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Abstract

In this thesis, the problem of subsynchronous mechanical oscillations in the shaft assembly of
a turbo-generator with its steam turbine stages is studied, when the generator is connected

to a Thyristor Controlled Series Capacitor (TCSC) compensated transmission line.

The first three-phase thyristor controlled series capacitor was installéd in 1992. The
usefulness of this device for mitigating subsynchronous resonance has been established. There
are, however, issues remaining to be investigated. A point of contention is the nature of the
behaviour of TCSC towards subsynchronous frequencies. Although TCSC does not have
resistive components as such, it puts up significant resistance to the subsynchronous current
flow when in open-loop operation. This characteristic, known as passive damping, has been
observed both on network analyzers and in simulations. Here, with the aid of analytical

relations and discrete Fourier analysis, a physical explanation is provided for this behaviour.

. The average steady-state linearization, although an efficient method for obtaining linear
models for switching circuits, fails to capture the passive damping of TCSC. The Poincaré
mapping technique, on the other hand, provides the state matrix of the discrete linear time-
invariant system that is equivalent to the linearized time-periodic model of the switching
circuit in the sense of Lyapunov. Therefore it is accurate in the eigenvalue analysis for

stability studies.

Poincaré mapping together with a perturbation method is used here to find a linearized
discrete model for a TCSC compensated system, in which the small signal variation of the
state is explicitly given in terms of the small signal variation of the TCSC firing angles. The
model is used first for the eigenvalue analysis and then for the design of an all-stabilizing

closed-loop controller for small signal control of the thyristor firing angles in order to damp

subsynchronous mechanical oscillations.




ABSTRACT iii

In the past, Poincaré mapping has been used to derive continuous dynamic models for the
TCSC alone, by first finding the discrete advance map, and then by converting the equations

to the continuous domain.

Here, we discretize the generator, line and TCSC equations together to arrive at a state
space model for the entire system. The First IEEE Subsynchronous Resonance Benchmark
Model is our case study. The method is general enough, however, to be used for other

configurations as well.

Finally, the steady-state relations of TCSC in non-equidistant firing are developed, and

its dynamic behaviour with the new open-loop firing scheme is studied using transient sim-

ulation.
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Chapter 1

Introduction

Reactive compensation in alternating current electric power systems is used for power
factor correction, load balancing, improvement of voltage regulation, and increase of the

transfer capacity.

Compensators are generally divided into shunt and series types. Compensation of a load
is always shunt, since the compensating device is connected in parallel with the load at the
supply point. Compensation of a transmission or distribution system, on the other hand,

can be shunt or series.

Compensation becomes necessary when a transmission line is very long. In theory, a
lossless line which is a quarter wavelength long is impossible to operate because in open
circuit, the receiving end voltage becomes infinity (for the lossy line, the voltage would not
be exactly infinity, but still extremely high). Lines are much shorter in practice, yet need to

be compensated to improve their voltage regulation.

Series compensation is essentially a set of capacitor banks installed in series with the
transmission line. The effective inductive reactance of the line is reduced by the amount of
the capacitive reactance of the compensator. Series compensation improves the steady-state,
the transient, and the voltage stability of the system. However, it potentially gives rise to a

serious instability problem that needs careful study.

The problem occurs in the range of frequencies below the synchronous frequency of the




network, and hence is labeled subsynchronous. A three-phase capacitor bank in series with
the inductances in each phase forms three oscillators. Also, the mechanical shaft of a large
turbo-generator has natural oscillators with frequencies below the synchronous frequency of
the network. Under a subsynchronous resonance (SSR) condition, a mechanical oscillator in
the shaft interacts with the electrical oscillators formed in the three-phase network. As a
result, excessively distorted currents and voltages at frequencies below the rated frequency,

and large torsional torques on the shaft assembly of the turbo-generator develop.

In a power system prone to subsynchronous resonance, small disturbances trigger the
interplay between the mechanical and electrical subsystems and cause a gradual increase
of the energy of the oscillations, which takes several seconds (up to a minute) to reach
dangerous levels. For example this can happen at the time of synchronizing a generator
with an energized network. Following a major disturbance, such as a short circuit, energy
is forcibly absorbed into the oscillators, and the process speeds up to a few seconds or even

less.

An unwanted phenomenon leading to damage, subsynchronous resonance must be diag-

nosed, and prevented by implementing counter-measures.

Several methods in the time and frequency domain have been applied to study subsyn-
chronous oscillations in power systems. From a physical point of view, the system under
study is nonlinear. The connection between the electrical network and the mechanical shaft
assembly happens through the air gap of the synchronous machine where the electromagnetic
torque develops. This torque is described by a nonlinear relationship among the currents
flowing in the windings of the rotor and the stator. Moreover, advanced power systems of
today have many power electronic devices that switch branches in and out of the network
periodically, and are highly nonlinear. Therefore, in order to make a rigorous judgment
about the risk of a scenario or the effectiveness of a proposed solution, detailed nonlinear
modelling becomes necessary. However, in order to apply the powerful linear control design

techniques, linear models of the system around an operating point are needed.

The increasing use of high-power electronic devices in power transmission, has led to

the recent development of the “Flexible AC Transmission System” (FACTS) concept, a
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technology that enables the power grid to be utilized closer to its theoretical thermal capacity.
FACTS is not a single, high-power electronic controller, but rather a collection of controllers,

which can be applied individually or collectively in a specific power system [1].

One of the FACTS devices used for series compensation is the Thyristor Controlled
Series Capacitor (TCSC). A major advantage of TCSC is that it significantly reduces the

subsynchronous resonance problem.

1.1 Thesis Motivation

This work was motivated by the realization that TCSC shows a behaviour towards subsyn-
chronous frequencies that, although recognized, is not fully understood. The first researchers
to report on this characteristic, known as “passive damping”, were Ron Hedin and Stephen
Weiss who published a paper comparing ‘the subsynchronous damping of different series com-
pensation methods. Although TCSC does not have main resistive components, it poses a

significant resistive behaviour towards subsynchronous frequencies.

The switches used for implementing TCSC are thyristors which rely on natural zero-
crossings of the current to turn off. Therefore, no energy loss can be attributed to their
commutation specially when thyristors are considered ideal. However, the passive damping

still shows itself in simulations with ideal switches.

The initial question posed to us was the origin of this effect, and whether it is enough
to rely on for all cases to damp subsynchronous oscillations. Is there a way to increase the

damping in TCSC compensated systems?

It has to be emphasized that TCSC, by virtue of its special structure that resembles
that of an LC filter, is already expected to reduce the risk of subsynchronous resonance.
However, this structural similarity, does not explain passive damping, because this effect has
a resistive nature, while a parallel combination of a linear capacitor and inductor, does not

have any resistance.
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1.2 Thesis Objectives

Based on the understanding of the situation as depicted above, the need for a thorough
study of the damping in TCSC compensated systems was recognized. The immediate goal is
to shed light on the resistive behaviour of TCSC, and to find out where it is rooted. Then,
equipped with this understanding, the next aim is to find ways to increase the damping
of TCSC towards subsynchronous disturbances to arrive at a more reliable means of series

compensation.

In order to control the TCSC, a proper dynamical model is needed. Therefore, in the
quest for better control of the switching of the TCSC thyristors, one naturally has to obtain
a model that is able to characterize the behaviour of the system in an efficient way. In short,
in this thesis we seek to analyze the behaviour of TCSC with regards to subsynchronous
oscillations, and to increase the damping effect of TCSC on subsynchronous disturbances by

controlling the firing of the thyristors.

1.3 Thesis Organization

In this chapter, after a general description of the problem of subsynchronous resonance, the
motivation for the work and the goals of the research are stated. The remaining chapters
contain the work that was done in order to achieve the goals of the thesis. These are organized

as follows:

Chapter 2 presents the background material and contains the literature overview on the
topic of subsynchronous oscillations, with emphasis on the use of thyristor controlled series
capacitors. A chronological account of events and developments related to this topic is

presented.

The theory of Floquet and the Poincaré map are two key concepts that are used in this
work. They are in essence equivalent, with the former arising from linear systems theory

and the latter from a geometrical point of view. These concepts and the relation between

them are explained in detail. Finally the theory of observer-based stabilizing controllers is
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briefly reviewed.

In Chapter 3, first a comparison is made between a system of two linear coupled oscillators
and a simplified power system in which subsynchronous instability occurs. The comparison
is aimed at gaining more insight into the problem of subsynchronous resonance by avoiding
the complexity of detailed models needed for realistic situations. The machine in the study is
a two-phase synchronous machine with a magnetic core of infinite permeability and a shaft
consisting of two masses. With all the measures taken to simplify the system, there is a

certain amount of modeling that is unavoidable.

Then, the First IEEE Subsynchronous Resonance Benchmark Model with fixed series
compensation is studied using transient simulation and eigenvalue analysis. This will form

the basis for the treatment of thyristor controlled compensation in later chapters.

In Chapter 4, a physical explanation is provided for the passive damping or resistive
behaviour of TCSC at low frequencies using analytical calculations and discrete Fourier
transformation. The resistance is then obtained for a typical TCSC for the range of sub-
synchronous frequencies in three different synchronization schemes. The study yields the
frequency response of TCSC in open loop operation. This response varies considerably with

the synchronization scheme.

Two linearization techniques have been applied in the past to obtain linear dynamical
models for TCSC. These techniques, namely the average steady-state and the Poincaré map
linearization are compared with regards to their treatment of the passive damping. The

Poincaré map modelling is chosen for its accuracy in portraying this characteristic.

Chapter 5 explains in detail the steps taken in order to complete the linear model pre-
viously developed for TCSC compensated systems based on the Poincaré mapping concept.
That model was aimed at assessing the stability of the system by obtaining the eigenvalues.
In order to make it suitable for damping controller design, the missing part is the coefficient
set that gives the dependence of the model on the changes in the firing angles of the thyris-

tors. A general method to calculate these coefficients is presented, where the parameters of

the model are obtained by calculating the perturbation from the periodic orbit of the circuit.
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The First IEEE Subsynchronous Resonance Benchmark Model with TCSC is linearized
at different operating points, and the effect of changing the steady-state conduction angle

on the stability of the subsynchronous modes is studied by eigenvalue analysis.

Chapter 6 discusses the control and damping of the subsynchronous oscillations. Using
the model developed in chapter 5, an all-stabilizing firing controller based on pole placement
technique is designed for the TCSC to damp subsynchronous mechanical oscillations. The
controller is made to work with two different sampling rates to détermine the effect on the
damping of subsynchronous modes. Also a comparison is made between our model and the
models developed by other research groups. The comparison is qualitative, however, since

an exact quantitative comparison requires data that is not available in the publications.

Chapter 7 is a discussion on the steady state theory of TCSC. This is a result obtained
as a byproduct of the damping controller design, but it is d separate subject. We develop
relations that describe the steady state of the TCSC, and yield its compensation level with
an open-loop firing scheme more general than the equidistant firing strategy. A dynamical

~ study with respect to subsynchronous instability is included.

Finally in Chapter 8 the work is concluded by highlighting the obtained results and

making suggestions towards future research.

The contributions of this thesis are summarized as follows:

e Analytical explanation of the resistive behaviour of TCSC at subsynchronous frequen-
cies, and deriving the frequency response of TCSC with respect to the subsynchronous

oscillations.

e Development of a linear discrete state-space representation of a TCSC compensated

system and its use in the design of a closed-loop SSR-damping controller for TCSC.

e Introduction of deviation angle in the open loop firing of TCSC, and deriving the
analytical relations describing the fundamental reactance, the capacitor voltage, and

the inductor current of TCSC with deviated firing.




Chapter 2

Background

While the installation of series capacitors on transmission lines started as early as the
1920s [2], subsynchronous resonance caused by series capacitors was detected in 1970 at
the Mohave power plant [3, 4] only after it had actually happened. The interaction of
the electrical and mechanical subsystems causing oscillations between the rotors of a turbo-
generator shaft assembly was rarely studied, because the shaft was usually assumed to be one
rigid body. By 1937, three types of problems associated with series capacitor applications

were already known and thoroughly investigated [5]:

1. Distorted and excessively large transformer exciting currents, due to saturation.
2. Hunting of synchronous machines.

3. Self-excitation of induction motors.

The first effect, called ferroresonance, happens when an unloaded or very lightly loaded
transformer is energized through a series capacitor, resulting in abnormally large and dis-
torted exciting currents. These transient may currents persist for a long time, and may settle

into a steady state with harmonic content.

Hunting is a periodic variation in speed of a synchronous machine from its rated speed
at low frequencies (in the order of 1 Hz). During hunting the rigid body mode of the machine

is excited. That is, the rotor oscillates as one mass around the rated mechanical speed. This
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effect can arise even without a series capacitor, but the presence of a capacitor may make it

worse.

Consider an induction motor connected through a series capacitor bank to a line. Since
the inductance in the series path is large, the natural frequency of the resonance between
the capacitor and the equivalent inductance is less than the synchronous frequency of the
network. A disturbance in the system causes currents at this lower frequency to flow in the
line and in the armature windings. These currents see the induction machine as a generator.
The impedance of the circuit is low at the resonance frequency due to the cancellation of the
inductive and capacitive reactances. Therefore, these currents become sustained and may

reach relatively large values. The induction motor is said to be self-excited in this condition.

In 1941, Concordia and Carter presented a theoretical work [6] to show that hunting and
self-excitation ére two aspects or special cases of a single, more general, characteristic which
they called negative damping of electrical machinery. The equations presented there are
one step short of incorporating subsynchronous oscillations between rotor masses, although
with the limited computational power of those days, calculating the response of a system of

differential equations was much more of a problem than forming the equations themselves.

During the years to follow, while some utilities in North America became heavily involved
in compensating their transmission systems using series capacitors, others refrained because
of inherent risks [7]. In 1970, a little before the incident at the Mohave plant, Rustebakke
and Concordia [7] published yet another paper drawing attention to the problem of self-
excited oscillations in series compensated transmission lines, but subsynchronous resonance
was again missed. Finally, in 1973 a sound analysis of the self-excited torsional oscillations

[8] was presented and the foundations for the more advanced analysis methods of today were

laid.

SSR phenomena are divided into three types: Induction Generator Effect, Torsional
Interaction, and Torque Amplification. Induction generator effect is very similar to the
self-excitation of induction machines. The latter two, during which a shaft torque starts in-

creasing until it reaches destructive levels, are more similar to hunting in principle. However,

torque amplification, which follows a major disturbance, is the more severe of the two. The




modelling detail needed to study torsiornal interaction and torque amplification is the same.

In the next section these three types are described from a physical point of view.

Although the serious damage which occurred in two extreme cases in 1970 and 1971 [9]
has been avoided since then (for example, by using SSR relays to trip a turbo-generator),

the SSR problem still remains a field open to more investigation.

First, it has been discovered that if such oscillations are present, fatigue in the shaft
material reduces its life expectancy [10]. Second, this type of interaction arises not only with
series capacitor compensation, but also with other power system components such as power
system stabilizers, high voltage DC converter controls, static var compensators, high speed

governor controls, and variable speed drive converters [3].

The thyristor controlled series capacitor (TCSC) has been found to be effective in damp-
ing subsynchronous oscillations [11]. This characteristic is so important to system planners
that the first prototypes of TCSC are installed in locations where it is possible to perform

SSR tests in order to verify theoretical studies.

Table 2.1 lists some dates of events and developments related to subsynchronous reso-

nance and TCSC.

Table 2.1: Chronological History

First practical induction machine 1890
First production of power capacitors 1914
First usage of capacitor for series compensation | 1928 At Ballston, N.Y. [12]
Two-reaction theory for synchronous machines | 1929 By R. H. Park
Two-reaction theory applied for analysis of 1937 By S. B. Crary

series capacitor in the armature circuit
Analysis of hunting and self-excitation 1941 | By C. Concordia & G. K. Carter

as two aspects of a more general nature

First occurrence of subsynchronous 1970 At Mohave Power Plant

torsional instability

First theoretical analysis of self-excited 1973 By C. E. J. Bowler,
torsional oscillations with series capacitors D. N. Ewart & C. Concordia
First demonstration of thyristor-controlled 1991 By ABB, Sweden

series capacitor

First three-phase TCSC 1993 At Kayenta Substation
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2.1 Physical Nature of SSR

Fig. 2.1 shows a diagram of a synchronous generator connected to a series compensated
transmission line.
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Figure 2.1: Synchronous generator connected to a series compensated line

The system inductances, together with the series capacitor in each phase, form a reso-

nance circuit with the natural frequency

Xc
o= f / H 2.1
In f X, + X" z ( )

where f; is the rated electrical frequency of the network. X, is the sum of the reactances
of the Thevenin equivalent circuit, the line, and the transformer, and X" is the generator
subtransient reactance. X¢ = 1/(27 f;C) is the reactance of the capacitor. The value of fy.

is less than f;.

For any disturbance, three-phase currents at frequency fy. Hz flow in the armature [3].
The positive sequence components of these currents produce a magnetic field which rotates
at an angular mechanical speed of (%)ZW fne rad/s, p being the number of machine poles. In
the rest of this discussion, for the sake of clarity, the number of poles is assumed to be 2, so

there is no need to distinguish between the electrical and the mechanical radians.
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Since the speed of the rotor is higher than 27 fy. rad/s, the rotor circuits turn faster
than this rotating magnetic field. In this situation an induction generator is formed, and
mechanical energy is converted to electrical energy at the corresponding subsynchronous
frequency. During this time, the machine acts as a synchronous generator at f, Hz and as

an induction generator at fy. Hz (Induction generator effect).

Torsional interaction is the interplay between the mechanical shaft system and a series
capacitor compensated electrical network. Small signal disturbances in a power system result
in simultaneous excitation of all the natural electrical and mechanical modes. The turbine-

generator shaft responds to disturbances with oscillations at torsional natural frequencies.

The oscillation of the generator rotor at the frequency fn,, Hz causes modulation of
the terminal voltage. This modulation results in a subsynchronous voltage component at
frequency fs — fnm Hz and a supersynchronous voltage component at frequency f; + fxm
Hz. When the subsynchronous frequency is close to a network natural frequency fy. Hz, the
resulting armature currents produce a magnetic field which is phased to produce a torque
which reinforces the aforementioned generator rotor oscillations. This phenomenon is termed
torsional interaction. One way of perceiving torsional interaction, is the insertion of negative
resistance in the generator armature as viewed from the terminals, and the insertion of a

negative damping torque on the generator rotor as viewed from the mechanical system.

Following a significant disturbance in a series capacitor compensated system, large elec-
tromagnetic torques that oscillate at a frequency f;— fye Hz develop. If this frequency is near
any mechanical mode fy,, Hz of the shaft, the resulting shaft torques are much larger than
those produced by faults in a system without series capacitors and the mechanical oscillations

are forced to increase rapidly. This effect is referred to as shaft torque amplification.

