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ABSTRACT

Superconductivity is a phenomenon occurring in certain materials generally at very low
temperatures, characterized by exactly zero electrical resistance and the exclusion of the
interior magnetic field. The superconducting materials are gaining acceptance for large
power applications like generator. Moreover, the superconducting generator possesses

low inertia, low damping and therefore requires adequate control and stabilizer.

In this thesis work, a systematic approach to investigate the performance of synchronous
superconducting generator is presented. The d-g model of the synchronous
superconducting generator is developed in the synchronous reference frame for analysis.
The performance characteristics of the superconducting generator with exciter, turbine
and power system stabilizer are investigated with the help of extreme transients like grid
connection, short circuit fault and opening of conductors. The performance of the

superconducting generator is compared with conventional generator.
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CHAPTER 1
INTRODUCTION

1.1 OVERVIEW

Energy has played a key role in human life since the Industrial Revolution that began in
1860s. The electrica energy has become the mgor form of energy for end use
consumption in today’s world. The benefit of the conversion is that electric energy is

easy to transmit for long distance and flexible to distribute for customer’s needs.

Superconducting generator have three potential benefits over conventional types. Without
an iron core, they can operate at higher magnetic fields (up to 5-6 T) and thus have 50%
less size and weight. This tranglates into reduces material requirements, capital cost, and
manufacture-induced impact on the environment. Second, superconducting generators
offer greater system stability against frequency and load variations in the grid. Their
smaller size leads to smaller synchronous reactance, thereby enhancing the critical
clearing time after a fault condition. Finally, due to their higher efficiency and thus fewer

emission per generated kWh.

With respect to the electric power industry, the superconducting ac generator has the
greatest potential for large-scale commercia application of superconductivity. Such a
machine should be able to convert mechanical energy to electric energy more efficiently
and with greaster economy of weight and volume than any other method. These
advantages can be accrued at a scale of 1200 MV A output, with the added potential of

operation at transmission line voltage, and greater system stability.

The most important aspects in the performance of the superconducting aternators are
those affecting their transient operation. The superconducting machine is characterised by
its low p.u. reactance, high hunting frequency and low inherent damping. The latter two
characteristics are expected to produce some adverse effects on transient performance,

however the low reactance tends to increase stability limits.

The typica structure of the system is shown in Fig. 1.1. The system considered is a

superconducting generator (SCG) connected to an infinite bus power system. The SCG



has superconducting field windings in the rotor, surrounded by two separate screens. The
inner screen, which has arelatively long time constant, shields the superconducting field
windings from external, time varying magnetic fields. The outer screen serves as a

damper and has a substantially shorter time constant than that of the inner screen.

GOVERMOR
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r .
VOLTAGE
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POWER 5YSTEM
STABILIZER

Figure 1.1: Single machine infinite bus system

The excitation control system is an automatic feedback control having the primary
function of maintaining a predetermined terminal voltage by modifying the field current
of the synchronous generator based on changes in the terminal voltage. The exciter is the
device that provides the field current for the synchronous generator. The automatic

voltage regulator (AVR) couples the terminal voltage to the input of the main exciter.

Power system stabilizer (PSS) controller design, methods of combining the PSS with the
excitation controller (AVR), and investigation of many different input signals and the
vast field of tuning methodologies. The action of a PSS is to extend the angular stability

limits of a power system by providing supplemental damping to the oscillation of



synchronous machine rotors through the generator excitation. This damping is provided
by a electric torque applied to the rotor that is in phase with the speed variation. The
turbine-governor control helps in controlling the rotor oscillations and damping. The

steady state power output can be changed by turbine control.

1.2 LITERATURE REVIEW

The concepts incorporating superconducting technology in electrical machine have been
proposed soon after the construction of the first successful superconducting magnets in
1961. During the mid sixties some work on ac superconducting machines was started in

the United States primarily under military contracts.

The earliest work on superconducting generators was done in the U. S. in 1964 -1966 in
which an alternator was successfully demonstrated by Sykulski and Goddard [1] using a
fixed superconducting field coil, and a rotating normal armature with dlip ring
connections. Within a few years, studies on similar superconducting Synchronous

machines have being conducted around the world.

In 1973 Kirtley and Edeskuty [2], have summarized the feasibility and potentials for the
application of superconductors in the rotating field windings of large central station. In
1977, two competing superconducting generator programs at Westinghouse and General
Electric were successfully completed with the objective to develop a 1200 MV A unit of

superconducting generator.

In 1997, Japan has build and tested three 70 MW superconducting ac generators using
NbTi (niobium-titanium) low temperature superconductor cooled by liquid helium. The
rotors have been design for high stability, high critical current density, and low ac losses.
Demello and Concordia [3] have proposed the affect of excitation control for the

improvement of stability of synchronous machine.

Godhwani, Kim and Eberly [4] have designed the digital excitation system. Design and
testing feature of digital excitation control has been highlighted. Kirtley [5] described
large system interaction characteristics of superconducting generator. The difference

between superconducting generators and conventional machines has been highlighted in



1994, Genera Electric started to design a 100 MVA high temperature superconducting

generator.

Ueda and Shiobara [6] have proposed the measurement and anaysis of 70MW
superconducting generator constants. The comparison between the test results and the
values calculated by three dimensiona finite element methods is summarized. Ahmed
and Bashar [ 7] has discussed the use of superconducting magnetic energy storage devices
in a power system. He has also discussed the efficiency improvement method by using a
superconducting storage coil with gas turbine power. The prime mover runs a
synchronous generator, with the output rectified to feed a dc bus. The additional of a
superconducting magnetic energy storage coil can improve overall system performance.

Saleh and Bolton [8], have designs fuzzy logic stabilizer for a superconducting generator
with help of genetic algorithm. The important aspect of the design of superconducting
generators concerns stability following a mgor system disturbance has been presented.
Because the superconducting field winding has a very long time constant, turbine
governor control is crucia for improving transient and dynamic stability. Ying-Yi and
Wen-Ching [9] have proposed new approach optimization for tuning parameters of power
system stabilizers. A novel approach using optimization, a root coefficient relationship

and basic control theory of stabilizer for generator has been summarized.

Kundur and Klein [10] have proposed papers on application of power system stabilizers
for enhancement of overall system stability and gives detailed account of analytical work
carried out to determine the parameters of power system stabilizers for alarge generating
station. Lubosny and Bialek [11] have discussed the power system stabilizer design for
small synchronous generator and gives study analysis of static excitation control with

automatic voltage regulator.

Da and Shokooh [12] has discussed the generator start up study of hydro turbine unit for
a generation facility with improvement method of efficiency and stability control system.
Alyan and Rahim [13] have proposed the role of governor control in transient stability of
superconducting turbogenerator. They have discussed the effect of mechanical power

control on transient stability of superconducting aternator. Minseok [14] has discussed



the dynamic performance and design of a high critical temperature of superconducting
synchronous generator.

Michael [15] has presents papers on high temperature superconductor field windings for
homopolar generator with exciter and power system stabilizer in ssmulation analysis. He
also discussed the environmental impacts of superconducting power applications. The
idea about environmental advantages that superconducting devices could bring to power
system networks have been discussed, superconducting electrical machine even more
preferable from environmental point of view.

1.3 OBJECTIVE OF THE WORK

The work reported in the thesis has been carried out with the objective to investigate the
transient performance analysis on superconducting generator and to study the effect of
various controls resulted by turbine-governor and power system stabilizer on its

performance during various transient conditions like grid connection and faults.

1.4 ORGANIZATION OF THESIS

The work presented in this thesis is organized in six chapters. These six chapters are
structured as follows.

Chapter 1 This chapter is entitled as “Introduction”. The overview, the literature

review, aim and organization of thesis are discussed briefly.

Chapter 2 This chapter is entitled as “Superconducting Materials’. The review on
superconductivity and superconducting material, their relative features and application
area are summarized. The various design aspect of superconducting generator in
comparison to conventional generator is also presented.

Chapter 3 This chapter is entitled as “Mathematical Modelling of the System”. It
introduces a mathematical model of synchronous generator, turbine, exciter and power

system stabilizer.

Chapter 4 This chapter is entitted as “Digital Simulation of System using
SIMULINK”. This chapter details the methodology to simulate the system in
SIMULINK and in MATLAB environment.



Chapter 5 This chapter is entitled as “Results and Discussion”. This chapter is focused
on the results pertaining to the performance of system under various conditions.

Chapter 6 This chapter is entitled as " Conclusons and Future work", this chapter

summarized the conclusions drawn for the study and the scope for future work.



CHAPTER 2

SUPERCONDUCTIVITY AND SUPERCONDUCTING MATERIAL

21 INTRODUCTION

Superconductivity is the property of some materials in which electrical resistance is zero,
and they acquire the ability to carry electric current with no loss of energy. An electric
current flowing in aloop of superconducting wire can persist indefinitely with no power

source.

Traditional superconductors operate at absolute zero temperature (—459.67° Fahrenheit
(F) or —273.15° Celsius). Experiments in the 1980s raised the temperature to —321° F.
By the late 1990s, superconductivity was demonstrated at —164° F. The superconductors
are used to make aloys of niobium, for high-powered magnets in medical imaging
machines and particle accelerators. Superconducting materials have low power
dissipation, high-speed operation, and high sensitivity [16]. They aso have the ability to
prevent external magnetic fields from penetrating their interiors and are perfect
diamagnetism. Superconductors have applications in medical imaging, magnetic energy-
storage systems, motors, generators, transformers, computer components, and sensitive
magnetic-field measuring devices. Superconductivity occurs in a wide variety of
materials, including smple elements like tin and aluminium, various metallic alloys and

some heavily-doped semiconductors.

