X;)Aig, (C-39)
Re-arranging (C-61) by making use of (C-15)and (C-40) gives,

AEYG = g4q(5)AS + gescad (5)A (C-40)
or

AEj =+ +1r;,'s (K4 gAS + Kege2qAQ) (C-41)
where
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K
8svc2d (5) = cchHd
(+ z'qs)
Ky = (Xq _X‘;,)quo
Aq

Generator Terminal Voltage Equation:

(C-42)

(C-43)

(C-44)

(C-45)

(C-46)

(C-47)

The generator's terminal voltage in equation (2-2) can be expressed in terms of d and g-axis

components for small variations as follows,

€ €90
Ae, =0 Aey +—2 Aey,
€10 10

Substituting (C-16) into (2-9) gives,

[— 7. X"i
Aetq ={Xt XCSC:IAEt}’—{XdVOOdo:!A‘S—': dgdo:lAXcsc

A Al Ay

Substituting (C-40) into (2-8) gives,

_ X, Xgi
Aey -{___—X r =~ Xesc }AE;{ +[———"A 90 }A5+[———q £99 ]AXCSC

"

q
Re-arranging (C-48) by making use of (C-49), (C-50) and (C-10) yields,
Ae, = KsAS + KAE) + Ke AE] + Koge3A

where
X €1do X (;vooqo 3 €1q0 X gVaodo
5 1o A 2}' 10 Ag
_| 610 Xy — Xesc
K6 - ) A 114
| €10 d

144
€ Ag
e X"
K, =| 2o Xq'eg0 _f"l_"._igﬁ}p(a)
csc o A:]' € Ag
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(C-48)

(C-49)

(C-50)

(C-51)

(C-52)

(C-53)

(C-54)

(C-55)



Electrical Power Equation:

The active power output of a synchronous generator, equation (2-20), can be expressed as

Pe =Vadly + vooqil

! (C-56)
For small perturbations, the electrical power in (C-56) can be expressed as

Af)e = chdOAltd + lldOAvcod + va)qui{q + i,quvmq

(C-57)
Re-arranging (C-57) by making use of (C-16), (C-17) and (C-10) yields,
AP, = K{AS+ Ky AE] — Koy AEj + Koy Act (C-58)
where
2 2
_| Yoodo |, Yoqo . .
Ky —Ii AL +A—¢']'+ LtdoVeogo —ltqovoodojl (C-59)
_ | Veodo
K, _l: A ] (C-60)
_| Yoao
Koy _[ ~ } (C-61)
YV eod, I d Voo i

TCSC Current Equation:

similarly to the generator terminal voltage, the current across the TCSC can be expressed in terms
of d and g-axis components, for small variations, as follows,

: i
Aigge = 40 Ajyy +-2% Aiy, (A-63)

Lo to

Re-arranging (A-63) by making use of (A-16) and (A-17), (A-10) yields,

Aigge = KSnA5+ K6nAEc}' - K6dnAEc'i + Kesean A (A-64)
where
[ i v
Ks, =|-do ."ooc,{o . L ;‘,{0 (A-65)
| o Ag Lo q
. { )
Ken = Lf"" AJ (A-66)
| 10 d
itgo 1 (A-67)
Kean =[ : X—}
Lo
20 1 g 1 (A-68)
Kesean = fdo_ —+ F(a)
to Ad Lo Aq
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The transfer function block diagram of the synchronous generator-TCSC system shown in Fig. C-2
is realised by combining equation (C-35), (C-41), (C-51) and (C-64) |

______________________________ Generator-TCSC System
Amref —f . »>
Turbine-Governor} : :
_’ . .
+ ( ) System . A8 5 Aw
: v :
8414(5)
s vl
8Besc2d(5) K,
~15 — |
Kcscl -1t
y + TOAL
AVagq |+ oo 1<6n vﬁ
WA

Alggeoref _Kr ;Aa
+ (:) N s » Keesn

/ TCSC impedance
control loop

Aeref Aeerr Ka
— : —>
+ l+zs

- Excitation
System

Figure C-2 Block diagram model of synchronous generator and TCSC System
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Synchronous generator parameters

Direct axis:

Synchronous reactance
Transient reactance
Subtransient reactance
Transient time constant
Subtransient time constant
Quadratrue axis:
Synchronous reactance
Subtransient reactance
Subtransient time constant
Stator resistance

Inertia constant

Damping coefficient

Nominal frequency

Excitation control system

Zavi(8)=K,/(1+571,)

Voltage regulator time constant

Voltage regulator gain

Thyristor-controlled reactor system

SvC

Inductive reactance

Capacitive reactance
TCSC

Inductive reactance

Capacitive reactance

Appendix D

System Parameters
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X¢=1.445p.u.
X'4=0316 p.u.
X"4=0.179 p.u.
T4 =526s
"6 =15.26s
X4=0.959 p.u.
"¢=0.162 p.u.
T =0.159s
R,=0
H=4.27s
D=0
f,=50Hz
1,=0.05s
K,=100
XL=25p.u.
Xc=25p.u.
X, =0.005 p.u.
Xc =0.0025 p.u.
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