2.2 Analysis Methods of Subsynchronous Resonance

This section is a short account of the methods that are used to study subsynchronus res-
onance. For a comprehensive list of publications on the analysis methods, field tests and

other related studies, see [13, 14, 15, 16, 17].
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The most common tools for the study of SSR are [18]:

1. Frequency scanning
2. Eigenvalue analysis
3. Torque per unit velocity method

4. EMTP analysis

Frequency scanning is a cost-effective method applied as a preliminary analysis to roughly
locate problematic frequencies. This technique computes the equivalent resistance and reac-
tance, seen by looking into the network from a point behind the stator winding of a particular

generator, as a function of frequency [19].

If a linearized time-invariant state space description of the system is available, eigenvalue
analysis can be performed to determine whether the natural modes of the system are stable

or not. The state space model is either continuous

x(t) = Ax(t) + Bu(t) (2.2a)
y(t) = Cx(t) + Du(t) (2.2b)
or discrete
x(n+1) = Ax(n) + Bu(n) (2.3a)
- y(n) = Cx(n) + Du(n) (2.3b)

where x € R™ is the state vector, u € R™ is the input vector, and y € R™ is the vector of
outputs. A € R*»=*" B € R»=*" C € R»*" and D € R™*™ are the system constants.
For eigenvalue analysis, only the A-matrix is needed. On the other hand, to design feedback

controllers, the full model has to be available.

The eigenvalues are the solutions of the equation

det(\L — A) =0 (2.4)
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In the continuous domain, if an eigenvalue lies on the right-hand side of the jw-axis in
the s-plane, then it is unstable. In the discrete domain, if an eigenvalue lies outside the unit

circle in the z-plane, it is unstable.

Eigenvalue analysis is an attractive method since it provides the frequency and the damp-
ing of all the modes for the entire modelled system. However, power systems are nonlinear
and time-varying. Their linearization about the steady state may result in a linear time-
periodic system, especially if electronic switching is present. Care must be taken when trying
to study the stability of time-varying systems using eigenvalue analysis. It is tempting to
suggest that if for each n, all the eigenvalues of A(n) lie inside the unit circle, then the zero
state, 0, of x(n + 1) = A(n)x(n) is asymptotically stable (a similar statement can be made
about the continuous system). However, this is not always the case [20]. In Section 2.7, some
results from the linear systems theory that enable eigenvalue analysis to be safely applied to

time-periodic systems are reviewed.

The torque per unit velocity method is another frequency domain approach commonly
used to estimate damping of SSR modes. Its basic idea is to trace the effect of a small

sinusoidal mechanical disturbance through the electrical network [21].

EMTP simulations take care of several nonlinearities and imbalances which are difficult
to deal with by other methods. The differential equations are solved numerically step by step
in discrete time. As SSR phenomena are relatively slow transients, it may be necessary to run
EMTP simulations for many seconds (even minutes) to be able to observe the phenomena

of interest.

In this thesis, the eigenvalue and EMTP analysis methods are used to study the behaviour

of thyristor controlled series capacitor compensated systems with regard to subsynchronous

oscillations.




2.3. Compensation with Thyristor Controlled Series Capacitor 14

2.3 Compensation with Thyristor Controlled Series Ca-
pacitor

In recent years a considerable amount of effort has been dedicated to research into the use
of power electronics for fast switching of reactive compensation. A growing interest among
North American utilities spurred the Electric Power Research Institute (EPRI) to initiate
the Flexible AC Transmission System (FACTS) project [22].

TCSC is an important member of the FACTS devices family. It is intended to perform
the following tasks [23]:

1. Direct control of power flow and mitigation of loop flow
2. Transient stability control; improving the transient stability of the power system

3. Damping of power oscillations and mitigation of subsynchronous resonance

The idea of TCSC was formed during the 1980s by Vithayathil of Bonneville Power Ad-
ministration, and Hingorani of Electric Power Research Institute. Hingorani later proposed

the more general concept of Flexible AC Transmission System [4].

In a TCSC module, the series capacitor is provided with a parallel path, consisting of a
back-to-back thyristor switch and a surge inductor, as shown in Fig. 2.2. Also included is a
metal oxide varistor (MOV) for overvoltage protection, and a bypass circuit breaker, typical
of series capacitors. A complete TCSC system comprises several such modules in series, and
is added to a conventional series capacitor bank as part of an overall installation to aid power

system performance [24].

In this thesis, a thyristor is modelled as an ideal lossless switch which turns on instantly
when the anode to cathode voltage is positive, and the gate pulse is on. It turns off at the
instant when the current from anode to cathode goes through zero and the current direction
is going to change. In reality a thyristor, as any other semiconductor switch, has limitations

that must be taken into account in the design of TCSC.

There are already three prototype projects in operation in the USA that have demon-

strated the successful implementation of thyristor controlled series compensators [4]. The
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Figure 2.2: TCSC module power circuit

analysis, based on the torque per unit velocity method [25] and the experimental data based
on SSR performance tests [11], have indicated that TCSC does not normally contribute to
SSR. It is even claimed by Piwko and others [11] that TCSC is SSR neutral and can reduce

SSR. effects caused by nearby fixed series capacitors.

Taking a general look at the TCSC structure, it is evident that it resembles an LC filter
except for the thyristors in the inductive branch. Fig. 2.3 compares the frequency response
of the susceptance! of a single capacitor and that of a parallel combination of a capacitor and
an inductor that yields the same total compensation at 60 Hz. The LC combination goes
into the inductive region for frequencies below the point indicated by a +. Therefore, the
possibility of resonance between the electrical and mechanical subsystems is automatically
eliminated for frequencies below that point. This characteristic is termed detuning of the

resonance.

TCSC also shows detuning, however its behaviour is more complex than an LC filter.
Specifically there is damping associated with the switching action that happens in the device.

TCSC, even in open loop operation, shows a resistive behaviour towards disturbances at

!Susceptance, B, is the imaginary part of the admittance, Y, such that Y = G + jB.



2.3. Compensation with Thyristor Controlled Series Capacitor 16

Susceptance [pu]

[ [He]

Figure 2.3: Comparison of the frequency response of a capacitor and an LC filter

frequencies below its switching frequency. This behaviour was first reported by Ron Hedin,
Stephan Weiss, and others who observed it both on a transient network analyzer and in
simulation [25, 26]. The damping associated with the open loop operation of the TCSC is

termed passive as opposed to the active damping effected by higher level controls [27].

From the viewpoint of this work, publications about TCSC are categorized into the

following groups.

FACTS concepts: These publications review FACTS technology, its origins; the ways in
which it is changing the transmission and distribution of power, and the role of TCSC

in the set of FACTS controllers, for example [1, 28, 29, 30, 31].

SSR characteristics: Many publications discuss the SSR. characteristics of TCSC. Ref-
erences [21, 27, 32, 33, 34, 35, 36] analyse the SSR mitigation with this device using
linearized models. Detailed EMTP simulations are very useful for this purpose [25, 37],

however, they give less general results about the behaviour of the system. The fact

that TCSC shows a pronounced nonlinear behaviour makes EMTP simulation meth-
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ods more reliable than others. The IEEE SSR benchmark models [38, 39], extended
to include a thyristor controlled series capacitor, are normally used as the test cases.
Fig. 2.4 shows the system chosen as the test case in this thesis. The parameters of the

system are given in Appendix B.

busA

NI,
e

LTranI LLineI RLine]
LTranO LLineO RLineO

Figure 2.4: First SSR Benchmark Model System extended to include a TCSC

Circuit behaviour: This group of publications discusses the circuit behaviour of TCSC.
It is common practice to apply a sinusoidal current source to the device and calculate
the resulting voltage [22, 40, 41, 27, 42]. What are known as capability curves give the

voltage or reactance of TCSC as a function of line current [24, 43].

In order to apply eigenvalue analysis in a circuit containing TCSC, a linear model must
be available. This is a major issue, since TCSC is highly nonlinear, and linearizing
it by averaging the steady state is inadequate to show the true behaviour of TCSC
in stability studies [27, 44]. A method to use instead of steady-state averaging, is

the linearization of a Poincaré map [41, 45, 32]. This technique captures the passive
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damping characteristic of TCSC, and therefore is very well suited for subsynchronous

resonance studies. More about this method will appear later on.

Field test results: The first demonstration project of TCSC was commissioned in 1991 at
the 345 kV Kanawha River Substation in West Virginia, USA, of American Electric
Power Service Corporation. This was a test installation of thyristor switches in one
phase for rapid switching of series capacitor segments, and was supplied by ABB of
Sweden. In October 1992 the first three-phase TCSC was installed at the 230 kV
Kayenta Substation in Arizona by Western Area Power Administration (WAPA). A
large prototype three-phase TCSC was installed in 1993 at the 500 kV Slatt Substation
in Oregon by Bonneville Power Administration (BPA). This project was sponsored
by Electric Power Research Institute (EPRI), and the equipment was developed by
General Electric. There are papers that describe the field tests performed at these
sites, for example [11, 46, 47].

Other topics: The problems and interests associated with TCSC are numerous and defi-
nitely not confined to SSR mitigation. TCSC provides more controllability over the
flow of power in the line [48], and affects many types of stability in a power system.
On the other hand, because it produces harmonics [49], it may be a source of problems

as well.

2.4 Fundamental Reactance and Capability Curves of
TCSC

Fig. 2.5 shows a single-phase TCSC connected to a sinusoidal current source is(t). The
voltage across the capacitor is denoted by vey, and the current through the inductor is

denoted by 2.

Suppose that the time origin has been chosen such that i,(t) = V21, coswst. This
circuit achieves steady state when the anti-parallel thyristors are fired with equal delays

with respect to the zero-crossings of either the capacitor voltage or the line current. Typical

steady-state waveforms of a single-phase TCSC with equidistant firing are given in Fig. 2.6
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Figure 2.5: A single-phase TCSC

for the capacitive mode and in Fig. 2.7 for the inductive mode. Capacitive mode means
that the fundamental reactance of TCSC is capacitive, and inductive mode means that
the fundamental reactance of the TCSC is inductive. This is evident from the figures by
noting that in the capacitive mode (Fig. 2.6), vci. lags 45 by 90°, and in the inductive mode

(Fig. 2.7), vci leads i; by 90°.

VUCte [pu]ais [pu]aiLtc [pu]

4 1 1 l I
~90 0 9 180 270 360 450 540 630
wst [deg]

Figure 2.6: Steady-state waveforms of TCSC in capacitive operation

As shown in the figures, the zero-crossing of the capacitor voltage is used to define the

firing angle, a. The firing pulse generator, however, is either synchronized with the zero-
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Figure 2.7: Steady-state waveforms of TCSC in inductive operation

crossings of the capacitor voltage, vcy., or those of the line current, i, [4]. If the line current
is used for synchronization, the gate pulse is sent to the appropriate thyristor o — 90° after
the zero-crossing of 4;. As discussed in Chapter 4, the frequency response of the TCSC is

dependent on this synchronization.

To preserve the meaning of o, measured by definition from the capacitor voltage zero-
crossing, the turn-on angle is generally referred to by ¢ = w,t,,, where t,, is the instant when
a thyristor starts conducting. Note that for the time origin chosen in Fig. 2.6 and Fig. 2.7,
¢ = a. In addition, regardless of the time origin and reference point for measurement, we
have A¢ = Aa. The turn-off angle is generally referred to by 7 = wt,ss, with t,7; being the
instant when the current in the inductive branch vanishes. The angle of advance is defined
by

B2180° — o deg (2.5)

where £ means “equal by definition”. In steady state the conduction angle, o, equals 28.

In writing the steady state relations of the TCSC waveforms, it is convenient to use the
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following parameters [4]:
1

.= -ad 2.6
W \/L—tc—c,—tc- ra /S ( )

A W [ Xcte
pumn = 2-7
" Wg XLtc ( )

wpte 1S the natural resonance frequency between C. and L., and x is the ratio of this

frequency to the synchronous frequency. X¢y. and X, are the reactances of the capacitor

and inductor, respectively.

The current through the inductor during the conduction time is
2

. K cos 3
irsc(t) = o 1\/ils[cos wet — cos COS Wtet] , | B < wit<p (2.8)
In steady state, the capacitor voltage at wst; = —f8, when one of the thyristors turns on,
is given by
21, X
Vor = —\/:—sﬂ[sin S — Kk cos ftan k3] (2.9)

K2 —1

Because of the symmetry of the waveforms, at w,ty = 3, when the thyristor turns off, we

have
vete(t2) = Vor = =V (2.10)
The expression for vy (t) is
21, X ) .
vee(t) = _\/_I_;T?C[— sin w,t + /{c((:)c;sfﬁ sin w et , —B<wt<p  (2.11)
veie(t) = Voo + V2L, X ore[sin wit — sin f] , B<wt<m—pF (2.12)

In steady state, vcy. is periodic with the fundamental frequency equal to the synchronous

frequency of the network, and contains odd harmonics of the order 3,5,7,---.

The equivalent reactance of TCSC at the fundamental frequency, Xr¢cgsc, is obtained by

dividing the rms magnitude of the fundamental component of vey. by I, and is given by

Vot _ X X%, (28+sin2p) .
s cte Xth - XLtc m

4X%,,  cos’B [stankB — tan f]

(2.13)

Xth - XLtc (/“32 - 1) s
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The variation of Xpcse/Xcw as a function of 8 is shown in Fig. 2.8. This characteristic
is obtained for the synchronous frequency. The appropriate value for x, ensures that there
is only one resonance point for 0 < 8 < 90°. The resonance advance angle, By¢., is obtained
from cos KBy = 0. The typical value of Sy is 35°. Near the resonance point, TCSC has
a very high impedance that results in a very high voltage drop. Hence, it is necessary to

operate TCSC such that Xrcsc/Xceie stays within limits of typically 2 and 3.

5
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o
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Figure 2.8: Variation of the equivalent reactance of TCSC as a function of g

A set of capability curves [24] in terms of module voltage versus line current for a single
TCSC module is given in Fig. 2.9. For operation in the capacitive region, the maximum firing
advance angle, £, limits the capability up to a value of line current where the maximum
voltage constrains the operation. The maximum voltage constraint is typically given for
three durations: continuous, 30-minutes, and a few seconds (1 to 10, depending upon system

requirements).

Inductive operation is limited by the maximum firing delay, o, at low line currents, and
maximum thyristor current at high line currents. Between these constraints is an additional
limiting characteristic related to harmonics. The harmonics cause additional heating in

the surge inductor and thyristor, and may cause peak voltages which approach the voltage
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Figure 2.9: Typical TCSC V-I capability curves for a single module

The TCSC capability can also be illustrated in terms of reactance versus line current,
as shown in Fig. 2.10. This figure shows the gap in control range between capacitive and

inductive operation, as well as in the dynamic range with increasing line current.

2.5 Linear Time-Periodic Systems

A three-phase power system with a TCSC is instantaneously unbalanced. However, it re-
turns to its original state after one cycle of the main period (1/60 s). The power system
state equations can be linearized between any two switching instants. The dynamics of the

system at all times are described by different sets of state equations connected by boundary

conditions that relate the states before and after each switching. The equations obtained
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Figure 2.10: Typical TCSC X-I capability curves for a single module

this way are linear time-periodic.

If an equivalent linear time-invariant system can be found by means of a transformation
that preserves the stability properties of the linear time-periodic system, then eigenvalue
analyéis can be performed on the transformed system and the results extended to the original
one. The following definitions and theorem from the linear systems theory [20] show that

such a transformation indeed exists.

Definition 1 Let P, (t) be an n, X n, matrix defined over —co < ¢t < co. It is assumed
that P,,(t) and P,,(t) are nonsingular and continuous for all ¢. Let X, = P,(t)x.

Then the dynamical equation

x=A(t)x+B(t)u (2.14a)

y=C()x+D(t)u (2.14b)
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and the dynamical equation

Xeqg = Acg(t)Xeq + Bey(t)u (2.15a)
Y = Ceg(t)Xeq + Deg(t)u (2.15b)
where
Acy(t) = [Peg(t) A(t) + Py (1)IP,) (2) (2.16a)
Be,(t) = Pey(H)B(2) (2.16b)
Cey(t) = C()P (1) (2.16¢)
D,(t) = D(t) (2.16d)

are said to be equivalent, and P,(t) is said to be an equivalence transformation.

Definition 2 A matrix P,,(t) is called a Lyapunov transformation if (1) Pe,(t) and P, (t)
are continuous and bounded on ty < ¢t < co and (2) there exists a constant m such
that

0 <m < |det[Pe(t)] | forallt>t (2.17)

Theorem 1 Assume that the matrix A in (2.14a) is periodic with period T". Let P,(t) be
defined as
P, (t) £ eAeetT1(1) (2.18)

where W (t) is a fundamental matrix? of x = A(¢)x [20]. Then the dynamical equation

in (2.14) and the dynamical equation

Xeq(t) = AcqXeq(t) + Peg(t)B(t)u(t) (2.19)

y(t) = C(O)P, ()% (t) + D(t)u(t) (2.19b)

where A, is a constant matrix, are equivalent in the sense of Lyapunov.

2A fundamental matrix is by definition an n, x n, matrix whose columns are n, linearly independent
solutions of x = A(t)x.
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A Lyapunov transformation preserves the stability of a dynamical equation, but an equiv-
alence transformation in general does not. According to the above theorem the existence of
a Lyapunov transformation that transforms the periodic matrix A(¢) to a constant one is

guaranteed.

The homogeneous part of this theorem is the so-called theory of Floquet. It states that
if x = A(t)x and if A(t+T) = A(¢t) for all ¢, then its fundamental matrix is of the form

P, (t)efe!, where P, !(t) is a periodic function. Furthermore, X = A(¢)x is equivalent in

the sense of Lyapunov to X.q = AgXeq-

W (t) is generally not known, so it may be very difficult to find this transformation. The
matrix A.g, however, can be found by numerical methods. Consider the linear time-varying

dynamical equation (2.14) where we assume [20]
At+T)=A(t) (2.20)

for all ¢ and some positive constant 7. Let ¥(¢) be a fundamental matrix of x = A(t)x.

Then W(t+ T') is also a fundamental matrix of x = A(¢)x. This is shown by noting that

V(t+T)=A@t+T)P(t+T)=A@)¥(t+T) (2.21)

The matrix function ¥(¢) is nonsingular for all ¢; consequently, so is ¥(t + T'). Hence,

there exists a nonsingular constant matrix F such that

T(t+T)=¥H)F (2.22)

For the nonsingular matrix F, there exists a constant matrix A, such that

ehel = F (2.23)

We can take W(t) to be the identity matrix and numerically (see section 5.2) calculate

F=U(t+7).