In 1986 the discovery of afamily of cuprate-perovskite ceramic materials known as high-
temperature superconductors, with critical temperatures in excess of 90° kelvins (K),
spurred renewed interest and research in superconductivity for several reasons. These
materials represented a new phenomenon not explained by the current theory. In addition,
because the superconducting state persists up to more manageable temperatures, past the
economically-important boiling point of liquid nitrogen (77°K), more commercial
applications are feasible, especialy if materials with even higher critical temperatures
could be discovered. In addition to temperature, a material's ability to superconductivity

depends heavily on two other variables. Superconductors operate in magnetic fields, but



there is a field strength beyond which superconductivity is lost. This is known as the
critical magnetic field. The maximum current that a superconductor can carry is called
the critical current. If any of these "critical” factors temperature, magnetic field strength,
or amount of current is exceeded, superconductivity is destroyed. The chalenge is to
design systems and devices that can operate under the "ceiling" set by these three

variables

2.2 THEHISTORY OF SUPERCONDUCTORS

Superconductivity was discovered in 1911 by Heike Kamerlingh Onnes, who was
studying the resistance of solid mercury using liquid helium as arefrigerant. As shown in
Fig. 2.1, at the temperature of 4.2 K, the resistance abruptly disappeared. The temperature
at which a material becomes superconducting is known as the transition, or critical,
temperature (Tc), and it varies for different materials. In subsequent decades,
superconductivity was found in several other materials under certain temperature and
pressure [17]. In 1913, lead was found to superconduct at 7 K, and in 1941 niobium
nitride was found to superconduct at 16 K.

015
MERCURY
SUPERCONDUCTING
TRANSITION
0.10 |
A ZERO
R(Q)) RESISTANCE
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0.05F
R<10"Q
0 L . )
o 1 41 42 43 4.4

TEMPERATURE(K)

Figure2.1: A zeroresistance state of superconducting materials



The next important step in understanding superconductivity occurred in 1933, when
Meissner and Ochsenfeld discovered that superconductors expelled applied magnetic
fields, a phenomenon which has come to be known as the Meissner effect. In 1935, F.
and H. London showed that the Meissner effect was a consequence of the minimization

of the electromagnetic free energy carried by superconducting current.

In 1950, the phenomenologica Ginzburg-Landau theory of superconductivity was
devised by Landau and Ginzburg. This theory, which combined Landau's theory of
second-order phase transitions with a Schrédinger-like wave equation, had great success
in explaining the macroscopic properties of superconductors. In particular, Abrikosov
showed that Ginzburg-Landau theory predicts the division of superconductors into the
two categories now referred to as Type | and Type ll.

The complete microscopic theory of superconductivity was finally proposed in 1957 by
Bardeen, Cooper, and Schrieffer and is regarded as BCS theory. This BCS theory
explained the superconducting current as a superfluid of Cooper pairs, pairs of electrons

interacting through the exchange of phonons.

In 1962, the first commercial superconducting wire, a niobium-titanium alloy, was
developed by researchers at Westinghouse, alowing the construction of the first practical
superconducting magnets. In the same year, Josephson made the important theoretical
prediction that a supercurrent can flow between two pieces of superconductor separated
by a thin layer of insulator. This phenomenon, now caled the Josephson effect, is
exploited by superconducting devices such as SQUIDs.

In 2008 it was discovered by Valerii Vinokur and Tatyana Baturina that the same
mechanism that produces superconductivity could produce a super insulator state in some

materials, with aimost infinite electrical resistance.

2.3 SUPERCONDUCTING PROPERTIES

Most of the physical properties of superconductors vary from material to material, such
as the heat capacity and the critical temperature, critical field, and critical current density



at which superconductivity is destroyed. On the other hand, there is a class of properties
that are independent of the underlying material. For instance, all superconductors have
exactly zero resistivity to low applied currents when there is no magnetic field present.
The existence of these "universal" properties implies that superconductivity is a

thermodynamic phase. Various properties of superconducting materials include-

» Energy Gap.
» Zero Resistance.
» Superconducting Electromagnets.

» High temperature superconductors.
These properties are explained in brief:
> ENERGY GAP

Most thermodynamic properties of superconductors are found to vary as eBT with
temperature indicating the existence of a gap or energy interval with no alowed Eigen
energies in the energy spectrum. In the elementary properties of superconductors the
most of the physical properties of superconductors vary from material to material, such as
the heat capacity and the critical temperature, critical field, and critical current density at
which superconductivity is destroyed.

» ZERO RESISTANCE

All superconductors have exactly zero resistivity to low applied currents when there is no
magnetic field present. The existence of these "universal" properties implies that
superconductivity is a thermodynamic phase, and thus possess certain distinguishing
properties which are largely independent of microscopic details. The resistance of the
sample is given by Ohm's law. If the voltage across the sample made of superconducting
material is zero when current is passed, this means that the resistance is zero and that the

sampleisin the superconducting state.

10



» SUPERCONDUCTING ELECTROMAGNETS

Superconductors are also able to maintain a current with no applied voltage whatsoever, a
property exploited in superconducting electromagnets such as those found in magnetic
resonance imaging (MRI) machines. Experiments have demonstrated that currents in

superconducting coils can persist for years without any measurabl e degradation.

» HIGH TEMPERATURE SUPERCONDUCTORS

In superconducting materials, the characteristics of superconductivity appear when the
temperature T is lowered below a critica temperature T.. The value of this critica
temperature varies from materia to material. Conventiona superconductors usually have
critical temperatures ranging from around 20 K (kelvins) to less than 1 K. Solid mercury,
for example, has a critical temperature of 4.2 K. The highest critical temperature found
for a conventional superconductor is 39 K for magnesium diboride (MgB.), this material
has a doubt about classifying it as a "conventional" superconductor. Cuprate
superconductors can have much higher critical temperatures. Y BaCuzO;, one of the first
cuprate superconductors to be discovered, has a critical temperature of 92 K, and
mercury-based cuprites have been found with critical temperatures in excess of 130 K.
The explanation for these high critical temperatures remains unknown. Electron pairing
due to phonon exchanges explains superconductivity in conventional superconductors,
but it does not explain superconductivity in the newer superconductors that have a very

high critical temperature.

24 TYPESOF SUPERCONDUCTORS

Superconductors are classified into two types
» Type-1 superconductors.

» Type-2 superconductors.

11



241 TYPE-1SUPERCONDUCTOR

The Type 1 category of superconductors is mainly comprised of metals and
metalloids that show some conductivity at room temperature. They require incredible
cold to slow down molecular vibrations sufficiently to facilitate unimpeded electron
flow in accordance to BCS theory. BCS theory suggests that electrons team up in
"Cooper pairs" in order to help each other overcome molecular obstacles - much like

race cars on atrack drafting each other in order to go faster.

Normal

Critical fipld

Magnetic field —»

Supercpnductor

Temperature —
Figure 2.2: Type 1 superconductor

Type 1 superconductors - characterized as the "soft" superconductors - were discovered
first and require the coldest temperatures to become superconductive. They exhibit a very
sharp transition to a superconducting state and "perfect" diamagnetism - the ability to
repel a magnetic field completely as shown above in Fig. 2.2. Many additional elements
can be coaxed into a superconductive state with the application of high pressure [18]. For
example, phosphorus appears to be the Type 1 element with the highest Tc. But, it

requires compression pressures of 2.5 Mbar to reach aTc of 14-22 K.

12



242 TYPE-11 SUPERCONDUCTOR

All high-temperature superconductors are Type Il and these elements exhibits the
“mixed” magnetic state. Except for the e ements vanadium, technetium and niobium, the
Type 2 category of superconductors is comprised of metallic compounds and alloys. The
recently-discovered superconducting "perovskites' (metal-oxide ceramics that normally
have aratio of 2 metal atoms to every 3 oxygen atoms) belong to this Type 2 group. They
achieve higher Tc's than Type 1 superconductors by a mechanism that is still not
completely understood. Conventional wisdom holds that it relates to the planar layering

within the crystalline structure. Fig. 2.3 shows the properties of type -11 superconductors.

c2

Normal

Mixture

Magnetic field -

HCI\

Superconductor

Te111pe1‘ature —

Figure 2.3: Type-Il superconductors

Type 2 superconductors - also known as the "hard" superconductors - differ from Type 1
in that their transition from anormal to a superconducting state is gradual across a region
of "mixed state" behaviour.

25 ADVANTAGESAND LIMITATIONSOF
SUPERCONDUCTORS

Superconductors have severa pronounced advantages compared to conventional

conductors which are explained below

13



» Superconducting material can carry much higher currents, create vastly larger
magnetic fields, and carry e ectric current with no energy loss to resistance.

» Superconducting materials can transmit much larger amounts of electricity than
conventional wires of the same size.

» These type of material now used in various electric power applications, such as
motors, generators, transmission cables, and transformers.

» Superconducting motors, transformers, and other applications using high
temperature superconducting wire will be haf the size of conventional machines
with the same power rating, and have half the energy losses. This will be

enormously beneficia to the way electricity is generated, delivered, and used.

There are the following limitations of superconductors

» Superconductors are very sensitivity to high currents as well as to magnetism. At
high currents, superconductors can cease functioning properly, and magnetic
fields are particularly deadly to superconductors, easily reverting them back to
normal conductors.

> Unfortunately, the superconductors developed to date can only exist in a super-
cold environment, far below room temperature. This requirement makes them
impractical to use in many situations and very difficult to study. In addition, the
materials that currently lend themselves to becoming superconductors don't as yet
have the flexibility that makes electrical wire so convenient. Often the materials

developed are available only in very tiny quantities.

26 ELECTRIC POWER APPLICATIONS

A variety of electric power applications for superconducting wire are proposed or now in
development. The electric power devices and components being designed to incorporate
superconducting technology will operate more efficiently and less expensively than their
conventional alternatives. The potential of superconducting technology is inspiring:
power plants could generate electricity using less fuel and producing fewer emissions,

electric motors could be smaller and much more powerful; power cables could transmit
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3-5 times more electricity; and energy could be stored much more efficiently.
Superconductivity has been in the marketplace for more than 20 years, in equipment such
as MRIs, magnetic separators, magnets, and high-energy physics devices such as particle
accelerators and in particle detectors used by astronomers. These applications are
described below

» MAGNETIC RESONANCE IMAGING (MRI)

The core of an MRI machine is a powerful magnet. MRI systems built with HTS magnets
could eventually be smaller and more powerful than is now possible with LTS-based
systems. Further advances in MRI, made possible by HTS technology, would reduce
costs, making medical imaging much more accessible. In 1993, U.S. manufacturers
shipped roughly 400 MRI machines having a total value of $800 million. Unit prices
range from $1 million to as high as $3 million, in sizes common in hospital and
outpatient settings. Smaller, lower-cost units tend to dominate the market. If perfected,
HTS technology could greatly expand this market.

» TRANSMISSION CABLES

Transmitting electricity is a natural fit for HTS technology. The dominant attraction of
underground underground HTS cables is that they can carry three to five times more
current than conventional copper cables [19]. Some HTS cable designs are based on
retrofitting existing underground pipes that hold low-capacity conventiona cables. In
these systems, HTS wire is woven around a centra pipe that carries liquid coolant.
Multiple layers of thermal and electrical insulation protect the assembly. Old cable in
many urban areas can be replaced with HTS cable, enabling increased power
transmission through existing conduits. HTS cables may also be used in areas where

overhead lines are rejected for environmental or aesthetic reasons.
» MOTORSAND GENERATORS

In conventional motors and generators, magnetic fields are generated by large coils of
copper or aluminum wire. HTS wire can carry much larger electrical currents, which
means remarkably smaller and more powerful systems. For instance, a 1,000 horsepower

HTS motor can be 50% smaller than a conventional motor of the same power.
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Manufacturing operations of al kinds could benefit from systems that take up less space
and provide increased working capacity. In addition, substituting HTS wire for
conventional wire eliminates energy |oss due to electrical resistance, enabling motors and
generators to operate with up to 98% and 99.5% efficiency, respectively. Today's typical
generator operates at an efficiency rate of 97%-98%; atypical motor at 90%—-96%.

» TRANSFORMERS

Transformers are relatively simple devices. Their sole purpose is lowering or raising
system voltages in order to transport electricity more efficiently. Voltages are raised or
lowered by inducing a new current (and voltage) in one coil by the magnetic field of a
second coil. Electricity generally passes through at least three transformers before it is
used by a consumer; three to six percent of al generated electricity islost to transformer
inefficiencies. In an HTS transformer, coils will be made from HTS wire instead of
copper, reducing these losses by half. Additionally, HTS transformers will be as much as
50% smaller, and will no longer pose a fire hazard because they will not require
flammable cooling oil. These are attractive benefits to utilities that have space limitations
or want to increase their grid efficiency, as HTS-outfitted transformers can be placed

closer to—even on top of or inside— buildings, relieving cramped substations.
» MAGNETIC ENERGY STORAGE

One shortcoming of the modern utility grid is its inflexibility; once manufactured,
electricity must be used immediately. There is no pool of eectricity available to
accommodate momentary or long-term surges in demand. Accordingly, generators must
be held on standby or started up for periods of excessive electricity demand, which is
highly inefficient. New techniques based on superconductivity offer solutions to the
problem. Energy storage depots can be created, which allow electricity to be deposited or
withdrawn depending on circumstances. Utilities have recently identified distribution
substations as valuable locations for these depots. Other customers have identified the
need to protect sensitive equipment from momentary disturbances in power supply. Two
approaches are currently being investigated: one based on flywheels and the other on
magnetic fields. Flywheel energy storage devices rely on spinning discs that float on

superconducting magnets and store energy in the motion of their rotation. Once charged,
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these discs will spin almost indefinitely, without losing any of their energy to friction.
Another storage technique, superconducting magnetic energy storage, relies on large
superconducting coils to store energy as a powerful magnetic field. The major benefits of
these systems is that they have energy efficiency rates in excess of 90%, as compared to
batteries, which have limited lifetimes, and efficiency rates of only 80%-90%. If these
superconducting techniques are perfected, the energy storage industry could be

revol utionized.

2.7 SUPERCONDUCTING GENERATOR

Here the model of superconducting machine is shown in Fig. 2.4. The outermost element
of the machine rotor also serves multiple purposes, the outer wall of the thermal isolation
vacuum vessel and it is part of the rotor shielding and damping system, made of
conductive material, it carries shielding currents that reduce time-varying fields in the
region of the cryogenic shield and cold region. It aso serves as a damper, similar to the

amortisseur of conventional machines[5].
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Figure 2.4: Superconducting machine

17



The coolant stream is coupled to the rotor at one end through a relative rotation coupling.
Cryogenic fluid is transferred to the rotor and gaseous effluent is transferred back out.
Superconducting generators have stator windings of the “air-gap’” type. Conventional,
bar-in-slot armatures would have the same power limitation as conventional machines:
flux linkage determined by tooth saturation and current determined by cooling through
the bars. Air-gap armatures can carry more current because they have higher space
factors and are not limited in flux density by iron teeth. This type of armature depends on
the high MMF of the superconducting field winding. The “stator core” in a conventional
machine is laminated iron stationary part of the magnetic circuit, which becomes as an
“environmental screen” in the superconducting generator, since it does little to increase
the magnetic interaction field but is, required confining the large rotating dipoles. Unique
operating characteristics of superconducting generators are due to the enormous current
densities achievable by superconducting field windings. Such field windings can produce
magnetic flux densities in excess of saturation levels in iron, but with no iron. Thus
superconducting machines are air-core and consequently have very low reactance’s. They
also have high power density, which when coupled with the absence of iron from the
rotor, means low inertia. The near-zero resistance of the field winding and the need for
good shielding of the cold rotor from time-varying magnetic fields lead to long rotor
electrical time constants.
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CHAPTER 3

MATHEMATICAL MODELLING OF THE SYSTEM

3.1 GENERAL

A generator is an electromechanical machine composed of a static part (the stator) and a
rotating part (the rotor) whose relative position is changed periodically by rotating
angle wt. In general, synchronous machines can be catalogued into two types according

to air gaps between stator and rotor:

» Synchronous machine with uniform air gaps and concentric cylindrical rotor,
such as surface mount permanent machine
» Synchronous machine with non uniform air gaps, such as salient pole of machine,

interior permanent machine (IPM), etc.

Excitation system performs control and protective functions for generator. The direct
current required for field excitation is furnished by the excitation system. The source of
power can be a shaft-mounted exciter, a motor-generator set, or a static rectifier. Turbine
and governors is the prime mover for generator. They convert the primary energy of fuel
into mechanical energy. Power system stabilizers are used to add damping to the
generator power oscillations by controlling its excitation using an auxiliary stabilizing
signal. To provide damping, the stabilizer must add a component of electrical torque in

phase with rotor speed deviation.
3.1.1 REFERENCE FRAME THEORY

As is well known, the reference frame theory plays an important role to the analysis of
different electric machines. All analysis presented here are based on the reference frame

theory.

In the late 1920s, Park [20] proposed a new approach for electric machine analysis. He
formulated a change of variables which replaced the variables (voltages, currents and flux
linkages) associated with the stator windings of a synchronous machine with variables
associated with windings rotating with the rotor. In other words, he transformed, or

referred, the stator variables to a frame of reference in the rotor. Park’s transformation,
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which revolutionized electric machine analysis, has the unique property of eliminating all
time-varying inductance from the voltage equations of the synchronous machine which
occur due to:

> Electric circuitsin relative motion

> Electric circuits with varying magnetic reluctance.

The model of a basic two pole salient pole synchronous superconducting machine with
damper windings is shown in Fig. 3.1. The d axis is aigned with the N-pole of the rotor

and q axisis 90 degree apart from d axis.

d axis ‘\\

Il

As

bs d axis SHORTED COIL

q axis SHORTED COIL

Figure 3.1: Model of a basic two pole salient pole synchronous superconducting
machine

Two-pole machine is shown above; a multi-pole machine with any number of pairs of
poles can be treated as a two-pole machine electrically, because armature (stator)

windings are identically arranged with respect to each pair of poles.
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As the rotor has two axes of mechanical rectangular symmetry, we call them the*d-axis’
and ‘g-axis’. Namely:

» d-axisor direct-axis. the axis from the axial centre point in the pole direction.
» (-axis or quadrature-axis: the axis from the axia centre point in the direction
90°ahead (leading) of the d-axis.

The field winding (named “d-axis filed coil’) is a closed circuit field windings connected
to a source of d.c. voltage Er4, and with an inductance to produce flux only in the

direction of the d-axis.

The flux may flow into the |left-hand side (i.e. the +g-axis component) and right-hand side
(i.e. the -g-axis component) of the d-axis. Typical hydraulic-turbine-driven generators
(vertical type with salient poles) have amortisseur or squirrel-cage windings in the pole
face (damper windings), which consists of copper bars through the pole connected at their
ends as a closed circuit. Thermal or nuclear-turbine-driven generators (horizontal type
with cylindrical non-salient poles) have field windings only and do not have such damper
windings. However, eddy currents are forced to flow into the pass of the rotor solid steel
for the duration of transient or current-unbalanced conditions.