Here a clear advantage of discrete modelling becomes apparent. To get A.,, a matrix

logarithm has to be calculated which involves approximation. However, F is actually the
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A-matrix of the sampled-data system obtained by discretization with the time step 7". The
eigenvalues of F are called the Floguet multipliers of the system. The Poincaré map is an

essentially equivalent, geometrical view on this matter, as discussed in the next section.

2.6 Poincaré Map

The stability of any system which is periodic with period T" can be studied using the concept

of Poincaré map. Suppose a nonlinear dynamical system is given by

% = f(x) (2.24)

An orbit based at xp is a solution curve of the differential equation (2.24) with the initial
condition xg at tp. A point x, in the space where f vanishes, namely f(x,) = 0 is called a
fized point or zero. If an orbit based at a point xq in the neighborhood of a zero x,, tends

towards it, x(¢) — x, as t — oo, then x, is said to be asymptotically stable.

Instead of approaching a fixed point, the solution curve of a nonlinear system can move
in a closed or periodic orbit. A periodic solution is one for which there exists 0 < T < oo
such that x(t) = x(¢ + T) for all ¢. The stability of solution curves can be studied in the
vicinity of a closed orbit by use of the Poincaré map or advance map. To explain the map

in a simple way, consider a dynamical system with three state variables in Fig. 2.11 [50].

7 is a periodic orbit in the 3-dimensional space R?, where the dimension is the number
of state variables. A cross section ¥ has been chosen such that v has an intersection with
it at point p,. ¥ is chosen small enough such that p, is the only intersection. Now choose
a neighborhood of p, in ¥ and denote it by ©¥. Note that ¥ C ¥. The Poincaré map
PM : 9 — X for a point py € ¥ is defined to be the point p; = PM(py) € ¥ to which the

orbit based at pq first returns.

The point p;, in turn, is mapped into another point p, € ¥. If the mapping is continued,
a set of discrete points in space (po, p1, p2, - - -) is obtained. Clearly we have PM(p,) = p,.
In other words, p, is a fixed point of the Poincaré map. The stability of the orbits in the

vicinity of the periodic orbit based at p, is determined by the behaviour of the sample points.
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Figure 2.11: Demonstration of the Poincaré map

In the last section, the Floquet multipliers were introduced. In fact, the eigenvalues of

the Jacobian of the linearized Poincaré map are the same as the Floquet multipliers.

In order to find the Jacobian, equations (2.24) are linearized about the periodic orbit, and
then integrated over one period. An excellent treatment of the Poincaré mapping method

for stability studies of switching circuits can be found in [51].

The Poincaré map is used in Chapter 5 to derive a linearized sampled-data state-space
model for a TCSC compensated system. The map is obtained by integrating the system
differential equations, taking into account the changes in equations and coordinates when

switchings occur.

In an ideal steady-state condition, a TCSC compensated system returns to its original
state after T = 1/60 s (corresponding to the synchronous frequency of 60 Hz). However, this
time step is too large for implementing an effective damping controller for the instabilities
that occur in the range of subsynchronous frequencies. T can be reduced to one-third of that

value by taking into account the three-phase symmetry of the network. Reducing the time
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step to one-sixth of the synchronous period so that only one current pulse is included in the
time span, results in a discrete time-periodic model for the system. However, it is possible
to obtain a linear time-invariant model by eliminating the zero-sequence variables. This is

discussed in detail in Chapter 5.

2.7 Observer-based Stabilizing Controller

While it is possible to study the stabilizing controllers from a more general standpoint, the
observer-based formulation is more relevant to the work presented in Chapter 6 of this thesis,

and therefore it is reviewed here. The references for this section are [52, 53, 54).

In a discretized model of the system given by

x(n + 1) = Ax(n) + Bu(n) (2.25a)
y(n) = Cx(n) + Du(n) (2.25b)

an eigenvalue of A lying outside the unit circle, implies internal instability. The control action
u = —kx(n) can stabilize the system provided that [A B] is stabilizable. Pole placement
with full state feedback is not very practical, however. First, for an n,-dimensional system, it
requires 71, measurements, Which, in turn, means n, transducers. Such a controller would be
both expensive and bulky. Further, to be implementable all the states have to be measurable.
In a synchronous machine model with a round rotor, the damper windings are not real
windings but are used to simulate damper bars and eddy current effects in the iron core of
the rotor. Even if a state formulation could be obtained where all states were measurable,
it might not be the preferred formulation. Therefore whenever state feedback is considered,
normally a state observer is also designed to replace the actual state measurements in u(n) =
—kx(n) with “observations” x(n) of the states, making the control law u(n) = —k%x(n). So
we are poised to think of a two-stage controller: The first stage is an observer to generate
an estimate of the plant’s state; the second stage is to feed back this estimate as though it is

the state. The observer is in essence a dynamical system with the same number of states as

the system it wants to observe. A straightforward way to obtain an observer for the system
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in (2.25) is

x(n+ 1) = Ax(n) + Bu(n) — L, [Cx(n) + Du(n) — y(n)] (2.26a)

Yob(n) = X(n) (2.26b)

If the observer gain L, is selected such that the eigenvalues of A — L,,C are within the
unit circle, the difference between x(n) and x(n) approaches zero with time. For fast error
dynamics, the gain matrix L, must be designed such that the eigenvalues are sufficiently
inside the unit circle. For this, the observability of [A C] is required. Fig. 2.12 shows a plant
with the observer in (2.26) and a feedback controller.

U.(l’l) Plant y(n)

Al B
R [ > IREE e A >
: - Lc I D o

-k e,
: :
. X(n) A-LyC [B-L,D L, [ |
1 I 0 0 T :
Observer

Figure 2.12: Plant and observer

If the measurements of some of the states are available, an observer can be made to esti-
mate only the ones that are not available. In that case the control law becomes —k[X; Xy,
where X; is the vector of the observed states and x, is the vector of the measured ones.
The observer in Chapter 6 is a partial observer designed to only estimate the states of the

turbo-generator.

A systematic approach to the design of observers is Kalman filtering. This method takes
into account the uncertainty in the model and the measurements, and has proved very useful

in practice. The relations of the discrete Kalman filter are reviewed next.
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2.7.1 Discrete Kalman Observer

Suppose the system is governed by linear stochastic difference equations

x(n + 1) = Ax(n) + Bu(n) + Ew(n) (2.27a)

y(n) = Cx(n) + Du(n) + Gw(n) + v(n) (2.27b)

where w(n) is the input or process noise, and v(n) is the output or measurement noise.

They are assumed to be independent random variables, white and with normal probability
density functions such that

 pdf(w) = M(0, Qu) (2.28)

pdf(v) = N(0,Ry) (2.29)

where N (0, Q) means a normal distribution with zero mean and covariance Q.. The

matrices Qw and R, are the process and measurement noise covariance matrices. FEven

if there are no noises or disturbances in the system, Qw and R, can be used as design

parameters to set the gains of the observer [55]. This is in fact how they are used in Chapter

6, as we do not consider stochastic processes in developing the damping controller for the

TCSC compensated system.

Kalman filtering is a method by which we first predict the next state, using the available
measurements, and then correct our prediction when the new measurements arrive. So at
time n, we have the measurement y(n) and the prediction we make when we are at time
n — 1, that is X(n|n — 1). Eq.(2.30) provides the prediction for the next step. Eq. (2.31)

yields the correction %X(n|n) which is used to build the control action.

%(n + 1n) = A%(nn — 1) + Bu(n) + Li[y(n) — Cx(n|n — 1) — Du(n)]  (2.30)

x(n|n) = x(n|n — 1) + Mgly(n) — Cx(n|n — 1) — Du(n)] (2.31)

where Ly; and Mg, are the gains of the Kalman observer. Mg, is termed innovation gain.

Here a general-purpose math package [56] is employed for calculating these gains given the

parameters Q,, and R, .
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The equations for the discrete Kalman filter can be represented in the general form of

(2.25) as follows

u(n)

y(n)] (2.32)

}A((’I'L -+ 1|’I’L) = (A — LKZC))A((’)’I,ITL - 1) + [B - LKlD LKZ] |:

u(n

vii(n) =x(n|n) = (L — Mg, C)k(n|n — 1) + [—MKID Mm} [y(n

S’ N’

] (2.33)

2.8 Conclusion

This chapter is aimed at providing both a literature overview and a background on the topic

of subsynchronous resonance and compensation with thyristor controlled series capacitors.

The physical nature of subsynchronous resonance and its analysis methods are discussed.
The Floquet theory and the Poincaré map, two useful concepts equivalent in essence, that

enable the eigenanalysis to be extended to switching circuits, are explained in this chapter.

Finally, the theory of observer-based stabilizing feedback controllers is briefly reviewed

to be used later in Chapter 6 when the feedback control of TCSC is discussed.




Chapter 3

Subsynchronous Resonance with
Fixed Capacitors

The details with which synchronous machines must be modeled depend very much on the
type of transient study to be done [57]. In subsynchronous resonance studies, the machine
model is much more detailed than for example the models employed for short-circuit, and

simplified stability studies.

While it is necessary to involve the detailed models in order to obtain valid results, it
helps for educational purposes to take out the not-so-critical details, to arrive at a model

which more clearly shows the nature of the interactions taking place.

In this chapter, we introduce a simplified model in order to understand the physical
nature of the energy flow into a subsynchronous mode of oscillation. In this respect, first a
linear coupled oscillator is studied. Then a fictitious model for SSR is introduced and used
to study the flow of energy into the subsynchronous mode. We simplify the system as much

as possible, but still keep enough detail to be able to capture the phenomenon of interest.

Having gained insight into the matter, in the last section of the chapter we return to the
practical models, and discuss the simulation of the First Subsynchronous Resonance Bench-
mark Model with fixed series compensation. A standard case is simulated, and linearized for

eigenanalysis.

33
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3.1 Linear Coupled Oscillators

Subsynchronous resonance is, in essence, a coupled oscillator problem and in that respect it is
informative to make a comparison between it and a well-analyzed coupled oscillator system.
Here we choose a simple system of two identical pendulums connected with a spring, as

shown in Fig. 3.1, and study the energy transfer in the system.

L

Figure 3.1: Coupled pendulums

If damping is ignored, this system is closed, that is it does not exchange energy with the
medium, and therefore its energy content is conserved. The situation depicted in the figure
is when one of the pendulums is at rest in its equilibrium point, while the other has been
deviated. Upon the release of the pendulums, the energy stored in the mass-spring structure
will turn into kinetic energy, most of it being used to accelerate the deviated pendulum. If
the coupling is weak, that is when the force constant of the coupling spring is small compared
to the pendulum constants [58}, the energy gradually transfers to the pendulum on the left,
increasing its amplitude of oscillation until it comes to a full swing, leaving the first one at
rest in the middle. Then the reverse process starts, and in the absense of damping, this
back-and-forth energy transfer continues indefinitely. Fig. 3.2 shows the changes in position

of the pendulums with time for m; = my = 0.50 kg, [ = 0.25 m, and k£ = 2.50 N/m. This is

the familiar phenomenon of beats.




3.1. Linear Coupled Oscillators 35

0.05

&

-0.05
0

0.05 T

To [m]

0 5 10 15
t [s]

-0.05

Figure 3.2: Positions of the pendulums

The energy which was once located in one oscillator, is transfered to the other one. Note
that although the “location” of energy changes within the system, the modes of oscillation
are dec_oupled and do not exchange energy with each other. To see this more clearly, we
write the dynamical equations of the coupled pendulums.

dQ.'Ifl Jo k

R D) (8-12)
d2332 g0 k
a2 = —“—l'iﬁz + E(Jfl — 2?2) (31b)

In (3.1), z; and z, are the deviations of the pendulums from their equilibrium points,
respectively, as shown in Fig. 3.1. The pendulums are assumed to be long enough so that
their deviations along the y-axis can be neglected. They have the same length [ and the same
mass m. go is the gravitational constant. If (3.1a) and (3.1b) are added to and subtracted

from each other, we get
d?

9o
@(xl + 332) = _‘l_(xl + 172) (323‘)
d? 9 K
@(351 —Tg) = "(T + E)(ml ~ T2) (3.2b)

which are the equations of two independent oscillators. z7 4+ x> and z; — 25 are the modes of

oscillation of the coupled pendulums. With any set of initial conditions, these modes can be
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excited. It is also possible to excite only one of them. Suppose both oscillators are deviated
exactly the same amount to the right. When they are released, they swing together without
exchanging energy with the spring. In this case only the first mode is excited. In another
scenario, if the pendulums are deviated the same amount but in the opposite directions, only

their differential mode of oscillation is excited.

In a subsynchronous resonance situation we again have two oscillators. Reference [9] has
a plot of the mechanical and the electrical torques during a torque amplification process
which is similar to the first 5 s in Fig. 3.2.. Can we conclude that lwhen SSR. happens,
energy is transfered to the mechanical oscillator from the electrical one within one mode?
That seems to be the case, at least when torque amplification occurs, however a closer
examination reveals otherwise. In the next secfion, we introduce a simplified system in
which subsynchronous resonance happens and use it to study the energy transfer in the case

of SSR.

3.2 A Simplified Model for SSR Study

Two-phase AC machines give rise to rotating fields very similar in nature to those set up by
three-phase machines. The first step in our simplification is therefore to consider a two-phase
synchronous machine instead of a three-phase one in which the following assumptions are
made [59]:
1. The windings are sinusoidally distributed, so each current-carrying winding produces a sinu-
soidal magnetic field in the air gap.

2. Permeability of the core is infinite, so the magnetic circuit is linear (no saturation) and the
entire magnetic field is concentrated in the air gap.

3. Saliency in the machine is ignored so the magnetic characteristics along the d and ¢ axes are
the same.

4. Magnetic flux leakage is ignored. This means that all the flux produced by a winding passes
through the core.
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With these assumptions it is possible to accurately describe the self and mutual induc-

tances of the machine in terms of its dimensions [59):

Lw,w, = (NWI./2)(NWJ./2)7r/1,07”£_a£71 cos(LW; W;) (3.3)
where
Nw, = Number of turns of winding :

o = 4ml07 Hm™!
r = Radius of the rotor m
¢ = Axial length of the generator rotor m

a, = Air gap length m

LW;W; = Angle between the axes of windings ¢ and 7 rad

Both the self inductance of a winding and the mutual inductance between two windings
can be calculated from (3.3). Fig. 3.3 is a pictorial representation of the two-phase machine.

The convention of [60] is used, whereby the d axis leads the ¢ axis.

a axis
) A
d axis |
Direction
of axis
Rotation 9
b axis + - - - - {

Figure 3.3: Pictorial representation of a two-phase synchronous machine
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We write the flux linkage equations for the two stator and one rotor circuits:

"Q/Ja = Laaia + Labib + LaF'l;F (34)
Vs = Lyata + Loty + Lyrir (3.5)
Yr = Lpata + Lroty + Lppir (3.6)

Since the angle between the two stator windings is 90° and the rotor is round, the mutual
coupling, Ly, = Ly,, between them is 0. In this machine only the mutual inductances between

the rotor winding and each of the stator windings are variable.

Yo = Lgig + Mpip cosf (3.7)
Yy = Lgip + Mpipsinf (38)
’l/)F = MF’ia cosd + Mp’ib sin 6 + LF’iF (39)

Note that in our ficticious machine, with all stray inductances neglected, we have

M2 = L,Lp (3.10)

In other words, the square of the maximum mutual inductance between the rotor field
winding and each of the stator windings is equal to the product of their self-inductances.
The schematic of the ficticious machine is shown in Fig. 3.4. Mutual inductances are omitted

from the schematic for clarity, but are present with the values determined from (3.3).

Let us write the voltage equations

Va R, 0 0 iq tha
Up - — 0 Rs 0 ib — djb (3.11)
—vp 0 0 Rp]| |ip br

Using (3.7), (3.8) and (3.9) to write out the flux linkage derivatives in (3.11)we get

. di, di o
Vo = —Ryia — the = —Ryiq — Lsdit - MF% c0s 0 + Mpipwsin § (3.12)
- di di
vy = —Ryiy — tp = —Ryip — Lsﬁ - MF-;{Z sin @ — Mpipw cos 0 (3.13)
o | dia diy . di
—VUfp = -RFZF — wp = —RF’LF — MF—d;f— cosf — MF'Et—b sin@ — Lpd—f

+ Mpiqwsin 0 — Mpiyw cos 0 (3.14)
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Figure 3.4: Schematic diagram of the ficticious two-phase synchronous machine

A transformation similar to Park’s transformation for three-phase machines is used to

make the mutual inductances constant

cosf sinf
P= [ sinf —cosf ] (3.15)

where 6 is the generator rotor angle. The inverse of P is Q = P~! = P. Applying this

transformation to the flux linkages and voltage equations gives

(2] L, 0 Mp iq
Yy, | = 0 L, O 1q (3.16)
(72 Mp 0 Lp iF
Vd Rs 0 0 ’id 0 10 11)(1 'l/Jd
v, |=—-] 0 R, 0 g | —w| =1 00 Ve | — | b, (3.17)
—Up 0 0 RF ’iF 0 00 7,/)F 'l/)F

Now, suppose the machine is connected to an infinite bus through a series LC' circuit, as

shown in Fig. 3.5 for phase a.

Writing the Kirchhoff’s Voltage Law (KVL) equations for both phases, and transforming

the differential equations to the dg frame using (3.15), yields

BN b E R I R b
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Figure 3.5: External circuit connected to the machine
If the infinite bus voltage is taken to be
Vooa(t) = V2Viso cOS(Wst + Ctoo) (3.19)
Voob(t) = V2V €OS(Wst + Qoo — T/2) (3.20)
then we have
Vood| cos(d + /2 — ay)
[ OOJ = V2Ve [sin(é +7/2 — @) (3.21)
where § =0 — w,t — 7/2.
If we define
A Rs 0 O
R=| 0 R, 0 (3.22)
0 0 Rp
A L+ L 0 Mp
L= 0 Liy+L 0 (3.23)
Mp 0 Lp
A 0 10}
N=|-100]|L (3.24)
0 00
then combining (3.16), (3.17), and (3.18) yields
4 | o | X ved X Vood
ol | = —LT'"R4wN) | iy | =L | vgg | =L | Uooq (3.25)

iF iF 0 —VF
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Equations (3.25) are the state equations of the currents in the system. Note that since
the machine has two phases, and is symmetrical with no stray inductances, the equivalent

inductances of the machine in the d-axis and ¢-axis are equal to a stator self-inductance,

Ly=1L,=L,.
The state equations for the capacitor voltages are
d Vod 0 1 Vod 1 id
— = —w + =1 . 3.26
dt{ch -1 0| | v | C| 4 (3.26)
Next we obtain the state equations of the mechanical system. The electromagnetic torque
is given by

tee = lgtha — gty = Mrpipi, (3.27)

We assume that the shaft consists of two rigid rotors, connected through a spring as

shown in Fig. 3.6.

w , 0
| 1, 01 w, 0
k7% <— Jq J — <tqe
K
Turbine Generator

Figure 3.6: Shaft assembly of the simplified model
The differential equations describing the dynamics of the shaft are

— = ——0 + —0+ (3.28a)

K
dw _91_59 Mp . .