The stator has three stator windings in name for phases a, b and ¢ connected at their ends
commonly as the neutral terminal. The three windings are arranged electrically by 120°
symmetrically to each other. This is justify from the assumption that the stator windings
are sinusoidally distributed along with the air gap as far as al the mutual effects of the
rotor are concerned, because the generator windings are distributed so as to minimize

harmonicsin its design.
3.1.2RELATIVE ANGULAR POSITION BETWEEN ROTOR AND STATOR

The stator isimmovable and the rotor is rotating counter clockwise at an angular speed of

w = Z—z therefore the relative position between the rotor and the stator is measured by the

rotating angle of the rotor d-axis. That is the rotating position of each coil in time can be
written as follows on ad-axis basis:

Stator aphase coils 10, =0 = wt =2nft
b phase cail D0y =60+ 240° = 0 — 120° = wt — 120°
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¢ phase cail : 0, =60+120° = wt+120°

Rotor  field coil :0°
damper d-axis coil - 0°
damper g-axis coil . +90°

3.2 GENERATOR MODEL

To handle the machine behaviour properly there is requirement of genera (advanced)
models. These advanced models for transients include the following

» Phase-variable model.
» 0o—qvariable model.
» d-g model neglecting stator transients.

3.21THE PHASE-VARIABLE MODEL

The phase-variable model of the synchronous superconducting generator is described by
a set of three stator circuits coupled through motion with two (or a multiple of two)
orthogonally placed (d and g) damper windings and a field winding (along axis d: of
largest magnetic permeance, shown above in Figure 3.1. The stator and rotor circuits are
magnetically coupled with each other. Synchronous superconducting machine is
generaly operated as a generator so that it is convenient to assume that the direction of
positive stator current is out of the termina [21]. With the convention the voltage

equation in the machine variable may be expressed in matrix form as

Vabe = ~Tslape + PAabcs (3.2.1)

Vagr = ~Trlagr + PAagr (32.2)
Where

(fabes)” = Uas  fos  fes] (3.2.3

(fagr) = Uk feaz fra fiedl (3.2.4)

In the above equations the s and r subscripts denote variables associated with the stator

and rotor windings, respectively. Both r; and r;- are diagonal matrices
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RS:diag[?”g Ts rs] (325)

In the figure the positive as, bs and cs axes are drawn in the direction of negative flux
linkage relative to the assumed positive direction of stator currents. In this case flux

linkage equation become

Aabcs] i [ Ls Lsr] [_iabcs]

[Adq?' - (LST)T Lr idf??' (326)
HereLsisas

| Lis+ Ly — Lpcos26, —%LA — Lpcos2 (6, -g) —%LA — Lgcos2 (6, -0-%)
L.= —%LA—LBCOSZ (6,‘ -—g) Lis+L, — Lgcos?2 (8,. -2?7[) —%LA — Lgcos2(6, + )
_%LA — Lgcos2 (6, + g) _%LA — Lgcos2(6, +m)  Ly+L, — Lgcos2 (6, + Z?E)J

(3.2.7)

by above equations we can express the self and mutua inductance of the damper
windings. The inductance matrices Ly,- and L, may be expressed

[ Lgyqq €056, Lgyq2€0506, Lgpqsind, Lepasing,
il = Lggqrc08 (9,, - 2?“) Lgjgac08 (6,‘ - 2?7[) Lgpqsin (6} - %TE) Lggasin (Sr - 2?7[)
Lggqr€0S (6‘,‘ + 2?“) Lsq2c0S (6,‘ + 2?7[) Lspasin (6} + %T[) Lggasin (Sr + Z?T[)

(3.2.8)
leq1 g Lmkql qulqu 0 0 I
L. = qulqu Ltqu + Lmqu 0 0 : (3 2 9)
T 0 0 Lipq + Linga Ligka | .
L 0 0 Ly aka Lika + Limkal

In the above equations L, > Ly and Lg is zero for round rotor machine. The leakage
inductances are denoted wit [ in the subscript. The subscripts skql, skg2, skd and skd in

eg. (3.2.7) denoted as mutual inductance between stator and rotor windings.

The magnetizing inductance are defined as

Lma =3 (La— Lp) (3.2.10)
Long = g(LA +Lg) (3.2.11)
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Whereas

Lyeq1 = (”;‘“) (6 e (3.2.12)
Lyeqz = (”;“2) (6 I (3.2.13)
Lepq = %) (%) L (3.2.14)
= (29 () p219
gl = (”;:1)2 (2) Lng (3.2.16)
Lrkaz = (22" (2) Lomg (32.17)
Longa = (22)" (2) Lina (3219
i — G::)z Lokt (32.19)
i — Gi—;)z Lnka (3.2.20)
Lyaka = G—jﬁj)z Limsa (3.2.21)
Lraka = (i—ii)z Linka (3.2.22)

It is convenient to incorporate the following substitute variables which refer the rotor

variables to the stator windings.

il = (%)2 @ ij (3.2.23)
vy = G—})z vj (3.2.24)
7 = (%)2 % (3.2.25)

Where ] may be the kql, kg2, fd or kd.
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The flux linkage may now be written

Aabcs] Ls Ls [_ iabcs]
' = ; ] I 3.2.26
[ dqr %(L sr)T L r L dqr ( )

And L isdefined by

2w

| Lis+ Ly — Lycos26, —%LA — Lgcos2 (6, - g) —%LA — Lgcos2 (6, + g)
L= [—%LA — Lgcos2 (6, - g) Lis+Ly — Lgcos2 (6, - —) —%LA — Lgcos2(6, + m)

3
1 1 2
—5La— Lgcos2 (9:- + g) —5La—Lgcos2(6, +m)  Lis+L, — Lgcos2 (6,. + ?ﬂ)J

(3.2.27)
And Ly, isdefined by
[ Liyqcos6, Lypqc0s6, Linasing, Lnasing,
Lmgcos (9:- + %n) Lpgcos (Gr + 2?“) LngSin (Gr + 2?”) Lpasin (ST + 2?“)
(3.2.28)
[L kg1 + Lmg Limgq 0 0 |
L L' + L 0 0 I
I = | i ke e | (3.2.29)
| 0 0 L'1gq + Lina Lg
L 0 0 Ling L'ikq + Lmal

The voltage equations expressed in terms of machine variable referred to the stator
windings are

Vabcs s + pLs pysr [—iubcs]
y = L 3.2.30
[U dqr] E (Lrsr)‘."‘ r"r + err E'aqr ( )
2
' N 3
rj= (N—j) () (32.31)
vy = (%) 32.32
U—(Ni (3) Ly (3.2.32)

Where again, j may be kqgl, kg2, fd or kd.

The voltage equations given above are valid for the positive direction of stator current
assumed out of the stator terminal §22].
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3.2.1.1 TORQUE EQUATION IN MACHINE VARIABLES
The energy stored in the coupling field of a synchronous machine may be expressed
Wy = 2 (iabe)"(Ls — LisDiaves = Uapes) L'sri'qar +3 C) (agr) L'y = L'y Di'aqr
(3.2.33)
Where | isthe identity matrix and
L'y = diag[Llikqr  L'ikgz Lifa  L'ikal (3.2.34)

Since the magnetic system is assumed is assumed to be linear, Wy = W, and second entry

may be used with the factor P/2 included to the account for P-pole machine and a

negative sign to make T, positive for generator action thus

P

i 9 1 H d 4 ]
Te = (E) {_ 2 ("'abcs)T a_gr [Ls - Lls”l’»abcs + (labcs)Ta—er [L'S,.]l qdr} (3235)

The torque and rotor speed are related by

n:ﬁ@ﬁ%+g (3.2.36)

P(Tp —Te) _ m
27  FUT

(3.2.37)

Where J is the inertia expressed in kilogram meters® (kg.m?) or joule seconds’ (J.5°).
Often the inertia is given as WR? in unit’s pound mass feet’. The input torque Ty is
positive for a torque input to the shaft of the synchronous machine. The two mechanical

state variables are w;., rotor speed and §, angle. So rotor angle § is,

as _
dt

We — Wy (3.2.38)
3.22 THE d-q VARIABLE MODEL

The main aim of the d-q model is to eliminate the dependence of inductances on rotor
position. To do so, the system of coordinates should be attached to the machine part that
has magnetic saliency, the rotor for SGs.

The d-q model should express both stator and rotor equations in rotor reference, aligned

to rotor d and q axis because, with the cross saturation is neglected, there is no coupling
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between the two axig[23]. The rotor windings f, D, Q are already aigned along d and g
axes. Therotor circuit voltage equations were written in rotor coordinates.

The voltage equation of the stator winding of a synchronous machine can be expressed in
arbitrary reference frame. In particular, by using the results of the voltage equations for

stator winding may be written in arbitrary reference frame as

Vgdos = —Tslgdos + (Ufldqs + p;{-dqos (3.2.39)

T
(Adqs) = [Ads _AQS OJ (3.2.40)
The rotor reference frame, the rotor voltage equation is
v'gdr = r#ri'gdr + p'&;ﬂdr (3-2-41)

For linear magnetic system, the flux linkage equations may be expressed with the

transformation of stator variables to the arbitrary reference frame incorporated

A 0s KSLS KST KSL"Si‘ —i os
[‘f l_[ (k) ” "ad l (3.2.42)

=12 ' - ' .
qdr E(L o) (Ks) ™! L% Lc;dr

Lingcos(0 = 6;) Lipgcos(6 —0;) —Lygsin(6@ —6;) ~Lp4sin(6 — 6,)
KsL'sr = | Lingsin(0 — 0;)  LygSin(@ —6,)  Lypacos(@ —6,)  Lpgcos(6 —6,) |
0 0 0 0

(3.2.43)

The sinusoidal term of above equations are constant, independent of w and w, only
if 0= w,. Similarly, K,Ly(K;)" and = (L,)"(K;)~* are constant only if w = w,.

Therefore the time varying inductances are eliminated from the voltage equations only if
the reference frame is fixed in the rotor. Hence it would appear that only the rotor
reference frame is useful in the analysis of synchronous machines. It is necessary to relate

the arbitrary reference frame variables to the variables in the rotor reference frame[ 24].

fqrdos = K" fqaos (3.2.44)
cos(@,—68) —sin(@-—0) O

K" =|sin(6,—6) cos(6,—6) 0] (3.2.45)
0 0 1

Voltage equationsin rotor reference frame variables- park’s equations
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Park [20] was the first to incorporate a change of variables in the analysis of synchronous
machine. He transformed the stator variables to the rotor reference frame which
eliminates the time-varing inductance in the voltage equations. Parks’ eguations are
obtained by setting the speed of the arbitrary reference frame equal to the rotor speed

(w = w,) thus
v';dﬂs - _rsigdas + erlzlqs + p“l;dag (3.2.46)
Viar = T lqar + PAgar (3.2.47)

For magnetically linear system, the flux linkage may be expressed in the rotor reference

frame by setting (68 — 6,-) and whereupon Ks becomes K thus

Zdos KSLs (KST)T K;L’sr _igdos
J,r = 2 ' T =1 f Y (3.2.48)
qdr 5 (L sr) (Ks ) L T lq-dnr"
Using trigonometric identities
Lis + Lig 0 0
KILJ(KI)™'= 0 Lis+Lpg O (3.2.49)
0 0 Ly

Lmg Lmg O 0O
KlLs=|0 0 Lpy Lma (3.2.50)
o 0o o0 O

Park’s voltage equations are often written in expanded form thus

Vgs = —Tslgs + Welys + pAgs (3.251)
Vs = —Tslgs + WsAgs + pAgs (3.2.52)
Va1 = Tkqiikgr + PA%q1 (3.2.53)
U’qu = r”qui;qz + P’V;qz (3.2.54)
U'Fd = ?"fdi';d + pzl';d (3.2.55)
V'ka = ""kai'ka + PAka (3.2.56)

Flux linkage equations
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rl — T T 4
Aqs = _Llslqs + Lmq(_"-qs + E"Jf{qu)

ro— ;T T T o
as = —Lisigs + Lina(—=igs + a1 + U5q)
Ll — T 3T -

kg1 = —Likgrikgr + Limg(—igs + Ukq1)
T — T ir -
kq2 — _L:qulqu + Lmq(_"-qs + qul)

AMa = Lpqifq + Ling(—igs + i'Fq)

L T T =i
AMka = Lkalga + Lma(=igs + 'ra)

Likg2

Likaz

I's Lis
MN
+ «— + —
lgs
Vs Lma {
I's Lis
MN
+ «—— + —
1ds
Vs Lmd {
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(3.2.57)
(3.2.58)
(3.2.59)
(3.2.60)
(3.2.61)

(3.2.62)

The voltage and flux linkage equations have equivalent circuit shown in Fig.3.2.

Ikq2

ikq2
Likq1

‘\ikq]

Ikql

Fkd2

ikd2

Likdi

‘\ikd]

Fkd1

Figure 3.2: Equivalent circuit of generator in reference frame.



3.2.2.1 TORQUE EQUATION
The expression for the electromagnetic torque in terms of rotor reference-frame variable
may be obtained by substituting the equation of transformation.

ad

P ™N—=1 =1 —1 a1 2 4 1
Te = (3) [KD ™ qaos] " {= 5 357 lhs = L KD i quos + 55 [Vsrgar {3269

Above equation is equivalent to
3 P . i
T, = (3) () P s = Xl (3.2.64)

In term of flux linkage per second and currents
3\ [P\ [ 1 . _
Te = (E) (5) (m_,,) (Aas lgs — Agsias (3.2.65)

3.23d-g MODEL NEGLECTING STATOR TRANSIENTS

The pA,4 and pA, terms represent the stator transients. With these terms neglected, the
stator quantities contain only fundamental frequency components and the stator voltage
eguations appear as algebraic equationg25]. This alows the use of steady-state
relationship for represents the interconnecting transmission network. The Park’s voltage

eg. (3.2.51, 3.2.52) can rearrange as
p’lqs = Vgs + lgsTs — WsAgs (3.2.66)
p;{ds =Vgs + idsrs - Ws/lqs (3.2.67)

When neglecting the stator transients in the d-g model, it means to make pA4s = 0 and
pAgs = 0 [23].There are following assumptions to simplifies the machine model

significantly, to ignore transient saliency

> Both stator transentsare equal ( X'y = X'y).
> The flux linkage 4,4 (associated with the g-axis rotor circuit corresponding to X',

also remain constant.
» The voltage behind the transient’s impendence R, + jX'; has a constant

magnitude.
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So after neglecting stator transients
Vgs + lgsTs — WshAgs = 0 (3.2.68)

Vgs + idsrs - Ws/lqs =0 (3269)

The d-and g-axis equivalent circuits with one circuit in each axis are shown below in Fig.
3.2and 3.3.

L,
Lg r lra ]
L
fd
';Ld ;l'ad §Lad
A’f{i

Figure 3.3: Thed- axisequivalent circuit with onerotor circuit in each axis.

L;
— Y Y _
iq / r llq ]
L
Ag Aaq < Lgg ‘a
Aiq

Figure 3.4: Theg- axisequivalent circuit with onerotor circuit in each axis.

Aaa = —Laqia + Laaisa (3.2.70)
Aa = Aaa — Liig (3.2.71)
Afa = Aqa + Lralgq (3.2.72)
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From above equation

, _ Ara—2ad
LI

Substituting in equation (3.2.66), it gives
; L
Aad = —Laqlq + Lf—z (Ara = Aaa)

Rearranging to express 4,4 interms of ¢4, wefind

, Risang!
Aad = L'qa (—ld + —Lfd)
fd

Where

r — 1 — I
Vaa=a 7 =La— 1L
Lad Lfa

Similarly, for the g-axis

P . A
Adag = Laq (—zq + ﬂ)

Lig
Lag=1La—L
The g-axis stator voltage is given by

e = —nit — (U/lq

Vg = —Talg + w(Liiq - Aaq)

Where w = w, = wy = 1.0 pu. Substituting for 4,4, from above equation (3.2.77)

gives
Vg = —Taiq + Wiy — L' g (—iy + 22
d atd ltq aq q Lig
g = —Tyig + (L + L 0)iy — wl! gy (222
d ad L aqltq aq Lig
Vg = —raid + X'qiq + E'd
Vg = —VpSind + rig + Xelg

Where
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1.
_ ' 1q
E'd = —wl aq (L_)
lg

Similarly, the g-axis stator voltage is given by

Vg = —Talq + X'gig + E'g

Vg = V€086 + T, i,

Where

(3.2.85)

(3.2.86)

(3.2.87)

(3.2.88)

By neglecting the amortisseur effects the machine model can be simplified. This

minimizes the data requirements since the machine parameters related to the

amortisseures are often not readily available[26][27]. With the amortisseure neglected the

stator voltage equations are

Vg = —Ag — Tala

Vg = —Aq — T4l
Rotor voltage equations

Vra = PAra — Tralfa

PAra = Vra—Tralfa
Flux linkage equation

Aa = —Xala + Xaalra

Aq = —Xqiq

Apa = —Xaala + Xrraifa

E; = Xaalfa
X
EJ — ad
q Xfrd fd

Xad
Efqg=""¢
fd Rra fd
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(3.2.89)

(3.2.90)

(3.2.91)

(3.2.92)

(3.2.93)
(3.2.94)
(3.2.95)

(3.2.96)

(3.2.97)

(3.2.98)



Multiplied the equation (3.2.97) by ﬁ

2

X5, .
El = ad L d+E1'
q Xffd f
Whereas
XaaX
X’d:XI"' adX fd
XaatXfa
XadXfa
X . =(X,— X 4 adrja
a = (Xa = Xqa) Xaa+Xra
X2
P d
Xa=Xa— 72
frd
Then
! _ X2
frd

E'q=E —(Xg = X'q)iq

X

Multiplying equation (3.2.92) by X“d thought, we have
fd

Xad Xa Rfa Rfa .
p( a Afd)z_dL _andl_fd

Xfrd RfaXffa i Xfra

Above equation is express in new variables
|
pE'q = T,_m(Efd —Ep)
Here T',, IS the open-circuit transient time constant.

From equation (3.2.104),

PE', = 5= (Era = (E'q + (Xa = X'a)ia))

1

pE’ = e (Efg — E'g+ (X'q — X4)ia))

E' 1
SE' g = -1+
T do T do

1+sT’ 1 :
E'q (Fr2) = 5= (Bra+ (X'a =~ X)ia))

T’ 4o

(Epg + (X'qg — Xa)ig))

(3.2.99)

(3.2.100)

(3.2.101)

(3.2.102)

(3.2.103)

(3.2.104)

(3.2.105)

(3.2.106)

(3.2.107)

(3.2.108)

(3.2.109)

(3.2.110)



t — Era + X'g-Xgq .

0= Tt T la (3.2.111)
Then similarly for E'4
E'y = Er — (Xqg— X'a)ig (3.2.112)
pE'y = T%W(E:) (32.113)
W= (3.2.114)

d = 13517, 14
3.23.1MECHANICAL PART

If § is the angular position of the rotor in electrical radians with respect to a generator
rotating reference and d, isits value at t=0

Where w,- is the angular position of the rotor and w, is its rated value. By taking time
derivative, we have

s _

= Or @ = Aw, (3.2.116)

And
;_;5 - ‘Kﬁ_z” (3.2.117)
;_:25 = w, dif: (3.2.118)
Z_f = w, Awr (3.2.119)
5 =@ (3.2.120)

For load- frequency studies, rather than torque mechanica and electrica power is
used.the relationship between Pand T is

P =w,T (3.2.121)
The overall frequency- dependent characteristic of a composite load may be expressed as
shown in Fig. 3.5.