E =+ 7 7 - TZF’Lq (328]3)

Equations (3.25)-(3.28) describe the dynamics of the simplified system.

These equations are next used to simulate an example case. We use the parameters from

[61] for the simplified system.
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K = 132.8295-10° Nm/rad
J = 7425.254 kgm?
J1 = 13094.151 kgm?
R, = 0.0 Q
Rrp = 0.702 Q
L, = 3.536 mH
Ly = 3.226 H
L = 0865 H
C = 2622 uF
fs = 60 Hz
V. = 220 kV

The isolated shaft system has a natural frequency of 26.65 Hz as determined by eigenvalue
analysis. The value of capacitance has been deliberately chosen to give rise to a natural
electrical frequency of 60 — 26.65 = 33.35 Hz. Note that when the equations of the system
are referred to the rotor side, the electrical frequencies appear as their complements with

respect to the synchronous frequency.

In the simulation results that follow, the generator is switched into an external network
which consists only of a capacitor and an inductor in each phase. The infinite voltage source
is therefore shorted. The system is nearly closed except for the voltage source and the

resistance in the rotor field circuit.

The generator terminal voltage is equal to its rated value of 22.0 kV in the beginning.
Using (3.12), and noting that in steady state the first three terms are zero, the steady state

field current is obtained as
V2V,

UJSMF

which in turn is used to find the field voltage Vr = Rplp.

Ip (3.29)

Initially, there is no charge on the capacitor plates. Fig. 3.7 shows the speeds of the

rotors and Fig. 3.8 the currents of the d and ¢ axes.

The simulation is run for well past the ability of a physical system to take the oscillations
before getting damaged. It is evident from Fig. 3.7 and Fig. 3.8 that the energies of the
electrical and mechanical oscillations grow simultaneously, and not at the expense of each

other. This is unlike the pendulum example that was studied in the previous section.
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Figure 3.7: Rotor speeds of the two-phase synchronous machine
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Figure 3.8: Stator currents of the two-phase synchronous machine

Fig. 3.9 shows the kinetic energy of the rotors obtained from

1 1
Ek(t) = §J1wf(t) + §Jw2(t)

(3.30)

The energy of the oscillations comes from the kinetic energy of the rotors (which are

turning at synchronous speed in the beginning), causing the average rotational speed to

drop. Since the rotors are highly massive, a small drop in the average speed is enough to

provide the energy of the oscillations even at their peak.
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Figure 3.9: Kinetic energy of the rotors

So, during a subsynchronous resonance condition, the energy of a mode of oscillation
increases. This energy can come from another mode. The nonlinearity in the system makes
this phenomenon possible, since in a linear system the modes are decoupled and do not

exchange energy with each other.

3.3 IEEE First SSR Benchmark Model with Fixed Com-
pensation

We choose the First IEEE Subsynchronous Resonance Benchmark Model, referred to as
“FBM?”, to be our test case for the following reasons:
1. This system has 5 subsynchronous modes of oscillation. Therefore it provides flexibility in
changing the series compensation level to excite different modes.
2. It has been the major case study in the literature on subsynchronous resonance.

3. Although subsynéhronous resonance develops in other configurations as well, the most com-
mon and severe case is when a synchronous generator is radially connected to the network
by a series compensated transmission line.

This section discusses the FBM parameters, its nonlinear dynamical equations, and eigen-

value analysis for a standard case with fixed series compensation to prepare for the more

involved analysis with thyristor controlled compensation in later chapters.
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The dynamical equations of the FBM with thyristor controlled series compensation are
given in Appendix B, and linearized in Chapter 5. To avoid repetition here, whenever the

equations are the same or similar, reference is made to the appropriate location.

The external network of phase a with a fixed capacitor is shown in Fig. 3.10, where
R,,,, and L,,,, denote the total resistances and inductances of the transformer, the line and

the infinite bus in phase a, respectively. There are also mutual resistance and inductance

between the phases that are not shown in the figure.

lag Ratot Aot C
—
T -
+
+Yca -
VGena Veoua

Figure 3.10: The external network connected to the turbo-generator in FBM

Since the system has three-phase symmetry the resistance and inductance are the same
in all phases. Furthermore, the mutual components between any two phases are equal. If

the mutual elements are denoted by Rg,,, and Lgy,,,, then the differential equations of the

three-phase network become

VGena Vooa R(ltot Rabtot Rabtot la

VGenb | — | Voob | = |Rabor Fayer Fabos | +

VGenc Vooe Rabtot Rabtot Ratot | ic
Latot Labtot Labtot d la UCa
Labgot L.atot Labtog —(—ZZ | + |ves (331)
Labtot Labtot Latot i I Vce

In FBM the parameters of the transformer, the line, and the infinite bus are given in

terms of symmetrical components. A three-phase balanced inductance matrix

La Labb Lab )
Lo Lo L (3.32)
Lab Lab La
becomes
Lo+ 2L, 0 0
0 Li—Ls O (3.33)

0 0 Lo — Ly
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when the system phasors are transformed into the symmetrical components. Having (3.33),
it is straightforward to obtain the self and mutual parameters for each of the network com-

ponents in order to build the matrices in (3.31).

We write (3.31) in the compact form

VGen,abe — Voo,abe = Riabc + La‘giabc + VC,abe (334)

These equations are next transformed into the Odq reference frame by use of the power-

invariant Park transformation

V2 12 12
P(6) =+/2/3 | cosf cos(6—2mw/3) cos(f + 2m/3) (3.35)
sind sin(f — 27/3) sin(6 + 27/3)

where ¢ is the angular position of the generator rotor, defined to be the position of the d-axis
of the rotor with respect to the axis of phase a winding of the stator. The inverse of P is
denoted by Q, and is equal to the transpose of P, that is Q = P~! = P*. The transformed

equations of the external network in (3.34) are in the form
, d. dP_.
VGen,0dg — Voo,0dg = PRQiggq + PLQ(‘d_tIOdq — EQIOdq) + Vc,0dg (3.36)

PRQ and PLQ again have the general form given in (3.33). Therefore, when working

in Odq reference frame, the symmetrical components can be readily used. Also note that

00 0

P d

Pa=-pPQ_,lo0 -1| 2uMm (3.37)
dt dt 01 0o

where w is the angular speed of the generator rotor. Since time is in per unit with the base

tg = 1/wp s, the form of equations in actual quantities and in per-unit are the same.

The generator terminal voltages vgen o4y can be expressed in terms of the synchronous
machine stator and rotor currents. The zero axis, direct axis, and quadrature axis equivalent
circuits of a synchronous generator with four rotor windings are shown in Fig. 3.11, Fig. 3.12,

and Fig. 3.13, respectively. The rotor windings on the direct axis are denoted by ‘F’ and

‘D’, and those on the quadrature axis are denoted by ‘@)’ and ‘G’.
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Figure 3.11: 0-axis circuit of the synchronous generator
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Figure 3.13: g-axis circuit of the synchronous generator
In Fig. 3.12 and Fig. 3.13, the flux linkages 14 and 1), are
Y4 = Lgia + Lapir + Lapip (3.38)
’(/}q = Lq’iq + LAQ’iQ + LAQ’iG (339)
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The differential equations of the synchronous generator are given below. These equations

can be derived from the equivalent circuits.

-’UGeno R() 0 0 0 0 0 0 7;0
UGend 0 Ra (.UL(] 0 0 UJLAQ wLAQ id
VGeng 0 —de Ra —wLAD —wLAD 0 0 ’iq
~Ve|=—-10 0 0 Rp 0 0 0 iF
0 0 0 0 0 Rp 0 0 D
0 0 0 0 0 0 Ry O ig
| 0| 0 0 o0 0 0 0  Re | |ic]

[Ly, 0O 0 0 0 0 0 ] [ 4o |

0 Ly 0 Lsp Lap O 0 4

0 0 L, 0 0 Lag Lag| 4 |ig

~|0 Lap O Lp Lap O 0 | |ir (3.40)

0 Lap 0 Lap Lp O 0 D

0 0 Li O 0 Lg Lag ig

_0 0 LAQ 0 0 LAQ LG'_ _’ig_

Using the notation defined in Appendix B, (3.40) is written in the following compact

form.

VGenodg | Roqq — wMLgyy, —wMLgg igdq Losg Lsr d 1gdq
—VFDQG O4x3 Rrpoe | |iFpoc Lty Lg | dt |ippoe

(3.41)

The last step to obtain the current equations is to substitute Vgen 044 in (3.41) using the

external network equations in (3.36), and rearranging the terms. The final result is

o | S f N Ry | o | | Voun| _n | Veetdn | (39
1 1 0 -V
FDQG FDQG 4x1 FDQG

where the variables L, N, and R are defined in Appendix B.
The differential equations for the capacitor voltages are the same as given in (B.16).

Also, the mechanical differential equations do not alter when the series compensation is
changed from fixed to thyristor controlled. These equations are given in (B.25) and (B.26).

The shaft has 5 natural subsynchronous modes with frequencies given in Table 3.1.
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Table 3.1: Mechanical modal frequencies of the IEEE First SSR Benchmark Model

Mode | Frequency [Hz]
TM1 15.71
TM2 20.21
TM3 25.55
TM4 32.28
TMb 47.45

The mechanical dampings in FBM are given in terms of modal dampings indicated by
damping decrements. Theoretically, any set of modal dampings can be converted to equiv-
alent self and mutual dampings by means of the reverse transformation from the modal
domain to the spring-mass domain [18]. Unfortunately, such a reverse transformation leads
to mutual dampings between not only the adjacent elements, but among all elements irre-
spective of their physical location on the shaft. The spring-mass model does not provide
for these fictitious mutual damping elements, but represents mutual damping only between
adjacent elements. To be able to use the modal dampings in the mass-spring model, [18]

introduces a parameter fitting technique, called “modal adjustment”, that we review next.

3.3.1 Approximate Method to Calculate Self-Dampings

The spring-mass model can be adjusted to simulate the measured modal dampings as long
as the damping adjustments are relatively small. In the following an approximate method

is described for making these adjustments.

The dynamics of the turbine-generator shaft are given by
JO+DO+K6 =t, (3.43)

where J is the diagonal inertia matrix, D is the diagonal damping matrix, and K is the

non-diagonal spring constant matrix either in per unit or in actual quantities.

The reason why D is diagonal, is that we are not considering the shaft damping between
adjacent masses. These dampings are smaller than the dampings to reference and can often

be neglected [18]. If these dampings are not neglected, thenv D will become a tri-diagonal
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matrix. The modal decomposition can still be performed in this general case. Note that D

is unknown, and has to be determined from the modal dampings.

Since K is not diagonal, equations (3.43) are not decoupled. However, there always exists
an equivalence transformation that decouples this system. The dampings, D, are unknown
but small, therefore in finding the transformation matrix, we neglect them, and consider the

system as
JO+K6 =t, (3.44)
or

0+ J1Ke =Jlt, (3.45)

Suppose we denote the equivalence transformation by P,,.q4, then

emod = ]-:.mode (346)

Applying this transformation to (3.45) yields

P1od® + Prooad TKO = P, 0 't (3.47)
or
émod + (PmodJ—lKP;l};d) 9mod = (Pmod']—l)tq (348)

The second term on the left-hand side of (3.48) has to be diagonal in order for the
equations to be decoupled. Therefore the transformation matrix we are seeking is actually
one that diagonalizes J7'K. This transformation consists of the mode shapes (eigenvectors)

of J7'K as its columns.

Having obtained P,,,4, we now turn our attention to the dampings. The modal dampings

are obtained from the self dampings by

Dmod - ]-:)modD]-)__1

mod

(3.49)
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where D,,,q is the diagonal matrix of modal dampings. In FBM the modal dampings are
given in terms of damping decrements, indicated in the Appendix B by md. The relation
between a damping decrement and a modal damping is given by

o D imod
B 2J imod

where J;04 18 the modal moment of inertia. Similar to (3.49), the relation between the

-1

od- Since we

modal moments of inertia and actual moments of inertia is Jod = Pmodd P
neglected the dampings in finding P,,,,4, the non-diagonal elements of (3.49) may be nonzero.

However, we only consider the diagonal elements. If P,,,, is given by

Pun P12 - Pinn,
P21 P22 - Pong,

Pmod = . . . . (351)
pnml pnm2 T pnmnm

where n,, is the number of masses, then it can be shown that the i*" diagonal term of the

transformation in (3.49) is

Dimod = Dlp%i + D2P%i +- 4+ Dnmp%mi (3.52)

Finally the equations that determine the self dampings from the modal dampings, D04

1=1,2,---,n,, are
p; pgl szml D, D1rod
P Pm ot Paa | D2l DQTM (3.53)
P P P [Don] | Drmon

Equation (3.53) is used in this thesis to obtain the self dampings from the modal damping
specifications. If a modal damping is not given, its value is assigned zero. Some of the
dampings calculated this way may come out to be negative, which are clearly.fictitious

values. This does not however pose a problem for the eigenvalue analysis [18].

3.3.2 Analysis of a Standard Case

In order to test the validity of the dynamical equations of the system, as obtained above,

here we use them to simulate the standard case 1-T of the FBM [38].
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The reactance of the series compensation, X = 0.371 pu, is tuned approximately to 40
Hz both during and after the fault to excite the second torsional mode TM2 with frequency
20.21 Hz. The fault is a three-phase to ground short circuit at busbar B (Fig. 2.4). The
prefault voltage in phase a is zero. The reactance of the fault is taken to be 0.04 pu. The
fault clearing process starts at 0.075 s after the fault, with each phase opening at the next
occuring line current zero-crossing. During the fault, the system dynamical equations are

changed. This is taken into account in the simulation.

Fig. 3.14 shows the electromagnetic torque, and two of the shaft torques for 0.5 s.
MATLAB® differential equation solver ODE15s is used for the simulation. The curves

are in agreement with those provided by [38].

LPA-LPB

GEN-EXC

0 0.1 0.2 0.3 0.4 0.5
Figure 3.14: Torques in FBM Case 1-T

Eigenvalue analysis requires the nonlinear equations to be linearized first. The equations
of the FBM with partly fixed and partly thyristor controlled compensation are linearized for
different switch combinations in Section 5.3. To obtain the Jacobian for fixed compensation,
it suffices to omit the rows and columns pertaining to the TCSC voltages in (5.31), (5.32),

and (5.33). Note that the Jacobian is the A-matrix of the continuous linearized system.

Fig. 3.15 shows the movement of the eigenvalues in the s-plane when compensation is
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varied from 30% to 90%. The arrows indicate the direction of increasing compensation.
Only the first 4 subsynchronous modes are shown; the change in TM5 is small. The case
of X¢ = 0.371 pu is indicated by a dot on the curves. It is seen that at this particular
compensation level, the largest undamping is that of TM2, and therefore it is the dominant

unstable mode.
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Figure 3.15: Movement of the eigenvalues in the s-plane with compensation level

3.4 Conclusion

In this chapter the transient, nonlinear simulation of the subsynchronous resonance is dis-

cussed with both simplified and detailed models.

The comparison of the simplified system with a linear coupled-oscillator reveals that the
nature of energy flow into the subsynchronous modes of oscillation is more complicated, and
relies on the nonlinearity of the system. When a subsynchronous mode is self-excited, the
energy of both the mechanical and the electrical oscillations increases, while in the case of

the linear coupled oscillators the energy content in each mode is constant.

Since the First Subsynchronous Resonance Benchmark Model is the chosen test case in

this thesis, in the last section, the parameters and dynamical equations of this system are
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studied. The approximate method, by means of which the modal damping decrements are
transferred into self-dampings is explained. The standard case 1-T in [38] is simulated to

insure that the derivation is correct.

Finally, the shift of the eigenvalues of the linearized system with compensation level is

shown. Since the linearized model is continuous, the eigenvalues are plotted in the s-plane.

In the following chapters, where the series compensation is partly fixed and partly thyris-

tor controlled, the linearized model is discrete. Therefore the eigenvalues are plotted in the

z-plane, and their position relative to the unit circle determines their stability.




Chapter 4

Passive Damping of Thyristor
Controlled Series Capacitor

A point of contention is the nature of the response of a TCSC to disturbances at sub-
synchronous frequencies. Specifically, it has been shown that a TCSC operating in open
loop possesses a resistive characteristic at subsynchronous frequencies [25, 27]. This result
is surprising since a TCSC with ideal switches does not have any resistive element. So the
question is then posed as to the whereabouts of the energy dissipated in the calculated re-
sistance. Note that the commutation of thyristors in a TCSC is not forced, and therefore
no energy loss can be attributed to it. In other words, an ideal thyristor in a TCSC turns
off when it is not carrying current, so at the time of turning off, there is no energy stored in

the inductor in the corresponding thyristor branch.

Here we investigate the source of this resistance, and suggest a way to compute it when a
periodic steady state exists or can be approximately assumed for the circuit. The calculated
resistance is compared with that by another method, proposed to obtain the frequency

response of TCSC, which also yields a resistive component at each subsynchronous frequency.

Then, three open-loop firing schemes are compared with respect to the impedance théy

present to subsynchronous currents.

Finally, the dynamic model of a single-phase TCSC based on the linearization of the
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Poincaré map is tested for accuracy in capturing the passive damping.

4.1 Fundamental Concepts

When a circuit consisting only of passive elements responds to a current waveform 4(¢) applied
to its terminals with a voltage waveform wv(¢), then (as is well known), the instantaneous

power consumed by the circuit is given by
p(t) = v(®)it) (4.1)

Now, suppose the current and the voltage are both periodic with period 7. Then the

equivalent resistance of the circuit is calculated by

p _ <p®)>r _ 1 [v(m)iln)dn
K r 7 [r2(n)dn

(4.2)

I is the rms value of the periodic current. The only requirement on the current and
voltage is that they both be periodic with a common period. If in (4.2}, instead of the total
current, a purely sinusoidal component with pveriod T; (obtained from Fourier analysis) is
used, then R,, can be taken as the equivalent resistance at the corresponding frequency.
Note that T'/T; is an integer. We make use of this point in interpreting the behaviour of a

TCSC at a single frequency.