AP, = AP, + DAw, (3.2.122)
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APy, D+sM |[— Aw,

AP;

Figure 3.5: The system block diagram for the effect of the load damping
Where

AP;, = non frequency- sensitive load change
DAw,= frequency- sensitive load change

D= load-damping constant

Aw, = —— (P, — P,) (3.2.123)

T D+sM

3.3EXCITER MODEL

The excitation control system is an automatic feedback control having the primary
function of maintaining a predetermined terminal voltage by modifying the field current
of the generator based on changes in the termina voltage. Without excitation control,
termina voltage would fluctuate as a result of changes in output power or external
network conditions. The control is referred to as “negative feedback” because when
terminal voltage increases, field current is decreased, and when terminal voltage

decreases, field current isincreased[11].

In addition, the excitation system performs control and protective functions essential to
the satisfactory performance of the power system by controlling the field voltage and
thereby the field current. The control functions include the control of voltage and reactive
power flow, and the enhancement of system stability. The protective function ensures that
the capability limits of the machine, excitation system, and other equipment are not
exceeded [27].

Depending on type of excitation system, there may be many levels of excitation control
system stabilization involving the major outer loop and minor inner loops. Feedback

excitation system, which has been use for study Fig. 3.5.
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Compensation
SKf _
1+ STf

Figure 3.6: Block diagram for excitation control system

Then exciter output voltage Erg4
Efd = KalVer = Ve — Vil (3.31)

Here

SKf

$ 7 1451, 19

(33.2)

_ Kg
A= oo (3.3.3)
leﬁn” (3.3.4)

Vi, is reference voltage, V; is termina output voltage and V; is the output of terminal

voltage transducer.
3.4 TURBINE MODEL

Electrical generators convert mechanical energy into electrical energy. The mechanical
energy is produced by prime movers. Prime movers are mechanica machine. They
convert primary energy of a fuel are fluid into mechanical energy[28]. They are also
called as turbines or engines. The block diagram of the steam turbine has been modelled
for study of turbine and governor system which is shown in Fig. 3.6.
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Feedback |«

Figure 3.7: block diagram for turbine and governor control system

Governors and turbines are more important in the long-term simulation than in the
transient ssimulations. Their response is inherently slow. However some of the governor
time constants can be eliminated to produce a reduce order model for the long term

simulation[29]. Output power equation for different parts of turbine and governor system.

AP. = H’;fm (3.4.1)
AP, = 1+;TSMAP,, (34.2)
AP, = 1+;TCHAPh (34.3)
APy, = %Ag (3.4.4)

3.5POWER SYSTEM STABILIZER MODEL

To compensate the unwanted effect of voltage regulators, additional signals are
introduced in feedback loop of voltage regulators. The additional signals are mostly
derived from speed deviation, excitation deviation or accelerating power. This is

achieved by injecting a stabilizing signal into the excitation system voltage reference
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summing point junction. The device setup to provide this signal is called “power system
stabilizer”. Model for power system stabilizer used for simulation study, is shown in Fig.
3.8[23]. It consists of phase-lead compensation block, a single washout block and a gain
block.

Vir
Terminal Voltage
Exciter
Transducer l
E, K 1 + Efa
—» G K, —»
1+ ST.S'R
Phase
Gai[l ‘Vﬂsht]llt Compensﬂtion
U2
S'Tw 1+ ST]
Aw, —> Ksras >

1+ STW 1+ STZ

Figure 3.8: Block diagram of power system stabilizer.

The basic function of a power system stabilizer is to add damping to the generator power
oscillations by controlling its excitation using an auxiliary stabilizing signal. To provide
damping, the stabilizer must add a component of electrical torque in phase with rotor
speed deviation. The application of power system stabilizer (PSS) is to generate a
supplementary signal, which is applied to control loop of the generating unit to produce a

positive damping.

The phase compensation block provides the appropriate phase lead characteristics to
compensate for the phase lag between exciter input and generator electrical torque. The
phase compensation may be a single first order block as shown in Figure 3.7 or having

two or more first order blocks or second order blocks with complex roots.

The signal washout block serves as high pass filter, with time constant Tw high enough to
allow signals associated with oscillations in wr to pass unchanged, which removes d.c.
signals. Without it, steady changes in speed would modify the terminal voltage. It allows
PSS to respond only to changes in speed[30].

After block of washout from figure 3.7, using perturbed values, we have

Av, = e (Ksrapbw;) (335.1)

1+sTw
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Hence

pOv, = (Ksrapplw,) — ;—Wﬂvz (352

After ablock of phase compensation

Hence

_ 1+5Ty
Av, = Av, (1+ST2) (3.5.3)
Ty
pOvs = 1 phv, + ;—zsz - leAvs (3.5.4)

After block of exciter

DE;q = Ky(Dvg — D) (3.5.5)

The stabilizer gain Kgrap determines the amount of damping introduced by PSS. Idedlly,

the gain should be set at a value corresponding to maximum damping; however, it is

limited by other consideration.

3.6 SSIMULATION OF SUPERCODUCTING GENERATOR IN
MATLAB

3.6.1ALGORITHM FOR DIGITAL SIMULATION

STEP1:
STEP2:
STEP3:
STEP4:
STEPS:
STEPT:
STEPS:
STEPO:
STEP9:

Start.

Read the generator data.

Calculate theinitia conditions.

Solve thefirst order differential equations using Runge-Kutta method.
Compute intermediate variables.

Check the time, if t=t. If not then store the variables and parameters.
Increase the time by small step dt and go to step 4 and repeat.

plot the graphs.

Stop.
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3.6.2 FLOW CHART FOR DIGITAL SIMULATION

Read generator
data

Calculate initial
condition

Solve the first order differential
equations using
Runge-Kutta method

t=t+dt

Compute intermediate variables

Store the variables
and parameters

No

t=ts

Plot the graphs

Figure 3.9: Flow chart for simulation of superconducting generator
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CHAPTER 4

DIGITAL SIMULATION OF SYSTEM USING SIMULINK

4.1 GENERAL

Simulation of synchronous superconducting machine can be done using various
simulation tools. But mainly MATLAB/SIMULINK and EMTP (Electromagnetic
transient programs) simulation tools are used in various applications. In MATLAB these
simulation analysis can be done in programming codes and by using basic function
blocks in SIMULINK. To observe the dynamic performance of synchronous
superconducting machine by using the differential equations are programmed in
programming codes in MATLAB. But the transient analysis for synchronous
superconducting machine is done in MATLAB/SIMLINK with complete detailed study
of exciter circuit, turbine and governor system and power system stabilizer which is
linked to an infinitive bus. The SIMULINK implementation is adopted because of its
inherent integration of vector system representation in block diagram form, of numerical
analysis methods. So this approach is pedagogically better than using compilation of

program codes [31].

The development of SIMULINK models of drive assemblies is a relatively simple task
consisting of combining input output block representation of the various components
making up the system. This approach provides a powerful design tool because of the ease
of observing the effects of parameter modifications and of changes in system
configurations and control strategies. MATLAB offers modelling, simulation and
analysis under a graphical user interface (GUI) environment. The construction of a
model is simplified with click-and-drag mouse operations. SIMULINK includes a

comprehensive block library of toolboxes for both linear and nonlinear analyses.

4.2 SIMULINK MODEL OF INTEGRATED SYSTEM

A model of the synchronous machine with appropriate degreesis given in this work for a
transient stability investigation. The considered single machine-infinitive bus system is
giveninFig. 4.1.
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Figure 4.1: Single machine-infinitive bus system

The synchronous superconducting generator’s dynamic model equations in the Laplace
domain can be created by connecting appropriate function blocks. In order to simulate the
detailed transient analysis of the machine, addition of new sub-models is needed to model
the operation of various control functions. These sub-models are used in the calculation
of various values related to the generator such as the steady state, exciter loop, turbine

governor model, power system stabilizer model, voltage and the currents [32].

The complete model of the synchronous superconducting machine used in the simulation
is given below in Fig. 4.2. Simulation model for the generator is constructed by using

properly selected sub-blocks. These main sub blocks are

> Steady state values.

Exciter model.

Terminal voltage controller.
Electrical part.

Turbine and governor model.
Power system stabilizer model.
Fault

Y V.V V VYV V
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Figure 4.2: Complete modée of synchronous superconducting machine

The above sub-blocks are modelled in SIMULINK. There are the following various
model of the machine [33].

4.2.1 SIMULINK MODEL OF STEADY STATE VALUE

The steady state values are calculated separately according to the block diagram shown
below in Fig 4.3. The function blocks given in figure which corresponds to initial values
of current, load angle, rotor angle, electromotor force in the machine, terminal voltage,
real power, exciter voltage, and reference termina voltage are calculated using the

eguations given below

2 2
JPO +Qp

Iy = (4.2.1)

o = arctan®® (4.2.2)
g P

0



Figure 4.3: Steady state sub model

Io(xq+xe)cosDo—Ip(Rq+Re)sin i

0 = arctan Vo+lo(Ra+Re)cos io+1p(xq+xe)sin 1o (4.2.3)
lyo = —1psin (8 + 1) (4.2.4)
Iqo = I5C0s (6o + 1) (4.2.5)
Erqo = V€058 + (Rq + Re)lg0 — (Xa + Xe)lao (4.2.6)

Veo = (Vo + Relgcos g+ xplgsin g)2 + (xelgcos o — Relysin )2 (4.2.7)

E'go = —(xq — X'a)lgo (4.2.9)
E'qo = Efao + (Xa — X"a)1ao (4.2.9)
Peo = E'aolgo + E'qolqo (4.2.10)
Viro = Ef’{’—‘;" + Vo (4.2.12)

4.2.2 SIMULINK MODEL OF EXCITER

The exciter is represented by a second-order dynamical model as in Fig. 4.4. The sub
model has three inputs, V.o, Vpss and V;, reference and instantaneous values of terminal

voltage and power system stabilizer voltage, respectively and one output Ef, in per-unit
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values. Ef, is the output of the exciter system with one compensation feedback. The

modle for exciter system has been discussed briefly in chapter 3. Whereas the values of
Kg, K¢, Tr and Ty has been taken from table 5.2.

: :
Vitro ) =
( : )—, '.1
Vil . 0.05s+1 Erd
—
Vpss

0.025

s+l

Figure 4.4: Sub modedl of exciter system
4.2.3SIMULINK MODEL OF VOLTAGE CONTROLLER

The sub block of the terminal voltage transducer is shown in Fig. 4.5. It senses generator
termina voltage, rectifies and filters it to dc quantity, and compares it with a reference

which represents the desired terminal voltage.

D - (D
vtl

vt 0.01s+1

Terminal Voltage
Transducer

Figure 4.5: Sub model of voltage transducer

Here

1
th

- 1+sTsp

v, (4.2.12)

In above shown sub model the value of Tz = 0.01.
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4.2.4 SIMULINK MODEL OF ELECTRICAL PART

The sub-model shown in Fig. 4.6 represents continuous operation of the electrical parts of
the machine. The initial values which will be used until a fault occurs are provided by
two switches in the sub-model. The inputs of the sub-model are d, E' g4, Erg Vios E' g0,

Poo, V,, Re, X, and the outputs are V., P,.

L}Vo
(P> sin (delta)
smieens 1d 0.2451.7
P cos (delta) | o
>l Eq 5.9s+1
p Ed
Re la 0.245-1.64 >
Lt
xe oo7ss+1 | (O
Currents Clock -
.J N
Edo N
P Vo Eq
L—pp{sin (delta) (3 H)—» 1
P cos (delta) Efd 5.9s5+1
P Id Vit efd
P lq
— Re
Pe P Xe Vit Clockl
Voltage
CaD Eqo
Vto
Electrical Power
Ceo—= &
Peo Pe Ea’
Id
@ '
@D

8
Re

xe

Figure 4.6: Sub model of continuous operation of electric parts

The sub-models for currents, terminal voltage and rea electrical power are given in Fig.
4.7, 4.8 and 4.9 respectively. The values of currents I; and I, can be calculated by

solving equations given below.
th = E'd - Ra’(d - X'Idfd = _VUSiné‘ + Refd + Xefq (4213)
Vig = E'q — Ralqg + X'qlq = Vocosé + Relq — X, Iy (4.2.14)
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E'y + Vysind R,+R X+ X311
Frl=L6h, W e
E'q— Vycosé —Xe+X'3) Ry+R. ]l
E'q +Vosind = (Rg + Ro)lg + (X + X' ), (4.2.16)
E'y—Vocosd = —(X, + X'g)lg + (R, + Re)], (4.2.17)
By solving above equations, here g-axis current (/)
_ (XetX1g)(E1q+VosinS)+(Rq +Rg)(E"q—V06056)
- (Xe+X1a)>+(Ra+Re)? (4.2.18)

d-axis current (1)

) (Rame)(g’q—vocosa)
(E"q—Vocos5) (E"d-'—VOSlna) . (XE"'X'F(,[)

“(XetX'q) (Ra + Re) (Xe+X14)%+(Rq+Re)? I

]d:

(4.2.19)

Here f (u) is functions block, which is shown below in Fig. 4.7. This block is used to
calculate the values of currents I; and I, by using the eq. (4.2.18) and (4.2.19).

Figure4.7: Sub model for currents
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The value of the terminal voltage V; can be calculated by using eg. (4.2.13) and (4.2.14).

Via = —Vosind + Roly + X,l, (4.2.20)
Vig = Vocoss + Roly — X1 (4.2.21)
Ve = [Vid® + Vig® (4.2.22)

Ve =/ (—Vosind + Rolq + X15)% + (VocosS + Rl + X 13)?  (4.2.23)

In Fig. 4.8, the f (u) is functions block used to calculate the values of V, by using eqg.
(4.2.23).

> 1)

Figure4.8: Sub model for voltage
The value of the electrical power P, can be calculated as
‘PB = E’Id]d + E'q!q (42 24)

In Fig. 4.9, the f (u) is functions block used to calculate the values of P, by using eqg.
(4.2.24).
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Figure 4.9: Sub model for electrical power

4.25 SIMULINK MODEL OF TURBINE AND GOVERNOR

The sub-model of the mechanical part is represented by a dynamical mode as shown in
Fig. 4.10. The considered system includes a turbine and governor sub-system and the
blocks of the relations among rotor angle §, deviation of angular speed Aw. The sub-
model includes five inputs, steady state value of rotor angle in radian, reference value of
angular speed, the steady state and instantaneous values of real electrical power and
steady state value of angular speed, in per-unit values. It has one output rotor angle in

radians.

rotor angl

W-Wr

L
( > I + +
»|Peo deltawg P+ : A
Pe . rotor angle

Peo turbine and governor Integrator

R

WO

delwr

Figure 4.10: Sub model of mechanical part
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The sub-model of the turbine and governor system is represented in Fig. 4.11. This sub-
model contains three inputs, the difference between the reference value and instantaneous
value of angular speed, the steady state value of mechanical power, instantaneous value

of electrical power, in per-unit, and one output, the deviation of angular speed in per-unit.

35 1 1 24 )
.WW Qlsl Qs+l 00+ Q3+l 1
HtaPr HtaPh cHtalc HtaRL | o —pi- a7 g .

 — — Htaw

3
Pe

Figure4.11: Modd for turbine and governor control system

The model of turbine and governor has been discussed briefly in chapter 3. The
parameters shown in Fig. 4.11 have been taken from table 5.2.

4.2.6 SSIMULINK MODEL OF POWER SYSTEM STABILIZER

The sub model of power system stabilizer is shown in Fig. 4.12. Output Aw, from the
turbine and governor control system is connected with stabilizer gain and phase
compensation block. Output Vpgs is connected as third input for the sub model of
excitation control system. The model of power system stabilizer has been discussed
briefly in chapter 3. The values of parameters shown in Fig.4.12 have been taken from
table 5.2.

. b 10s 0.76s+1 0.76s+1 | @
1 10s+1 0.01s+1 0.1s+1
Vpss

delwr Gain

Washout compensationl compensation2

Figure4.12: Model for power system stabilizer

Vpss — (KSTABACUr) sTw (1+5T-l) (1+5T3) (4.2.25)

1+sTw \1+5T> 1+5T,
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4.2.7 SIMULINK MODEL OF FAULT

For transient stability analysis of a machine, it is assumed that a three-phase short-circuit
at the sending terminal of one of the parallel lines has occurred at 0.6 s and the fault has
continued until 0.78 s. The fault is cleared by switching the faulted line on 0.78 and then
the system is returned to the pre-fault configuration. These cases are represented by

switch blocks in the model givenin Fig. 4.13.

w

Outl 1 >
Out2 SN, o
Out3

_> 8
>
ﬁ*—"
Subsystem Fault
Clock1l
}

\A A 4

Cs

Clock

Figure 4.13: The switch configuration of fault

The inner detail of the considered switches in sub-system is shown in Fig. 4.14. This sub
system initially gives first operation values to the system via out 3. After a period which
is determined by adjusting the clock, the switch changes and new parameter values are

collected from out 1.
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Figure 4.14: Inner detail of the subsystem in fault
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CHAPTER 5

RESULTSAND DISCUSSIONS

The development of dynamic models of various components has been discussed in
chapter 3. The model equations can be solved by fourth order Runge-Kutta numerical
integration method as discussed in chapter 3. The detailed simulation methodology under
SIMULINK environment with reference to the system has been discussed in chapter 4.
SIMULINK uses a solver based on Runge-Kutta fourth order integration method ode45.
The study of the superconducting synchronous generator behaviour has been carried out
and some characteristics are compared with comparable capacity conventional generator.

The data of superconducting generator are given in appendix.

5.1 PERFORMANCE OF SUPERCONDUCTING GENERATOR

The performance characteristics of superconducting synchronous generator, which are
simulated with the devel oped algorithm as discussed in chapter 3, are shown in Fig. 5.1-
5.6. These characteristics are corresponds to direct connection of the superconducting
generator driven at synchronous speed, with the input torque 1.11x 10 Nm. The initial
field voltage is taken as 26kV to produce rated voltage at no load. With the grid
connection high initial transients are obtained in all the parameters which decreases
gradualy. The steady state is attained in 40 sec which are shown in Fig. 5.1-5.6
respectively.

Voltage characteristics are shown for v, and vy in Fig. 5.1. v, starts with 26 kV

voltage level whereas v, startswith initial 0 voltage level. Stator current characteristics

for superconducting generator are shown in Fig. 5.2.