4.2 Method of Resistance Calculation

In order to study the behaviour of TCSC at a subsynchronus frequency consider Fig. 4.1,

where a single-phase TCSC is shown to be injected by a current of the form

i(t) = V2I, sin(wst + ) + V21, sin(wpt + ) (4.3)

The magnitude of the subharmonic current, I, is much less than the magnitude of the

synchronous current, I, and the disturbance in the line current does not drive the TCSC

out of its normal operation. Therefore, small signal analysis is applicable.
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Figure 4.1: A single-phase TCSC

A current of the form (4.3) is not necessarily periodic. For example, it would not be
periodic for wy; = 2760 rad/s and wy, = 100 rad/s. Here, however, we choose to work with
frequencies that result in a periodic current waveform. The justification is that for any
irrational number, there exists a sufficiently close rational number. Therefore, theoretically,
using frequencies whose ratio is rational does not prevent the analysis being done with any

desired precision.

Another issue, which is more important from a practical point of view, is that the period
of the waveform in (4.3) can be much longer than the period of its constituent sinusoids.
Take for example w; = 2760 rad/s and wy, = 2747 rad/s. The periods of the corresponding
sinusoids are 1/60 =2 0.0167 s and 1/47 & 0.0213 s, while the period of their summation is
1.0 s.

If (t) results in a periodic voltage waveform across the TCSC terminals with the same
period as that of the current, or a rational ratio of it, we can use (4.2) to calculate the total
equivalent resistance of the TCSC. A firm statement about the periodicity of the voltage is

formidable however, for two reasons:

1. The behaviour of the TCSC depends on the‘ﬁring policy, and a result obtained for one policy
is not necessarily valid for another.

2. The waveform in (4.3) can have a very long period, which means we may need to take into
account a great number of switchings in order to firmly validate the periodicity.

Let us analyze the open-loop firing with respect to the zero crossings of the current

waveform in (4.3). With this assumption, the firing system is unaware of the subsynchronous
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current, and looks for the zero crossing in the total current to send the gate pulse after a fixed
time (o — 7/2)/ws, o being the firing angle by definition calculated from the zero crossing
of the capacitor voltage. As an example, take f, = 60 Hz and f, = 47 Hz. The current
waveform repeats after 1 s. The smallest possible period for vy (t) is therefore 1 s. So at
least 120 current pulses have to be considered to see if vy (t + 1) and dvce(t + 1)/dt are

equal to vei(t) and dvcy.(t)/dt for a chosen set of initial conditions.

The differential equations of the system are analytically solved for the ‘on’ and ‘off’ states
separately. Suppose the gate pulse is sent at t,, and the inductive branch immediately starts
to conduct until its current passes through zero. Then the inductor current, i7:.(t), and the

capacitor voltage, vcy(t), during this time are

iLtc(t) = kl COs thc(t — ton) -+ kQ sin thc(t — ton) -+

2 2
—Q-Liﬂc—g\/ils sin(wst + vs) + —2—%—2\/51,1 sin{wpt + vp) (4.4)
Wiie — Ws Wite = Wh
di .
vere(t) = Ltc% = — kiwnteLie sinwie(t — ton) + kowntcLie €0S Wie(t — ton) +
w2, weL w2, wiL
%‘”—tg\/ils cos(wst + vs) + —Qﬁc—h—%\/ﬁh cos(wpt + 1) (4.5)
Wite — Ws Wite — Wh
where
— (46)
WNte = = :
‘ Ltcth
by = Wk, V21 sin(witon + 7s) N W,V 21 sin(witon + ) (47)
w52 - wIQVtc wiQL - w]2Vtc .
k2 _ Uth(ton) + thcws\/iIs Cos(;‘)ston + ’Ys) + thcwh\/?[h COS(;)hton + ’Yh) (48)

2 _ 2 _
ththc Wy thc W Wite

If an ‘off” state starts at t,7s, then the capacitor voltage from this time until the time

when the inductive branch comes back to the circuit is

V2,

Ws th

21
veor(t) = — cos(wst + vs) — h cos(wpt + vn) + k3 - (4.9)

thtc
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21,
thtc

s

Ws th

ks = vete(tors) + cos(wstops + vs) + cos(wptos s + Yn) (4.10)

With a set of initial conditions, equations (4.4)-(4.10) are solved successively to see if at
the end of 1 s we return to the conditions which existed at the beginning of the simulation.
Instead of going through the cumbersome procedure of iteration with different sets of initial
conditions, we start with zero initial conditions and simulate long enough until the circuit
achieves steady state. Although there is no resistance in the circuit, the discontinuous mode
of operation helps to eliminate the transient response owing to the natural frequency wpyy.
This is checked for the example case in the next section, before proceeding with the resistance

calculation.

4.3 Numerical Example

To be able to make comparisons, the TCSC in [62] is used as an example. The parameters

are
Lie=70 mH (4.11a)

Cie = 500 pF (4.11b)

fs =60 Hz (4.11c)

fn=47 Hz (4.11d)

o =80° (4.11e)

The conduction angle o, corresponds to a firing angle o = 180 — ¢/2 = 140° (the delay
from the zero crossing of the current becomes 140° — 90° = 50°). The injected current is
chosen as

i(t) = sin(2760 + 7/2) + 0.1 sin(2747) (4.12)

-~ -

is(t) in(t)

7

In the simulation results that follow, a 50 us time step is used. An iterative procedure is

employed to improve the accuracy of the zero crossing instants to £107!? s. Simulation is
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started with zero initial conditions and allowed to run for over 1.6 s. The code is written in

MATLAB®. Fig. 4.2 shows the capacitor voltage in two time spans that are apart by 1 s.

10 f ! f f

15 152 154 156 158 16
t [s]

Figure 4.2: Capacitor voltage in two time spans apart by 1 s

The mean of the difference between the two waveforms in Fig. 4.2 is in the order of 10~
V. Therefore for our purpose, vcy has achieved the state of periodicity and we can apply

(4.2) to the waveforms in ¢ € [0.5 1.5] s.

The total resistance of the TCSC to the current in (4.12) is found to be

_ Jos voren)lis(n) + in(n)]d

7 _8
=331-1 Q 4.1
2417 33110 (4.13)

R.,

This value is less than the accuracy of the calculation. Therefore, it is not significant and
can be assumed to be zero. However, when only the subsynchronous current is taken into

account, we get

1.5 .
: d
Ry = Jos VoWl oage g (4.14)
I;

Also, with only the synchronous current,

o2 vou(n)is(m)dn

R, = = -0.0463 (4.15)

1
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So the resistance at 47 Hz is obtained at the expense of a slightly negative resistance at
60 Hz. Now, let us compare the results just obtained with FFT analysis results. Fig. 4.3
shows the FFT of vy and 1.

4

Magnitude
N

aO

200

100
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(=]

-100

-200

f [He]
Figure 4.3: FF'T of the capacitor voltage and the line current

The FFT of the current has elements with nonzero magnitude only at 47 Hz and 60
Hz, as expected. A close examination of the FFT shows that the voltage and the current

components at these two frequencies are

V47 = 0.52768¢728-0445 (4.16a)
I; = 0.05¢7° (4.16b)
Vo = 3.83648¢ 790346 | (4.16¢)
Igo = 0.5¢"° (4.16d)

So the resistance values calculated from FFT components become

Ry = Re{ﬁ} = 46338 Q (4.17)
247
1%

Ry = Re{—GO} = —0.0463 Q (4.18)
I60

which are in perfect agreement with the results obtained in (4.14) and (4.15).
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A method for obtaining the frequency response of a TCSC is proposed in [62], which im-

plies a different way of calculating resistance, based on the assumption that the steady-state

turn-on and turn-off instants of a thyristor in a TCSC are not altered by the small-signal sub-

harmonic current. Hence the linearity principle applies, and the effect of a subsynchronous

current, source can be investigated, once the other sources are set to zero. A synchronously

varying resistor is used to replace the thyristor. This method allows for the forced commu-

tation of the inductor current, which is a dissipating action in nature, and as a result, no

negative resistance is observed at synchronous frequency. Fig. 4.4 shows the variation in the

capacitor voltage and inductor current for the TCSC parameters in (4.11). The occurrence

of forced commutation is evident. The current used for the simulation is

in(t) = 0.1 cos(2m47t)

UCic [V]

0.5 0.52 0.54 0.56 0.58 0.6

0.5 0.52 0.54 0.56 0.58 0.6

Figure 4.4: Sample of vcy, and iz from the method of [62]

(4.19)

The resistance of the thyristor during ‘on’ and ‘off’ states is assumed to be 1075 and 101°

Q, respectively. The resistance at 47 Hz is found by FFT analysis from

V47 = 0.4526¢7160-90

I,; =0.05¢77180

(4.20a)

(4.20b)
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to be

1%
Ry = Re{—‘*l} =85540 0 (4.21)
I47

‘ The difference, between the value of resistance in this case and the value of resistance
obtained before, can be explained by the fact that the source of resistance is completely

different in the two cases.

1 4.4 Frequency Response Curves of TCSC

The resistance observed at a subsynchronous frequency is a virtual resistance that appears
because of the switching action in the device. It is, therefore, in order to ask how the

resistance changes with the conduction angle and the firing policy used.

Fig. 4.5 shows the changes observed in resistance as a function of frequency at certain
conduction angles for the test circuit and the TCSC with L and C of (4.11). The numbers
given in the legend are the conduction angles in degrees. The reactance is also given to
make the plots more useful for subsynchronous resonance studies. Capacitive reactance is
shown as positive, hence the label ‘Cap. React.”. To obtain these plots, the frequency of
the disturbance current is varied over the range of 5 Hz to 115 Hz in steps of 1 Hz, and
the simulation is allowed to run for 1.5 s in each case. The accuracy of the zero crossing
detection is enhanced by an iterative procedure. Then the FFT of the waveforms in the time
span of [0.5 1.5] s is used to obtain the resistance and the reactance. The time step used
for the simulation is increased to 500 ps, with the resulting Nyquist frequency of 1000 Hz,

which is still enough for accuracy in the range of frequencies plotted in the figure.

The firing policy used so far to obtain the previous results is to send the pulse gate to
the positive polarity thyristor, (o — 7/2)/ws s after detecting the positive-to-negative zero
crossing in the line current, and vice versa. With this policy, the device acts as a capacitive
reactance, together with resistance on the subsynchronous disturbances. Here, the following

two firing methods are examined and compared with the former:

1. Gate pulse to the positive thyristor is sent «/ws s after the negative-to-positive zero crossing
in the capacitor voltage and vice versa.
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Figure 4.5: Frequency response curves for the TCSC in (4.11)

2. Gate pulse to the positive polarity thyristor is sent (a + 7/2)/w, s after the negative-to-
positive zero crossing in the line current and vice versa.

Fig. 4.6 shows the plots of resistance and reactance at a 90° conduction angle with the
above three open-loop firing policies. In Fig. 4.6, ‘Cpn’ denotes firing with respect to the
positive-to-negative zero crossing in the line current, while ‘Vnp’ is with respect to the
negative-to-positive zero crossing in the voltage, and ‘Cnp’ is vﬁth respect to the negative-
to-positive zero crossing in the line current. It is interesting to note that the resistance
becomes negative for frequencies below 12 Hz for the ‘Cnp’ policy. For these frequencies, the
resistance observed at the synchronous frequency is positive, which leads to the same result

obtained before, namely that the total energy consumption by the device is zero.

The resemblance of the frequency response to that of a parallel LC circuit is most pro-

nounced for the “Vnp’ scheme.



4.5. Passive Damping in TCSC Dynamic Models 65

Resistance [§]

Cap. React. [©]

J [He]

Figure 4.6: Frequency response curves for ¢ = 90° and different firing policies

4.5 Passive Damping in TCSC Dynamic Models

The existing dynamic models developed for small signal analysis of TCSC fall into one of

two categories [27]:

1. Linearization of the average steady-state or power flow model.

2. Linearization of the Poincaré map.

In the first approach, the thyristor-controlled inductive branch is replaced by an equiv-
alent linear inductor which in parallel with Cy. gives the same compensation level at the
synchronous frequency. This method fails to capture the passive resistive behaviour of the
TCSC. The eigenvalues of the linear model lie on the imaginary axis of the s-plane and the

TCSC shows an undamped response to subsynchronous excitations.

In Chapter 2, it was stated that the dynamics of any system which is periodic with
period T' can be studied by sampling the system state once per period [45]. The system
dynamics are described by the discrete model that maps the change in the sampled states

from one sampled point to the next. This concept is formalized as the Poincaré map from

the dynamical systems theory. Linearization of the Poincaré map incorporates a resistive
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behaviour. The question is how this resistive behaviour compares to the resistance calculated

by power considerations.

The discrete model for a single-phase TCSC, obtained by linearization of the Poincaré
map, is derived in Appendix A, and is given by (A.15). For convenience, the relation is

repeated here.

Avgie(km + ) = cos kG Avey (k) + (—l)ka¢A¢ +

kr+¢
coS KT / Ai(n)dn +
k

WsUie T

1 kn+7 1 kn+m
cos|k(km + 7 — n)|Ai(n)dn + / Ai(n)d
ot ., ol it + = [ ity
(A.15)

This map basically predicts the small signal change in the capacitor voltage sample taken
after m rad, Avgy(km + 7), given the small signal change in the present sample, Ave(k7),
the small signal change in the firing angle, A¢, for the firing that happens at some instant
between k7 rad and k7 + 7w rad, and the small signal variation of the line current during

km < wst < km 4+ 7. For the meaning of other variables see Appendix A.

Notice that the Jacobian of the Poincaré map, alias the A-matrix of this linear model, is
cos kG < 1. Therefore, the model has an eigenvalue inside the unit circle, which means that

the model shows damping.

In the derivation of (A.15), the half wave symmetry of the TCSC waveforms has been
exploited to reduce the advance map to half the period, thereby reducing the amount of

calculations. A¢ and Ai(-) are the inputs.

The complexity of the map with regard to Ai is because in the differential equations from

which (A.15) is derived, the line current ¢ is the forcing function.

References [27, 32] have assumed that the small signal variation of the current, Ai(t),
is given by Aig4coswgt — Ad,sinwgt, with Aiy and Ag, constant (zero-order hold). That is,
the input expressed in terms of A7,y and Ai, remains constant between two sampled points.

This assumption has been made to be able to simplify the map and convert the linear model

from discrete to continuous time. However, it reduces the accuracy of the model.
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Here, we rather stay in the discrete domain and are more concerned about the accuracy,
therefore this assumption is relaxed. For a detailed derivation of the continuous-time models

for TCSC in the dg-reference frame see [27, 32].

The model in (A.15) is linear. The linearity with respect to Ave(k7), and A¢ is evident.
To see the linearity with respect to Ai(-), take two current waveforms Ai)(-) and Ai?)(.);
kr < wgt < kr+m, and denote the response of (A.15) to each of them by y; = A'ugt)c(lmr-i-w)
and yp = Avgt)c(kw + 7), respectively. Then it is straightforward to show that the response

to a; AN () + apAi? (4) is ayy1 + agys, where a; and ay are two real numbers.

The linearity means that if the input Az is a sinusoidal current, the steady-state output
points (after transients have died) should also lie on a sinusoid, with the same frequency.
On the other hand, (A.15) is supposed to portray the small-signal behaviour of the TCSC at
subsynchronous frequencies. Therefore, if Ai(t) = Ij, sin(wxt + 1), then the sample points

must lie on the voltage component of TCSC with the same frequency.

The voltage components of the TCSC voltage at different frequencies are obtained by
Fourier analysis. Both the magnitude and phase of each frequency component are determined
by FFT. Note that the virtual resistance of the TCSC is basically a phase shift between the
voltage and current at a subsynchronous frequency. If the disturbance Ai(t) is applied to
(A.15), and the resultant sample points lie on the subsynchronous voltage component, then
the discrete model captures the correct resistance at that frequency. In the following, this

point is investigated for the example considered in Section 4.3.

When Ai is a sinusoid, the integrals in (A.15) can be computed analytically. To use
(A.15), A¢ needs to be determined as well. Note that the firing of TCSC is done with
respect to the line current zero-crossings. Suppose ¢, is the time at which the line current

passes through zero, and that the steady-state current is denoted by i* such that

i(t) = " (t) + Ad() (4.22)

With the time origin for the waveforms assumed as in the Appendix A, we have i*(t) =

V2I,sin(wst + 7). Fig. 4.7 shows a situation where the zero-crossing in the line current is

shifted to the right with respect to the zero-crossing in the steady-state current :*. Without
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the disturbance Ai, the zero-crossing at wyt, = km is used for setting the firing time imme-

diately after km (synchronization with the line current). With the disturbance, when the

zero-crossing at t, is detected, a gate pulse is sent to the appropriate thyristor after a fixed

time corresponding to the angle ¢ = wst, — 7/2 + «, thus A¢ = w;At,. Therefore

Ay, A

t, =1, + km +

W Ws

Figure 4.7: Change of firing instant with disturbance in the line current

With the disturbance as given in (4.3), we now substitute ¢t = ¢, to obtain

AQS) + Ai(t, + 8¢

Ws Wy

i(t,) =, + )=0

or

V2L, sin(kr + Ag + ) + VeIysin(= (kr + Ag) + ) = 0

s

Linearization of (4.25) based on the small-signal assumption yields

I, . wy
Ao ~ (=1L —k
b~ (1)1 sn 2k + )

(4.23)

(4.24)

(4.25)

(4.26)

Fig. 4.8 shows the 47 Hz component of the capacitor voltage, V47, obtained from FFT

analysis, together with the sample points obtained by applying the disturbance, i5(¢t) in
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(4.12) to (A.15). The TCSC parameters are those given in Section 4.3. The sample points
follow the waveform very closely, which is an indication of the accuracy of the model. The
waveform of the current is also given for comparison. Note that the phase shift between the

current and voltage is not exactly 90°.

1.5 ! ! ? ;

V47 [V]

_1 -5 1 1 ] 1
1 1.02 1.04 1.06 1.08 1.1
b [s]

Figure 4.8: Comparison of V47 with the sample points from Poincaré map

4.6 Conclusion

Various studies have shown that the TCSC has a resistive behaviour towards subsynchronous
currents. This phenomenon is, for the most part, independent of the actual resistance in the
TCSC elements. When TCSC shows a, positive resistance at a subsynchronous frequency, the
energy is absorbed at that frequency and injected into the synchronous frequency. Therefore,
the resistance at the subsynchronous frequency is obtained by a regenerative behaviour at
the switching frequency that shows itself as a negative resistance, so that the ideal device

does not dissipate energy, as expected.

The frequency response of TCSC is completely dependent on the firing scheme used for

triggering the thyristors. While this result applies without argument for closed loop controls,

the analysis contained here emphasizes the validity of the same statement about the open
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loop controls as well.

The dynamic model of TCSC, obtained by the linearization of the Poincaré map, captures

the passive damping, while the average steady-state model does not.




Chapter 5

Linear Model Derivation for a TCSC
Compensated System

In the last chapter the linearization of a single-phase TCSC was discussed. It was shown
that the linear model based on the Poincaré map captures the damping behaviour of the
TCSC at subsynchronous frequencies. Throughout that analysis, the line current was as-
sumed to be the forcing function. With this assumption, modular modelling of TCSC be-
comes possible. The linear models developed for a three-phase TCSC in [27, 32] are based
on this supposition. However, the interface of the linear model thus obtained with the rest
of the system has to be justified. This is especially true if the model is going to be used to
design a feedback loop which aims at affecting the line currents by small signal variation of

the TCSC firing angles.

To avoid this problem, a more general way is taken here to linearize the system dynamical
equations. The Poincaré map or advance map of the nonlinear state space description of the
whole system is linearized. Therefore, the line currents are among the state variables. The
model is an outgrowth of the one introduced in [35]. ‘The analysis in [35] assumes that the
firing instants are constant, and therefore is short of giving the dependence of the advance
map on the variations of the firing angles. This assumption is reasonable because the goal
of that study is to obtain the eigenvalues of the linearized system to be able to assess the

small signal stability at an operating point, with the TCSC in open loop operation.

71
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Our treatment includes the variation of the firing angles. The model that is obtained is
a sampled-data state-space model that allows the design of a feedback loop in order to vary
the firing angles near a steady-state angle to increase the damping of subsynchronous modes

of oscillation.

In the rest of the chapter, first the derivation of the model is explained in the general
case. Then the model is derived for the equations of the First Subsynchronous Resonance
Benchmark Model including a three-phase TCSC. In the next chapter, this model is then
used to design the gains of a feedback controller that is able to eliminate subsynchronous

instabilities.
5.1 Model Derivation

In order to simplify the discussion, the conduction angle ¢ is assumed to be less than 60°,
so that at every instant either all thyristors are off or only one of them is conducting. This
situation, depicted in Fig. 5.1, is typical when TCSC is operating in the capacitive mode,
which is the mode of interest here. The discussion, however, is general and applies to other

situations as well.

Between any two instants in time that none of the thyristors change their state, the
power system with its nonlinearities, such as the generator torque equation, the trigonometric
nonlinearities and the magnetic core saturation?, is described by

t
X (Xt 0, ) = Xt +/t0 g(x,n)dn (5.1)
where x, x;,, and ¢, are the system state at time t, the initial state and the initial time,
respectively. g(x,t), the rate of change of state with time, is a set of nonlinear, fime-varying
equations. The dependence of x on the external sources, that is the turbine torques and
the infinite voltage buses, is implicit in g, though not shown to simplify notation. Since
the model is derived for a single operating point, these external sources appear as constant

parameters in the differential equations. Equation (5.1) is the integral form of x = g(x,t)

!The data provided for the IEEE First SSR Benchmark Model does not include the saturation curve,
therefore in our study on this system, it is not taken into account.
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Figure 5.1: Steady-state waveforms of a three-phase TCSC in capacitive operation

with initial conditions x = x;, at ¢t = ¢;. It is deliberately written in this form to show the
functionality of the final state with respect not only to the time ¢, but also to the initial time

to and initial state x;,. This information is necessary in the derivation of the linear model.

Suppose x € R* | where x is the state vector when all thyristors are off. If a thyristor
turns on at time ¢, a state variable will be added to the state vector and an equation to the
set of differential equations. We will .indicate this by an appropriate subscript, for example
X4, 8o Oince the current in the thyristor branch cannot change instantaneously, the following

relation holds at the turn-on instant

Xa(4) = Qix(¢) (5.2)

where Q; is an (n, + 1) X n, matrix that consists of an identity matrix of order n, augmented

with a row of zeros. Similarly at a switch-off time 7 we have
x(7) = Pyx,(7) (5.3)

with P; = th. P; and Qj are termed the projection and injection matrices, respectively
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[51]. Also note that when a switch turns off, the rate of change of current in its branch

becomes zero. Therefore at a switch-off time
g(x(7),7) = Pjga(xa(7), 7) (5.4)

However, at a switch-on time the similar relation does not hold, that is

8a(Xa(0), ¢) # Q;g(x(9), 9) (5.)

This is because when a thyristor turns on, the rate of change of current in its branch
suddenly jumps to the nonzero value vcie(@)/ Lie, where vy, is the TCSC capacitor voltage,

and L,. the reactance in the thyristor branch.

Equations (5.2)-(5.5) are the boundary conditions between adjacent regions. With the
help of these relations, the state variation at the end of one region is mapped into the state

variation at the beginning of the next region.

The model developed in this section is a sampled-data model with a fixed sampling rate of
360 Hz. Fig. 5.2 shows two sampling instants, ¢, and t,, taken with the sampling rate of 360
Hz. When the circuit is in steady state, six equidistant line current zero—érossings happen
in one period. Therefore, if the first sample is taken at a line-current zero-crossing, the next
sample will also coincide with the zero-crossing in another phase. In a real situation, the
time span between two line current zero-crossings is variable. So t; may not exactly coincide

with a zero-crossing.

In the next chapter, a controller based on the model developed here is designed for the
TCSC firing. There, the sample points are the zero-crossing instants of the line currents.
This is an approximation. However, since the variation of the time interval between the

zero-crossings is small, the controller works properly.

Three time spans are identified between ty and ¢;. During [ty ¢] and [r ¢] all the
thyristors are off, while during [¢ 7] the thyristor in phase b is conducting. Note that

turn-on time ¢, and the turn-off time 7 are variable.

Starting with the third time span, the small signal variation of the state at ¢; as a result
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Figure 5.2: Current pulses in two phases and the line currents

of the variation of the state at 7 and the change of 7 itself, is

axtl

0
AX(tl) = 8}( Xt

Ax(7) + 5

*

AT (5.6)

*

T

where Ax denotes the small signal variations of the state variables about the periodic orbit.
The orbit is identified by ‘*’, such that x(¢) = x*(¢)+Ax(¢). The symbol ¢|,’ means evaluation
at the steady state or periodic orbit. x;, and x, in the partial derivatives mean x(¢;) and

x(7), respectively. Since ¢ is a fixed sampling point, its derivative does not appear in (5.6).

At 7 the thyristor in phase b turns off. Hence, (5.3) holds, and we have Ax(r) =
P;Ax,(7), where Ax,(7) is the small signal state variation at the final time of the second

time span. Ax,(7) is dependent on Ax,(¢), Ad, AT as follows

aXbT

or

abe

9¢

abe

Axy(7) Axy (@) + Ap +

*

AT (5.7)

*

N 8xb¢

*

Due to the boundary condition (5.2) at ¢, we have Axy(o) ='Qij(¢). Finally, in the
first time span Ax(¢) is obtained as

— o) Ax(te) + ¢

50| 9 (5.8)

*

Ax(¢)

axto

*
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Note that since tq is fixed, its derivative is absent from (5.8). When (5.6)-(5.8) are
combined with the aid of the boundary conditions, the linear map that advances the state

variation from ¢y to ¢; is obtained as

ath abe 8X¢
A (tl) 8x PJ 8xb¢ QJ axto AX(tO)
thl OXpr 8x¢ 6xb7
O0xy, OxXpr  OXy,
[ . P; 5, + 57 AT (5.9)

where the symbol ‘|’ has been omitted to simplify the notation, with the understanding
that the partial derivatives are calculated on the steady-state orbit. If these derivatives can

be obtained in an efficient way, then the model is practical.

First we notice that 0x;, /0%, 0%y, /0xps and 0x,/0x, are state transition matrices. A
state transition matriz, ®(t, o), of the homogenous linearized system around the steady-state
operating point

dAx  Og

i o] A2 3080 (5.10)

is the matrix that maps the small signal state at ¢y3 to the small signal state at ¢. J is the

Jacobian matrix. If J satisfies the following commutativity property

a0 /t:J(n)dn> - ( /t:J(n)dn>J(t) (5.11)

then the state transition matrix has the closed form [20]

B(t, ;) = exp [ /t:J(n)dn] (5.12)

where exp is the matrix exponential function. However, (5.11) is not satisfied for our system,
so ®(t,ty) has to be calculated numerically in each region. The numerical calculation of the

state transition matrix is the subject of Section 5.2.

Next, 0x,/0¢ and 0x,, /07 in (5.9) are of the form 0x/0t which is equal to g(x,t). So

they are readily available.
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It remains to be seen how 0x;, /07 and 0x,,/0¢ are calculated in the general case of a
non-linear time-varying system. If the equation (5.1) is differentiated with respect to x;, and
ty we get

ox tag ox
axto =1+ to a—X@XtO

dn (5.13)

ox Jg 0x
8t0 Xto,to /to ‘aét—od | (514)

These are recursive relations because 0x/0x;, and 0x/0t, appear on both sides. Using

(5.13) and (5.14), it is possible to show by successive substitution that

ox ox

8_t0 = _aTtog(xto;tO) = _@(t’ tO)g(XtmtO) (515)

The procedure of deriving (5.15) from (5.13) and (5.14) is shown in Appendix C. Ac-
cording to (5.15), the partial derivative of the state at final time with respect to the initial
ttme 1s obtained by multiplying the negative of the state transition matriz and the derivative
function evaluated at the initial time. The significance of (5.15) is that it is obtained for a
linearized time-varying system. The derivation for linear time-invariant systems is straight-
forward because the solution for x in terms of #;, x;, and ¢ is expressed in a closed form

using exponential functions.

Equation (5.15) together with (5.4) allows us to simplify the advance map given in (5.9).
Using ® and g in the notation, the model for the linear system that advances the state from

time £y to time ¢; becomes

Ax(t)) = AAX(t) + bA (5.16)

with
A= @' (4, 7)P®}(7, $) Q8" (4, 1) (5.17)
b = (:b*(tly ’/:)PJQZ (7_;7 Q_ﬁ) [QJg(X*(Q;), é) - gb(xz (QZ_S), (]_5)] (517b)

where the asterisk denotes a steady-state time function, and overbar on a variable denotes

its steady-state value. It is noteworthy that the linear model does not depend on A7, the
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variation in the turn-off time. In fact, the coeflicient of A7 is

bT = (I)*(t, %)Pjgb(xz (7__)5 'F) - (I)*(t: %)g(X*(f)a 7_-)
= @7(t, 7)[Pigs (x4(7), ) — g8(x"(7), 7)]

=0 (5.18)

The last line follows from (5.4). References [27, 45] have shown that the coefficients
of the turn-off time are zero by using linear time-invariant representation for the system
between two switching instants. The result here is obtained for the case of linear time-
varying systems. Therefore, this is a general characteristic, that is the linearized models of

switching systems with unforced commutation do not depend on switch-off time variations.

By incremental energy arguments, [51] identifies a source of damping associated with
diodes or thyristors turning off. Since the method of Jacobian calculation used here is
practically the same as there, this damping is included in the Jacobian (or equivalently, in

the A-matrix of the model).

The linear model just obtained is valid for the positive pulse in phase b. Generally, if the
discretization time step is chosen smaller than the period of the switching pattern, the linear
system indices will be different for positive and negative pulses and for the three phases.
For a TCSC compensated system, the models for the three phases are the same, but the
positive and negative pulses have different zero-sequence components. Before proceeding to
the controller design in the next chapter, the system state space description is reduced by
eliminating the zero-sequence components. However, if they are to be kept, the linearized
systems for the positive and negative pulses have to be distinguished from each other, for

example by

Ax(n+1) = A,Ax(n) + b,A¢(n) (5.19)
Ax(n+1) = A,Ax(n) + b, Ad(n) (5.20)
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5.2 Numerical Calculation of the State Transition Ma-
trix

As indicated in the last section, for obtaining the linear system model we need to numerically
calculate three state transition matrices. Recall that a state transition matrix is the matrix
that advances the state in a certain time interval with the input being identically zero. For

the first interval, this is shown as

Ax(¢) = (4, o) Ax(to) (5.21)

Since the system is linearized, the effect of each input can be taken one at a time, with the
other inputs set to zero. To get the first column of ®*(¢,%,) we apply Ax(to) =[10 ... 0]
and numerically integrate (5.10) from ¢, to ¢_> The other columns are calculated in a similar
way. The following example shows how MATLAB® is used to find the state transition

matrix.
Example
Suppose a nonlinear set of differential equations is given as
. _ 2
% = [”?1] = [ v ”2] 2 f(x) (5.22)
) 1
and we want to calculate the state transition matrix ®(1,0) of the linearized system around

the path

2i(t) =t+1 (5.23a)

x5 (t) = cost (5.23b)

The Jacobian of the nonlinear system is

oh 0f) 1 4
- 2z
J(x) = Ov 023 | _ N (5.24)
on 0| T Y,
(%1 BIL'Q
J is the A-matrix of the linearized continuous system
dA
X = I(x)Ax (5.25)

dt
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whose state transition matrix is to be calculated. MATLAB® ODE solvers numerically
integrate a set of differential equations. The derivative function is passed to the ODE solver

in a separate file. For the current example the following file is used

function Dxdot = deriv(t,Dx)
xstar = [t+1; cos(t)];
x1 = xstar(1);

x2 = xstar(2);

A = [-1/2/sqrt(x1) 2xx2; ...
1 0
Dxdot = AxDx;

The linearized equations given in (5.25) are to be integrated from time 0 to time 1, once
with the initial condition Dx0 = [1; 0] to get the first column of ®(1,0), and once with the
initial condition Dx0 = [0; 1] to obtain the second column of ®(1,0). The following code
does the task.

Phi = zeros(2, 2);
Dx01 = [1; 0];
Dx02 = [0; 1];
Dx0Ovector = {Dx01; Dx02};
tspan = [0.0  1.0];
options = odeset(‘RelTol’, 1e-3, ‘AbsTol’, 1e-6, ‘MaxStep’, le-3);
fori=1:2
Dx0 = Dx0Ovector{i};
[t,Dx] = oded5(‘deriv’, tspan, Dx0, options);
Phi(:,i) = Dx(length(t),:)’;

end

The numerical integration solution is returned in the vectors t and Dx. The last row of

Dx corresponds to the final time of the integration. The above program yields the following
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state transition matrix

®(1,0) = (5.26)

1.3235 1.7706
1.0607 1.9183

As seen in the example, the state transition matrix is calculated about the periodic orbit
of the system. Finding x* is not a trivial task. One has to find the algebraic unknown
x(0) such that x(0 + 7") = x(0). However, since the current harmonics of the TCSC are
mainly confined to its LC' loop, and do not enter the line, the load flow solution is a good

approximation for the periodic orbit.

For this purpose, the TCSC is replaced by its equivalent reactance at the fundamental
frequency. After the load flow, time vectors with the desired time step are built for each of
the ideal steady-state waveforms to be able to update dg/0x, as the integration proceeds.
For thié step, the non-sinusoidal ideal waveforms of the TCSC variables are used. Once the
state transition matrices are ready, (5.17a) and (5.17b) are employed to calculate the A and

b matrices.

The algorithm to obtain the discrete linear model parameters is therefore as follows:

1. Find the Jacobian of the nonlinear dynamical equations.
2. Perform a load flow for the system in the given operating point.

3. Build the ideal steady-state time vectors for each of the states. This is the approximate
periodic orbit of the Poincaré map.

4. Calculate the state transition matrix for each of the time spans by introducing a distur-
bance in each state one at a time and integrating the linearized equations, (5.10), along the
approximate orbit.

5. Use (5.17a) and (5.17b) to calculate A and b.

In the next section, the steps are worked out for a particular example.

5.3 Linearization of the TEEE First SSR Benchmark
Model with TCSC

The model discussed in the previous sections is tested here on the IEEE First Subsynchronous

Resonance Benchmark Model. It is modified to include a series compensation that is partly
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fixed and partly thyristor controlled, as shown in Fig. 2.4. The system parameters are given
in Appendix B.1, and state equations appear in Appendix B.2. The state of the unfaulted
system with all the thyristors off is defined as

X = [’éo, Yay bgy VESID5 Q5 0G5 Ve, Yedy VCqy VCtcds UCiedy UCteqs

w17w2,W3,W4,w,W5,91,92,93,64,9, 95]t - (527)

where 19, 74 and %4 are the line currents, ir, ip, ig, and ig are the rotor currents, vgo, vcq,
and v¢, are the fixed capacitor voltages, veico, Ucted, and veee, are the thyristor-controlled

capacitor voltages and w;’s and 6;’s are the rotor speeds and angles, respectively.

In the transient simulation, more state variables will be added to the state vector in
(5.27) when topological changes happen, for example when thyristors turn on or when a
fault occurs. The nonlinear equations are listed in matrix form in (5.28) for the case with

all thyristors off.

N ] [ . o N 1 . 1 T4 i T
. 0da L-Y{wN-R) -L-! 8 ~-L! N O7x6 O7xe . oda
1IrpQa : O4x3 O4x3 1IFDQG
VC,0dq C™ 113 03x4] wM O3x3 O3x6 O3x6 VC,0dq
VCte,0dg = | Citts Oax4] O3x3 wM 03xs 03x3 VCie,0dq +
%) O6x7 O6x3 O6x3 —Z,];H_ID —ﬁH"IK w
L 6 4 L O6x7 O6x3 Osx3 1e Osx6 J L 0 |
——\/§Voo sin(0—t—§—aoo)T
- _ ] 01x3 Oixe V3Veo cos(f—t— L —aco)
—L7! 0746 O7xs  Orxs —V
F
13 O3xe
Osx7 O6x6 Osxs  Osxs t1
O9x3 Ogxs tq2 (5.28)
1 g1
Osx7 Osxe WH Osx6 tg3
Osx3 1g
L4
| O6x7 Oex6  Osxe  Osxs
| O6x3 Osx6 ] —tqe
| te5 i
Note that (5.28) can be written in the compact form
X = A(w)x + Bu(lgdq, 1FrDQG; 9, t) (529)

In (5.29), the mechanical torques t41, ty2, tgs, tg4, t45, the voltage parameters of the infinite
?
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bus V., and o, and the field voltage Vr are constant, because the model is obtained at one

steady-state operating point.