When generator are connected to grid, current got negative value and after it got positive
value. After the transients i, settles to positive and i, Settles to negative value. These
values are decided by rotor angle. Field current characteristic is shown in Fig. 5.3. In
starting there are large transients are produced. But during time duration of 40 sec, it got
steady state corresponding to rated current.
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Figure5.1: Voltage-Time characteristics of superconducting gener ator
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Figure5.2: Current-Time characteristics of superconducting generator
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Figure5.3: Field Current-Time characteristics of super conducting gener ator

Torque-time characteristics are shown in Fig. 5.4. When generator starts the torque
developed negative, and when generator got synchronous speed it got settled down at
1.11x 10° Nm.
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Figure5.4: Torque-Time characteristics of superconducting generator

Speed characteristic is shown in Fig. 5.5. When generator starts speed increased due to
decrease in electric torque and after initial transients it gradually attains constant
synchronous speed.
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Figure5.5: Speed-Time characteristics of superconducting generator
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Rotor angle (delta) characteristics are shown in Fig. 5.6. Initially when generator starts
then delta increase from zero and got large value in starting due to increase in speed and
after duration, it attain steady value in around 40 sec.
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Figure5.6: Delta-Time char acteristics of super conducting gener ator

The steady state duration is very long and to understand the reason, the performance
characteristics are compared with the comparable capacity conventional steam driven
generator. The performance of conventional generator is presented in Fig. 5.7 to Fig.
5.12. At the instant of grid connection the similar nature in characteristics are observed.
However, the transients decrease and steady state is obtained in small time. Thisis due to

higher inertia and damping due to resistances.
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Figure5.7: Voltage-Time characteristics of conventional generator
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Figure 5.8: Current-Time characteristics of conventional generator
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Figure5.9: Field Current-Time characteristics of super conducting gener ator
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Figure5.10: Torque-Time characteristics of conventional generator
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Figure5.11: Speed-Time characteristics of conventional generator
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Figure5.12: Delta-Time characteristics of conventional generator

5.2 PERFORMANCE OF GENERATOR IN SIMULINK

To represent the dynamic system model for simulation of the superconducting generator
is constructed by using properly selected sub blocks [33, 35]. The performance
characteristics of generator, which are already simulated and has been studied briefly
with the help of SIMULINK in chapter 4 are shown in various cases, discussed below for

transient analysis, single machine with infinite bus system is shown in Fig. 5.13.

INFINITIVE
GENERATOR BUS
TRANSMISSION LINE
Re, Xe
Vt A

Figure 5.13: Single machine-infinite bus system

Two types of faults are considered at the sending terminal of the parallel transmission
lines.

» Three phase short circuit fault.

» Open conductor condition.
All the performance analysis has been done by taking account of these two fault

conditions. The three phase short circuit fault has occurred at 0.6 sec and the fault is
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continued until 0.78 sec. the fault is cleared by re closing the faulted line at 0.78 sec and
then system is returned to the pre-fault configuration. In open conductor fault before the
pre-fault condition the faulty line will be out of circuit and the effective reactance of the
line will be doubled.

5.2.1 SUPERCONDUCTING GENERATOR WITHOUT STABILIZER.

Terminal voltage-time characteristic without stabilizer is shown in Fig. 5.14. When fault
occurred for duration of 0.18 sec, the terminal voltage reduced to zero at 0.6 sec. After
fault clearing at 0.78 sec voltage increased and got initial steady state value at 1.2 p.u.
Power-time characteristic is shown in Fig. 5.14.

During fault duration power goes approximately zero. But with fault clearing, power
increased. In starting it have some transients but after small duration it reduced and
attainsitsinitial steady state value at 0.809 p.u.

Rotor angle (delta)-time characteristic is shown in Fig. 5.15. During fault rotor angle
(delta) increased to its peak value. With fault clearing it get its initial state at around 39.
Delta w, characteristic is shown in Fig. 5.16. Change in delta is increased during fault.

But in shot duration it got itsinitial zero value.

Terminal
Voltage

05|

Figure5.14: Terminal voltage-Time characteristics of superconducting gener ator

62



10

_5
Time

Figure 5.15: Power-Time characteristics of superconducting generator
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Figure5.16: Angle (delta)-Time characteristics of superconducting generator
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Figure5.17: Delta (w,)-Time characteristics of superconducting generator
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5.2.2 COMPARISION OF SUPERCONDUCTING GENERATOR
WITH AND WITHOUT STAABILIZER

Terminal voltage-time characteristic for is shown in Fig. 5.18.

15

Terminal Voltage

Figure5.18: Terminal Voltage-Time characteristics of superconducting generator
with and without stabilizer.
Here transients are reduced and voltage gets constant value with help of power system
stabilizer. Power—time, rotor angle (delta), delta (w,) characteristic is shown in Fig. 5.19,
5.20, and 5.21 respectively. Transients are reduced with the help of power system
stabilizer and have stable performance because stabilizer is taking auxiliary speed signal

to control the excitation.

Power

Figure5.19: Power-Time characteristics of superconducting generator with and
without stabilizer.

64



PSS

With

T T T T T T T T T
|
|
L

Withoyt PSS
|

(er1e@)e|buy Joloy

10

Time
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Figure5.21: Deta (w,) -Time characteristics of superconducting generator with and

without stabilizer.

5.2.3 COMPARISION OF SUPERCONDUCTING AND

CONVENTIONAL GENERATOR WITHOUT STABILIZER

Terminal voltage-time, Power-time, rotor angle, (delta)-time and delta (w, )-time

characteristics for conventional and superconducting generator are shown in Fig. 5.22,

5.23, 5.24 and 5.25 respectively.
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Figure5.22: Terminal Voltage-Time characteristics of conventional and

superconducting generator without stabilizer.

Here fault is occurred for 0.18 sec and after small duration of time both of generators gets

their initial steady state values. Conventional generator has less transients and it gets its

initial steady state in faster rate as compared to superconducting generator.
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Figure 5.23: Power-Time characteristics of conventional and super conducting

generator without stabilizer.
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Figure5.24: Rotor angle (delta)-Time characteristics of conventional and

superconducting generator without stabilizer.
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Figure5.25: Delta (w,-)-Time characteristics of conventional and superconducting

generator without stabilizer.

5.24 COMPARISION OF SUPERCONDUCTING AND

CONVENTIONAL GENERATOR WITH STABILIZER

time and deta (w, )-time

Terminal voltage-time, Power-time, rotor angle, (delta)-

characteristics for conventional and superconducting generator with power system

stabilizer are shown in Fig. 5.26, 5.27, 5.28 and 5.30 respectively.
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Figure 5.26: Terminal Voltage-Time characteristics of conventional and

super conducting generator with stabilizer.

With help of power system stabilizer the transients are reduced. But when short circuit

fault occurred for 0.18 sec then due to disturbance transients are developed for small time

of duration. Superconducting generator has more transients as compared to the

]
Generator
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onventional
Generator

@

conventional generator and it takes more time to get its steady initia state
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Figure 5.27: Power-Time characteristics of conventional and super conducting

generator with stabilizer.
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Figure 5.28: Rotor angle (delta)-Time characteristics of conventional and

superconducting generator with stabilizer.
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Figure5.29: Deta (w,)-Time characteristics of conventional and superconducting

generator with stabilizer.

5.2.5 EFFECT OF SUSTAINED OPEN CONDUCTOR

The model of superconducting generator with infinite bus system is shown in Fig. 5.13.

Before the opening of a conductor, it is in the healthy condition and supplying power
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with steady state. With the opening of a conductor of parale transmission line, the

effective resistance and reactance offered by the line will be doubled. Due to this, large

transients are developed for short duration. But in small time they get its initia steady

state. With increase in reactance, power is decreased and generator runs in accelerating

mode. It results into increase in speed and rotor angle, as shown in Fig. 5.30, 5.31, 5.32

and 5.33 respectively. The terminal voltage also reduces during transient period, which

recovers shortly. These transients are less compared to transients experienced during

short circuit fault.

Time

Figure5.30: Terminal Voltage-Time characteristics.
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Time

Figure5.31: Power-Time characteristics
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CHAPTER 6

CONCLUSIONSAND SCOPE OF FUTURE WORK

6.1 CONCLUSIONS

The performance of superconducting generator with exciter, turbine-governor and power
system stabilizer, connected to an infinite bus has been analysed by developing the
dynamic model. These dynamic models are solved in SIMULINK environment. The
performance of generator connected to infinite bus is also studied with Runge-Kutta
integration method. The performance is studied for excessive transient cases like grid
connection, short circuit fault and opening of the conductor when supplied by a parallel

transmission line. The following conclusions are drawn

» During the direct grid connection, the transients are more and are of longer
duration because the superconducting machine is characterised by low reactance,
low inherent damping and low inertia

» Power system stabilizer provides the stable performance during fault.

» Thetransients during sustained opening of a conductor are less then the transients
experienced during short circuit fault.

» The conventional generator is showing better performance then superconducting
generator because the parameters of exciter, governor, and PSS are corresponding

to conventional generator.

6.2 SCOPE OF FUTURE WORK

Having gone through the study of performance analysis of superconducting generator
with power system stabilizer for single infinite bus system, the scope of the work has
been identified as
» Multi machine system employing superconducting generator, exciter and
stabilizer can be investigated.
> Appropriate turbine, governor, exciter, stabilizer models suited for

superconducting generator can be explored.
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APPENDIX

Table: Parameters of conventional and superconducting generator [5]

Parameters | Conventional Generator | Superconducting Gener ator
Rated MVA 907 907
Voltage 26 26
Pole 2 2
F 60 60
J 0.04002x 10° 0.0136x 10°
Ry 0.0038 0.0019
Riq1 0.3713 2.032x 10~*
R 0.3713 2.03% 10~*
Rra 0.0011 4.4988x 1077
Ria 5.408x 1073 2.093% 10
Xy 2.22 0.197
Xq 2.09 0.197
Xikq1 0.196 0.1193
Xikq2 0.196 0.1193
K 0.2095 0.122
X154 0.2158 0.2522
P, 0.8 0.8
Qo 0.496 0.496
v, 1 1
2l 0.0038 0.0019
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R, 0.01 0.01
i 2.22 0.297
X, 2.09 0.297
X'y 0.245 0.209
X, 0.2 0.2
o 5.9 1487
T4 0.075 1.557
K, 400 400
T, 0.05 0.05
K; 0.025 0.025
7 0.025 0.025
D 0 0
M 474 4.74
Wy 1 1
T 8 8
il 0.05 0.054
il 0.1 0.1
K, 35 35
Tom 0.2 0.2
Wy 1 1
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