The electromagnetic torque is a function of the currents in the generator stator and rotor,
therefore u is dependent on these currents. Note that B is a constant matrix, obtained by
multiplying the first two matrices in the second row of (5.28). The explicit dependence
of (5.29) on t can be eliminated by using the machine load angle 6(¢) which is given by
§=0—-t—m7/2

The dynamical equations describing the case where any of the thyristors is on are con-
veniently described using the notation in (5.29). For example, if the branch in phase a is

conducting, i, is added to the state variables. The equations then look like the following:

[ 010><1 1
1
A(w)25><25 —C’t“clP(H) 0
X, = [.,x } = 0] | . +
Ltca . 012><1
0110 L' 10 0]Q(f)  Oyxro 0 ]
B .
[leg} u(IOdq71FDQG75)
é Aa (w, e)xa + Bau(iOdqa iFDQG) 5) (530)

where P(#) and Q() are Park’s transformation matrices. The Jacobians of the system
in each region are the A-matrices of the linearized system. They are needed in order to

calculate the state transition matrices. The Jacobian of (5.29) is

0 (Alw) OA du
T = G lAx+ Bl = AW) 4 O O O] +BEE (531
By using (5.28), we have
o |
1rDQG
A M
Z—X = v (5.32)
w
MVth,Odq
L 012><1
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and
[ ) O1x3] [—V3Viocos(d — o) i
O7x7 O7x16 —L7'| 1 —V3Veo sin(6 — 0rse) | 071
0343 0
ou '
= O10x7 Oio0x16 O10x1 Ow0x1| (5.33)
X
1 Oty
_ZWBHa_g 01><16 | 01><7 01><1
| O7x7 O7x16 O7x1 07x1 |
where Ot,./0i is
Oge o [y e O e Ot Oty Oty (5,30
Bi i 8, 0Bir Oip dig O '

The relation for the electromagnetic torque in terms of the machine currents is given in

(B.33). So each of the terms in (5.34) is available.

The Jacobian for the interval with a thyristor in phase a conducting is

0A, O0A, ou
Ja = Aa(w7 0) + I:OQGX” —5Jxa 026)(5 '—aTXa 026><2 + Ba Ix (535)
with
r . B I 010><1 )
N { foa ] 1
'FboG —G{J% 0| iLtea
3Aax _ Mv¢ odq 8A“x B 0
ow ~ o0~ 0121
MVth,Odq vo
. dQ tcO
013><1 J _Ltc [1 0 O]W VCted
L UCtcq ] |
(5.36)

The matrix du/9x, is similar to (5.33) with a row and a column of zeros added in the end.

With the Jacobians at hand, the next step is to find the periodic cycle of the circuit, so
that the state transition matrices be computed on the orbit. For this purpose, a load flow

solution is used to approximate the periodic orbit.

In the case studies of this section, the linear model is computed for two different sets of

series compensation parameters, and the eigenvalues are examined to see if they portray the

stability of the system.
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Note that since the obtained model is discrete, the stability of an eigenvalue is determined
by its position in the z-plane relative to the unit circle. However, since it is convenient to
identify the subsynchronous modes by their frequencies, the eigenvalue results are presented
both in discrete and continuous domains, where the continuous eigenvalues are obtained with

the procedure explained next.

5.3.1 Conversion of Eigenvalues from Discrete to Continuous

In a TCSC compensated system, continuous and discrete dynamics are both present, and
interact with each other. The discrete events are the firing instants of the thyristors which

affect and are affected by the continuous states of the system.

The model we have derived is a sampled-data model with a fixed time step, during which
one discrete event (firing instant) occurs. The A-matrix of this model corresponds to the
matrix F in (2.23). The model is internally stable if all its eigenvalues are inside the unit

circle.

Suppose the matrix A., in (2.23) has an eigenvalue A\, = a, + jb.. Then, the matrix F
has an eigenvalue \g = e(®+7%)T If )\, is multiplied by its complex conjugate, A; 2, the
resultant number is e?*T. Therefore, the real part or the damping of the corresponding

continuous-time eigenvalue is determined by

1 v
A, = ﬁ ln()\d/\d) ) (537)

The continuous-time frequency is not determined uniquely by the discrete-time eigen-
value. In fact, the entire frequency domain of —oo < f < oo Hz is mapped into — fy, < f <

fny Hz, where fy, is the Nyquist frequency fn, = 1/(27) Hz. Notice that

elaetibe)l — 0T o5 b T + je®T sin b, T 2 aq + jbg (5.38)

By calculating arctan(bs/aq4) and adjusting the arc such that —m < 5.7 < 7, then the

value of b, is obtained in —wy, < b, < wy.

2Since Z is used to indicate the steady-state value of a variable z, to avoid confusion, the complex
conjugate is denoted by Z.
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With a small enough time step, the subsynchronous modes are represented without alias-
ing, however there is a possibility that a mode with a frequency higher than the Nyquist
becomes aliased into the subsynchronous region. Since the frequencies of the mechanical
modes of the isolated shaft assembly, given in Table 3.1, do not change considerably when
the shaft is incorporated into the electromechanical system, it is relatively easy to distinguish

the real subsynchronous modes in the set of eigenvalues obtained by the above conversion.

Note that the frequency response of the discretized system is generally different from the
original system. For simplicity assume that the original system is completely continuous.
There are several methods available to discretize this system in order to obtain discrete-time
models. They are based either on numerical integration methods or, like here, on the state
space method. The particular method used for discretization and the sampling frequency
affect the dynamic characteristics of the resulting system [55]. For frequencies well below
the Nyquist frequency, the response of the discrete system is a good approximation of the

continuous system. The following example illustrates this point.
Example

Suppose a continuous linear time-invariant scalar system is given as
& = Az(t) + bu(t) (5.39)

The transfer function of this system is

H(s) = (5.40)

To discretize (5.39), we solve the differential equation for z(nAt) given the initial condi-
tion z(nAt — At).
nAt
z(nAt) = ea(nAt — At) + / A by (n)dn (5.41)
nAt—-At

Assuming the input to be u(nAt — At) in the time span nAt — At <t < nAt, the input

comes out of the integral, and the following discrete system results

z(n) = Fz(n—1) 4+ gu(n — 1) (5.42)
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where

F = et (5.43a)
g= —%(e*mt —1) (5.43b)

Hy(z) = (5.44)

To compare the frequency response of (5.40) and (5.44), take A = —0.1, and b = 0.1,
and At = 1/360 s. We plot the ratio of the continuous transfer function for s = jw, to the

the discrete transfer function for z = €/“4! in Fig. 5.3.

100

|Hc/Hq| [pu]
£H./Hy [deg]

0‘60 éO 4‘0 6‘0 8‘0 1 60 1 éO 1:10 1 éo 180 OO 2‘0 4‘0 5‘0 8‘0 1 (I)O 1 éO 14.10 1é0 180
frequency [Hz] frequency [Hz]
(a) (b)

Figure 5.3: Comparison of the continuous and discrete transfer functions

Fig. 5.3(a) shows that at very small frequencies, the magnitude ratio is close to unity. As
the frequency increases, the difference in the magnitude of the original continuous system
and that of the discretized one increases. Since the time step is 1/360 s, the Nyquist fre-
quency is 180 Hz. For this particular example, the magnitude of discrete transfer function
for frequencies below 60 Hz, is less than 5% different from the corresponding continuous

magnitude.



5.3. Linearization of the IEEE First SSR Benchmark Model with TCSC 88

The phase of the discrete system increases linearly with frequency with respect to the

continuous system phase as shown in Fig. 5.3(b).

5.3.2 Case Study 1

In this case the value of the fixed capacitor and the thyristor controlled capacitor are chosen
as given in the appendix B.1. The total capacitive reactance is 0.371 pu when the thyristor
valves are blocked. The dominant unstable mode under the blocked mode is TM2 with fre-
quency 20.21 Hz. TCSC is set to work with 164° corresponding to a steady-state conduction
angle of 32°.

Casel: Load Flow

With X¢ie = 0.25 pu, k = 3 and 8 = (7/180)(180° — 164°) rad, the fundamental reactance
of TCSC, calculated from (2.13), is equal to 0.2785 pu Therefore the nominal degree of
compensation of the line [9] is

A Xe+ Xrese 0.121 4+ 0.2785
Knom = = =799 5.45
Xlline 0.50 % ( )

The terminal characteristics are given as P, = 0.9 pu, V; = 1.0 pu and PF = 0.9. Using

the terminal voltage as the reference phasor® we will have

V,=104£00 pu (5.46)
P
I,= ——-—/ cos ' PF=1.0/4 —2584° 4
V. PF cos 0 5.84° pu (5.47)
Z =0.02 +j(X1tot — XC — XTCSC) =0.02 + _]03005 pu (548)
Vea=V,—ZI,=0.8903 £ —17.094° pu (5.49)

V wa is the phasor of the infinite bus voltage (see Fig. B.1). Xj,,, = 0.7 pu is the total
positive-sequence reactance of the line, the transformer, and the infinite bus. Z is the total
series impedance, including the compensation. The machine torque angle §, as indicated in
Fig. 5.4, is obtained by finding the angle of the phasor E,, which is along the same direction
as the internal EMF E, [60].

3If V =V /8, then v(t) = 2V cos(wst + 6).
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d axis

q axis

Figure 5.4: Location of the ¢ axis from a known terminal current and voltage

Ep=Va+ R, + 35X, I, = 23270 Z 41.4046° pu (5.50)

E,= Eg +j(X4— X,)I4 = 2.40075 £ 41.4046° pu (5.51)

X4 and X, are the d-axis and g¢-axis synchronous reactances. Their values in pu are equal
to Ly and L, respectively given in Table B.1. Having determined E,, we proceed to find
the field current and voltage

V3E,

 Xap
Vp = Rplp = 0.00352 pu (5.53)

Ir = 2.505 pu (5.52)

In the simulations, the time when the current in phase a crosses zero downwards has been
chosen as the initial time. Therefore, the angles calculated above need to be adjusted ac-
cordingly. The initial mechanical angles are then easily calculated. The initial state variable
values are listed in Table 5.1, where the electrical variables on the stator side are given in

the dg rotor reference frame, using the Park transformation (3.35).

The load flow results are used to construct the limit cycle of the system. In this cycle, all
the electrical variables except for the TCSC voltages are constant. The fact that most of the

harmonics produced by the TCSC do not enter the line supports the assumption of sinusoidal
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Table 5.1: Initial state variable values used for simulation

Elec. [pu] Mech. [pu]

10 . 0.0 w1 1.0

14 —1.5697258 Wy 1.0

i; | 0.669900 | ws 1.0

g 2.504958 Wy 1.0

iD 0.0 W 1.0

i 0.0 ws 1.0

io 0.0 6, | —1.871256
Vo 0.0 2 —1.882234
veqg | —0.081058 03 —1.895517
veq | —0.193268 04 —1.935119

Vg —0.018423 7 —1.967920
VUotea | —0.187629 fs —1.973194
Veteq | —0.447367

line currents. For the TCSC voltages the relations presented in Section 2.4 are used to build
the time response of veicq, Veteh, and vegee, and then by applying the Park transformation
on them, the waveforms for vcico, Ycted, and veye, are obtained. The mechanical speeds are
all constant. The rotor positions change linearly with time, for example the waveform of 6;

becomes 6, (t) =t + 6,(0) rad.

Casel: Linear System Parameters

The A, and b, matrices for a time span including a negative pulse, and A, and b, matrices
for a time span including a positive pulse, are obtained by following the procedure outlined
above. Fig.5.5 shows the b vector elements for the first 13 variables in (5.27). The elements

for the rest of the variables are very small and negligible.

The 11th element pertains to the zero sequence component of the TCSC voltage, veico-
This is the only significant zero-sequence component; the elements for i3 and vge (1 and
8) are very small. Since the equations for 79 and vgg are independent from the rest of the
equations, they can be omitted, without concern, to reduce the size of the state space to

23. The condition number [63] for the reduced-order system is decreased several orders of

magnitude as compared to the full-order system. This is because the zero-sequence variables
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Figure 5.5: The b vector coefficients for the positive and negative pulses

are weakly controllable. The impact of the zero-sequence voltage of the TCSC is studied
more carefully before its omission, since it is not entirely decoupled from the rest of the

variables. This is considered in the eigenvalue analysis in the next section.
Casel: Eigenvalue Analysis

According to Theorem 1 in Section 2.5, if we want to study the stability of the time-periodic
system, we need to find either the matrix A, or the matrix F. Since the TCSC compensated
system returns to its original state after 1/60 s , the advance map that transfers a disturbance

through this time is

F=AAAAAA, = (AA)° (5.54)

Notice that the three-phase symmetry helps reduce the time step to one-third of the main
period or 1/180 s. This is evident from (5.54) because multiplying a matrix by itself does
not change its stability properties. If A, A, has an eigenvalue inside the unit circle, (A,A,)?

has a corresponding eigenvalue inside the unit circle and vice versa.

Furthermore, the only difference between the elements of A, and A, happens in the

rows and columns pertaining to the zero sequence variables, iy, Vg, and vey. Eliminating
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these rows and columns from A, and A,, results in the same reduced-order matrix which

we denote by A. The discretization time step for A is one-sixth of the main period.

The eigenvalues of A, A, and the eigenvalues of A are listed in Table 5.2 and Table 5.3,

respectively.

Table 5.2: Case 1: Eigenvalues of A, A, T' = 27/3 [puy]

Discrete Eigenvalue Absolute Value Continuous Eigenvalue Frequency [Hz]
—0.48013313 4= 70.20194118 |  0.52087240 —0.31142652 £ 51.30990553 | 78.59433170
—0.23593926 + 70.33156072 | 0.40693961 —0.42928408 £ 71.04529775 | 62.71786472
—0.08563509 + 70.99632559 |  0.99999902 —0.00000047 £ 70.79093792 | 47.45627536

0.04260674 £ j0.53793211 0.53961680 —0.29454615 £ 70.71226133 | 42.73567994
0.42883831 £ 70.90393112 1.00049676 0.00023712 £ 50.53849704 32.30982244
0.62756285 £ j0.77883923 1.00021282 0.00010160 £ 50.42616070 25.56964182
0.76068177 £ j0.64826641 0.99944289 ~0.00026608 £ 70.33698518 | 20.21911059
0.85183065 + j0.52475363 1.00049079 0.00023428 + 70.26361946 15.81716734
0.99801154 £ j0.06081952 0.99986302 —0.00006541 =+ 50.02906110 1.74366598
0.81911446 + j0.00000000 0.81911446 —0.09526925 -+ 70.00000000 0.00000000
0.89282838 + 70.00000000 0.89282838 —0.05412584 + 50.00000000 0.00000000
0.97624711 + 70.00000000 0.97624711 —0.01147803 + 70.00000000 0.00000000
0.99749027 -+ 50.00000000 0.99749027 --0.00119981 + 70.00000000 0.00000000
0.99761641 + 70.00000000 0.99761641 —0.00113944 + 50.00000000 0.00000000
0.65383177 + 70.00000000 0.65383177 —0.20287728 + 70.00000000 0.00000000
0.00000000 + 70.00000000 0.00000000 —17.03649054 + 70.00000000 |  0.00000000

In both tables there are eigenvalues that have very close frequencies to those in Table 3.1.
Therefore, these modes are the subsynchronous modes of oscillation. The tables suggest the
existence of unstable modes at 32.30 Hz, 25.56 Hz and 15.82 Hz, because the corresponding

eigenvalues lie outside the unit circle.

In Table 5.2 the undampings of the 32.30 Hz and 15.82 Hz are very close and larger than
the undamping of 25.56 Hz mode. The undamping of 32.30 Hz is slightly more than that of
15.82 Hz. In Table 5.3 the dominant pole is the 15.82 Hz.

Fig. 5.6 is the shaft torque of the generator-exciter when TCSC is blocked. A small

disturbance is introduced in the field current to initiate the subsynchronous interaction.

The unstable mode is TM2. Fig. 5.7 shows the torque on the generator-exciter shaft for
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Table 5.3: Case 1: Eigenvalues of A (no zero-sequence variables), T = 7 /3 [pu]

Discrete Eigenvalue Absolute Value Continuous Eigenvalue Frequency [Hz]
—0.07219212 + j0.81497168 | 0.81816290 —0.19164847 = j1.58436971 | 95.06218279
0.44549746 + j0.67965550 0.81264973 —0.19810503 & 70.94593575 | 56.75614481
0.67615231 +£ 70.73676119 0.99999950 —0.00000048 £ 70.79093793 | 47.45627581
0.84545001 + 50.53447024 1.00022205 0.00021202 + 50.53833247 | 32.29994820
0.90229163 + 70.43158311 1.00019707 0.00018817 £ 70.42604450 25.56266971
0.93816944 + j0.34551758 0.99977213 —0.00021763 & 70.33697004 | 20.21820249
0.73338012 + j0.21818583 0.76514800 —0.25562130 £ 70.27613530 | 16.56811773
0.96296059 & 70.27296636 1.00090146 0.00086044 £ 70.26377030 15.82621774
0.99918502 + j0.03423854 0.99977146 —0.00021826 & j0.03270927 | 1.96255627
0.90888102 + j0.00000000 0.90888102 -0.09123502 + 50.00000000 |  0.00000000
0.94486812 + 70.00000000 0.94486812 —0.05415399 + ;0.00000000 |  0.00000000
0.98861336 + 50.00000000 0.98861336 ~0.01093582 + 50.00000000 ;  0.00000000
0.99892704 + 50.00000000 0.99892704 —0.00102515 + 50.00000000 |  0.00000000

the first 5 s when TCSC is set to work with 164° with firing synchronized with the line
current. The same disturbance is applied to the field current, although since the TCSC is
instantaneously unbalanced, the oscillations start even without additional disturbance. The
simulation confirms that in this case TM1 is the dominant unstable mode. The result is
also in general agreement with [27] where the dominant unstable mode is TM1, when the

compensation level is about 70%?*.

Next we see what happens if we keep the compensation level constant, and change the
firing angle of the TCSC. Fig. 5.8 shows how the eigenvalues move as the conduction angle,
o is increased from 0 to 40°. This is equivalent to decreasing the firing angle from 180° to
160°. The reduced-order matrix without the zero-sequence variables is used for the plot. -

The arrows show the direction of increasing conduction angle.

As is evident from the figure, increasing the conduction angle shifts the eigenvalues further
into the unit circle. The eigenvalues of the mechanical modes are located very close to the
unit circle and their movement is not seen in Fig. 5.8. Let us zoom into the location of these
eigenvalues. Fig. 5.9 shows the pattern of movement of the eigenvalues of the mechanical

modes. TMO is the rigid body mode. The undamping of TM1, TM2, TM3 and TM4 initially

%It is not clear if the compensation level in [27] is calculated by (5.45).
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Figure 5.6: Generator-exciter torque, TCSC blocked, Dominant unstable mode TM2
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Figure 5.7: Generator-exciter torque, o = 164°, dominant unstable mode TM1

increases, then these modes start moving towards the unit circle.

5.3.3 Case Study 2

In this case the total compensation level is set to 55.4% both in the blocked mode and
when the TCSC is operating with o = 164°. In the blocked mode, that is with fixed
series compensation, TM3 with 25.55 Hz is the dominant unstable mode. This is evident

from Fig. 5.10 where the speed response of the high-pressure turbine is shown to a small

disturbance in the field current.
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Imag())
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Figure 5.8: Movement of the eigenvalues of A in the z-plane with ¢

To get the same compensation level when TCSC is set to work with a = 164°, the

parameters of the series compensation are chosen as X¢ = 0.180 pu, X = 0.08505 pu, and

k=T

The eigenvalues of the discretized model with and without the zero sequence variables
are listed in Tables 5.4 and 5.5, respectively. The eigenvalues of A, A, suggest instability
at modes 32.27 Hz, 25.59 Hz and 15.88 Hz, with 32.27 Hz or TM4 being the dominant one.
On the other hand, the eigenvalues of A in Table 5.5, while showing instability in the same
modes, suggest the dominant mode to be TM3.

Fig. 5.11 shows the speed of the high-pressure turbine. The dominant unstable mode is

TM3, which is consistent with the reduced-order model.
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Figure 5.10: High-pressure turbine speed, TCSC blocked, Dominant unstable mode TM3

5.4 Conclusion

A linear discrete state space model for a TCSC compensated system is derived. The model

is basically the linearized advance map or Poincaré map of the whole system.
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Table 5.4: Case 2: Eigenvalues of A,A,, T = 27/3 [pu]

Discrete Eigenvalue Absolute Value Continuous Eigenvalue .| Frequency [Hz]
—0.82753894 &+ 70.03000533 0.82808274 —0.09007002 £ 71.48269542 88.96172504
—0.15248584 + 70.26619720 |  0.30677822 —0.56418686 + 70.99837826 | 59.90269550
—0.08563504 == 70.99632552 0.99999895 —0.00000050 £ 70.79093790 47.45627407

0.43065530 £ 70.90446907 1.00176259 0.00084083 £ 70.53782450 32.26947021
0.44512583 £ 70.69818451 0.82800883 —0.09011264 £ 50.47900460 28.74027586
0.62769255 = 70.78023161 1.00137870 0.00065783 % 70.42652909 25.59174536
0.76058602 £ 70.64851702 0.99953260 —0.00022322 £ 70.33710596 20.22635747
0.850756216 + 70.52682684 1.00066266 0.00031629 £ 70.26473161 15.88389634
0.09535442 £ 70.06919809 0.99775688 —0.00107221 £ 70.03314054 1.98843230
0.89301021 + 70.00000000 0.89301021 —0.05402861 + 70.00000000 0.00000000
0.99626227 + 70.00000000 0.99626227 —0.00178798 + 70.00000000 0.00000000
0.98009184 -+ 70.00000000 0.98009184 —0.00960134 + 50.00000000 0.00000000
0.99853667 + 70.00000000 0.99853667 —0.00069920 + 70.00000000 0.00000000
(0.00000000 + 70.00000000 0.00000000 —16.84392458 4 70.00000000 0.00000000
0.20179971 4- 70.00000000 0.20179971 —0.76417273 + 70.00000000 0.00000000
0.83222021 + 70.00000000 0.83222021 —0.08769033 + 50.00000000 0.00000000
Table 5.5: Case 2: Eigenvalues of A (no zero-sequence variables), T = 7 /3 [pu]

Discrete Eigenvalue Absolute Value Continuous Eigenvalue Frequency [Hz]
—0.02562151 + 50.93351122 0.93386276 —0.06534181 + 71.52620280 | 91.57216773
0.39248558 + 70.60039444 0.71729939 —0.31728681 % 70.94711396 | 56.82683748
0.67615232 £ 50.73676115 0.99999948 —0.00000050 £ 70.79093790 | 47.45627420
0.84620693 £ 50.53418856 1.00071154 0.00067922 £ j0.53771931 32.26315875
0.81683493 + 70.42598168 0.92123813 —0.07833929 £ j0.45903609 | 27.54216546
0.90270880 = j0.43233805 1.00089928 0.00085836 + j0.42652251 25.59135088
0.93811596 £ 70.34567407 0.99977603 —0.00021390 + 50.33712796 | 20.22767736
0.96209553 £ 50.27392794 1.00033210 0.00031708 £ 50.26487865 15.89271904
0.99821796 £ 50.03499962 0.99883135 —0.00111663 £ j0.03346813 | 2.00808785
0.94498909 + 70.00000000 0.94498909 —0.05403173 + 70.00000000 |  0.00000000
0.99927142 + 50.00000000 0.99927142 —0.00069600 + 50.00000000 |  0.00000000
0.99000570 + 70.00000000 0.99000570 —0.00959187 + 50.00000000 |  0.00000000
0.91237852 + 70.00000000 0.91237852 —0.08756737 + 70.00000000 0.00000000

The eigenvalues of the linear model are able to predict the stability of the subsynchronous

modes. With the zero sequence variables omitted, the eigenvalue results are better able

to predict the dominant unstable mode. This is confirmed by comparison with detailed
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Figure 5.11: High-pressure turbine speed, o = 164°, Dominant unstable mode TM3

nonlinear transient simulation. One possible reason is that in obtaining the linear system

parameters, an approximate orbit has been used.

The model also takes into account the variations of the firing instants. Therefore it can be
used to make small changes in the firing angles to increase the damping of the subsynchronous
modes. This is the subject of the next chapter, where the model is used to adjust the gains

of a feedback controller for damping subsynchronous oscillations.




Chapter 6

SSR Damping Controller for TCSC

The SSR mitigation property of the thyristor controlled series capacitor in open-loop
operation has two reasons behind it:
1. Detuning: The reactance of TCSC, similar to that of a tuned LC filter, can become inductive
at low frequencies. '

2. Passive damping: Although TCSC does not have large resistive components, it can appear
to be resistive at a subsynchronous frequency. This is due to a regenerative behaviour, which
occurs at the switching frequency, resulting in a drain of energy out of the subsynchronous
modes [64](see Chapter 4).

However, both of the above characteristics are subject to change, depending on the firing
policy. In particular, TCSC shows a capacitive-resistive behaviour throughout the subsyn-
chronous region when the firing is synchronized with the line current[62, 64]. Also, there is
no guarantee that the virtual resistance provided by the TCSC is large enough to neutralize
the negative damping of a subsynchronous mode. This was observed in the examples of the
last chapter on the IEEE First Subsynchronous Resonance Benchmark Model, where the
TCSC with open-loop firing was able to reduce the undamping and change the frequency of

the dominant unstable mode, but the problem was not totally solved.

So, in order to make sure that the subsynchronous modes are well damped, a closed-loop
control is necessary. The linear discrete model developed for a TCSC compensated system

in the last chapter, given by (5.16) and (5.17), advances the system states to one-sixth of

99



6.1. Controller Design 100

the main period forward in time. Since dependence of the small signal variation of the state
at the end of the time step is expressed not only in terms of the variation of the state at the
beginning of the time step, but also in terms of the variation of the firing angle, the model

can be used to adjust the gains of a feedback stabilizing controller.

In this chapter, a controller is designed to vary the firing angles near a steady-state
value to add damping to subsynchronous modes in the First SSR Benchmark Model. The
performance of two different discretization time steps are compared. In the end, a comparison

is provided with other research work that has been done in this area.

6.1 Controller Design

The first case study of the previous chapter, where TM1 is the dominant unstable mode,
is considered here for the design of a closed-loop firing scheme. Pole placement with state

feedback is the design method.

A simplified block diagram of the closed-loop system is shown in Fig. 6.1.

Plant

A¢ AvGen,dq Aw, Aﬁ
- -|--»] TCSC+ T Turbo [ T[T 77 |
| Transmission : Generator - + - | - - 4 :
] r > el | I Ai(]q ) ;
! ! I | | ! ]
i L - - = = + i 1 |
| | | | |
' : | (o
i L o - ) | |
I I 1| .
| | : I |
' Axs. | P
| S X |
o k A Kalman [g ~'_ _i :

i - -~ ==-- Observer e — — — — 4

AXK[

Figure 6.1: Simplified block diagram of the closed-loop system

The area enclosed in the rectangle, the “plant”, is the system we have linearized and
discretized in the last chapter. Inside the plant the turbo-generator is identified from the

TCSC and transmission system in order to show the input to the Kalman observer which



6.1. Controller Design 101

exclusively observes the turbo-generator states. The output of the Kalman observer is termed
Axy. The vector of small signal changes in the fixed and the thyristor controlled capacitor
voltages is denoted by Axg,s = [Avca Avey Avctea AVcieg)'. The change in the firing
angle effected by the controller is A¢. The line currents and the generator terminal voltages
in the d and ¢ axes are denoted by Aiy, and Avgep qq, respectively. Finally, A and Aw are

the generator rotor angle and speed.

To adjust the feedback gain vector k the reduced-order model with 22 states is used.
This model generally results in smaller gains for the controller compared with the model

where the zero sequence variables are retained.

Table 6.1 lists the eigenvalues before and after the controller is added. The open-loop
eigenvalues are the same as those in Table 5.3. The eigenvalues with absolute values greater
than 1 or very close to the unit circle are shifted radially inside the unit circle, with the rest

of the eigenvalues unchanged. The feedback gain vector is given in (6.1).

k=] —0.58 —0.424 -0.543 —0.553 —0.351 —0.352
0.114 -0.078 0.193  0.093
—9.270 13.246 —16.196 15.716 14.606 —0.661
0.452 0.596 3.884 2615 —8.751 0.944]

(6.1)

Table 6.2 shows the corresponding continuous-time modal dampings and frequencies of
the open-loop and closed-loop systems. The conversion explained in Section 5.3.1 is used to
obtain the continuous-time counterparts of the discrete eigenvalues. The modal dampings
are the real parts of the continuous eigenvalues multiplied by wp = 2760 rad/s. This is

because in the state space model, time is in per unit based on tp = 1/wp s.

For this example, it is assumed that the states Aig, Ay, Aved, Aveq, AVcicd; AVcteq,
Aw, Af are directly measured. The discrete Kalman estimator is designed for the generator
separately, taking the terminal voltages of the generator, Avgeng and Avgenq as the inputs,
and Aig, Atg, Aw and Af as the outputs as shown in Fig. 6.1. The remaining states, that
is the four rotor currents, the speeds and the angles of the other rotors are estimated. The
input and measurement noise covariances in the description of the Kalman filter, Q. and

R, (see Section 2.7.1), are used as design parameters. They are both set to unity.
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Table 6.1: Shifting the discrete eigenvalues by feedback

mode Eigenvalues of Absolute Eigenvalues of Absolute
A value A - bk Value
1,2 | —0.07219212 £ j0.81497168 | 0.81816290 || —0.07219212 + ;j0.81497168 | 0.81816290
3,4 0.44549746 + j0.67965550 | 0.81264973 || 0.44549746 + j0.67965550 | 0.81264973
5,6 0.67615231 £ j0.73676119 | 0.99999950 || 0.67598359 & j0.73657735 | 0.99974997
7,8 0.84545001 + 70.53447024 | 1.00022205 || 0.84151725 = 50.53198405 | 0.99556934
9,10 | 0.90229163 & j0.43158311 | 1.00019707 || 0.89856564 == j0.42980090 | 0.99606678
11,12 | 0.93816944 £ j0.34551758 | 0.99977213 || 0.93411586 + j0.34402469 | 0.99545237
13,14 | 0.73338012 £ j0.21818583 | 0.76514800 | 0.73338012 % ;j0.21818583 | 0.76514800
15,16 | 0.96296059 & j0.27296636 | 1.00090146 | 0.94491063 + j0.26784982 | 0.98214032
17,18 | 0.99918502 + 50.03423854 | 0.99977146 | 0.99485523 £ 70.03409018 | 0.99543913
19 0.90888102 + j0.00000000 | 0.90888102 || 0.90888102 + j0.00000000 | 0.90888102
.20 0.94486812 + j0.00000000 | 0.94486812 || 0.94486812 + j0.00000000 | 0.94486812
21 0.98861336 + j0.00000000 | 0.98861336 0.98861336 + 50.00000000 | 0.98861336
22 0.99892704 + j0.00000000 | 0.99892704 || 0.99892704 + j0.00000000 | 0.99892704

Table 6.2: Comparison of open and closed loop dampings in continuous domain

mode || Modal Damping | Modal Damping || Frequency [Hz]
(Oben loop) (closed loop)
1,2 —72.24977265 —72.24977265 +95.06218
3,4 —74.68383654 —74.68383654 +56.75614
5,6 —0.00018004 —0.09002162 +47.45628
7,8 0.07992911 —1.59858213 +32.29995
9,10 0.07093759 —1.41875178 +25.56267
11,12 —0.08204403 —1.64088070 1+20.21820
13,14 —96.36696020 —96.36696020 +16.56812
15,16 0.32437953 —6.48759054 +15.82622
17,18 —0.08228342 —1.64566831 +1.96256
19 —34.39479205 —34.39479205 0.00000
20 —20.41557182 —20.41557182 0.00000
21 —0.38647246 —0.38647246 0.00000
22 —4.12270810 —4.12270810 0.00000

Because of the switching action in the circuit, a 360 Hz frequency is present in the

waveforms. The dynamic model derived here does not take this into account. If the estimator

uses the same time step, 1/360 s as the model for the controller, aliasing occurs, and the

360 Hz appears as DC. To avoid this effect for the design of the Kalman filter, a time step of
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1/2400 s is used to be able to capture the 360 Hz component. The output from the Kalman
observer is passed through a notch filter, tuned for 360 Hz, before the variables are fed into
the controller. The notch filter is formed by discretizing the following transfer function

s2+0.55 + 36

Hnoten(s) =~ 55436

(6.2)

Fig. 6.2 shows the Bode diagram of the filter in equation (6.2). The frequency axis is in
Hz, so the frequency of 360 Hz corresponds to 6 pu in equation (6.2).

o

Magnitude [dB]

Phase [deg]

-100

10° 10*

10' 10°

fHZ]
Figure 6.2: Bode diagram of the notch filter
Fig. 6.3 is the detailed block diagram of the nonlinear system, together with the controller
and Kalman estimator. The continuous signals are shown with solid lines. The discrete
signals are shown with broken lines. As mentioned above, the Kalman observer uses a faster

sampling rate. This is indicated in the diagram by using dotted lines for faster signals versus

dashed lines for the slower ones.

In Fig. 6.3, & stands for the steady-state firing angle. v, , Ve, are the steady-state

waveforms of the generator terminal voltage in the d and ¢ axes, respectively. Also

X*Sys = [”Ed ’Uéq UZ’tcd vé’th]t (63)

Yoen = lia 15 w" 0] (6.4)

are the steady-state waveforms of those variables. V54 and v, are the infinite bus voltages.

tq1, 142, tg3 and ty4 are the turbine torques, and v is the field voltage.
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Figure 6.3: Block diagram of the system with the controller and Kalman observer

The variation in the state, Ax is formed by setting the elements of Axg,, and Axg; in

order, corresponding to (5.27) without the zero-sequence variables. A limiter is used after

the gain block, to avoid firing angle deviations larger than 5°.

6.1.1 Simulation Results

The time-domain simulation verifies the results of the eigenvalue analysis. The detailed

non-linear model is used for simulation. A three-phase fault to ground at busbar B (see

Fig. 2.4) is simulated. Fig. 6.4 shows the speed deviation of the exciter rotor for 3 seconds

without the controller. The simulation starts at steady state at the time when the phase

a line current has a positive to negative zero crossing. The fault is applied at ¢ = 1/120 s

(= 7 pu), and the fault clearing process starts 0.075 seconds later, with the circuit breaker

in each phase interrupting the respective current flow in its zero crossing.

Then the controller is activated to make adjustments in the firing delay angles of the
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Figure 6.4: Exciter rotor speed deviation with open loop firing control

TCSC thyristors. The controller generates an output at each line current zero-crossing for
the next immediate firing to follow. For example, the A¢ for the negative pulse in phase b is
determined at the time of positive-to-negative zero-crossing in %,, that for the positive pulse

in phase a at the time of negative-to-positive zero-crossing in ., and so on (see Fig. 5.1).

The steady-state firing angles of the thyristors in each phase are synchronized with the

line current zero-crossings in the same phase.

Fig. 6.5 shows that the 15.82 Hz mode is well damped even after a major disturbance.

Note that the scale of Fig. 6.5 is different from that of Fig. 6.4.

Fig. 6.6 shows the variations of the firing angle about the steady-state value of 164° with
the controller in action. The time domain simulations are conducted using MATLAB® ODE

solvers for stiff problems.

There is a small 360 Hz component present in the waveforms at steady-state conditions,

as shown for Ai,; in Fig. 6.7. This unmodelled dynamic behaviour is quite insignificant.

However, it may get amplified through feedback gain, so a designer should be aware of it.
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Figure 6.6: Control of the firing angle
6.1.2 Eigenvalue Sensitivity Analysis

The simulations in the previous section show that the controller is able to stabilize the system

in the face of a major disturbance. Therefore, the approximations made in order to arrive at
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Figure 6.7: Variations of 74 during steady state

the linear model, namely using the ideal steady-state waveforms instead of the exact periodic

orbit, and omitting the zero-sequence variables, are valid.

The participation matriz [65] is a measure of the sensitivity of the eigenvalues to the
elements of the state matrix. In order to define this matrix, the concepts of right and
left eigenvectors are needed. A discussion on these eigenvectors and the derivation of the
participation matrix is provided in Appendix D. An advantage of the participation matrix

is that it is independent of the scaling and units associated with the state variables.

The magnitudes of the participation factors of the state matrix of our case study related
to the subsynchronous modes are listed in Table 6.3.
As an example, the value listed under TM4 and 44, that is 2.0798¢ — 3, means

o

aan

0As

8a11

= 0.0020798 (6.5)

where A7 and \g are the eigenvalues associated with the mode TM4, and a,; is the element

in the first row and first column of A.

From the numbers in the table, it is apparent that the subsynchronous eigenvalues are
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Table 6.3: Participation factors related to subsynchronous modes

™1 T™2 T™M3 T™M4 T™M5
iq 1.8548e — 2 | 6.8422¢ — 4 | 1.3507e — 3 | 2.0798e — 3 | 3.6009¢e — 7
iq 1.2656e — 2 | 9.3998e — 4 | 2.3662e — 3 | 2.3617e — 3 | 2.9709¢ — 7
ip || 4.0454e — 3 [ 1.1970e — 4 | 2.0466e — 4 | 2.6758e — 4 | 3.6242¢ — 8
ip || 1.5918e — 2 | 5.9032¢ — 4 | 1.158% — 3 | 1.7893e — 3 | 3.1044e — 7
1g | 7.2925e¢ — 3 | 5.3163e¢ — 4 | 1.3096e — 3 | 1.277%9¢ — 3 | 1.5905¢ — 7
ig | 2.2042¢ — 3 | 1.5838¢ — 4 | 3.8691e — 4 | 3.7557e — 4 | 4.6528e — 8
vcq || 6.4686e — 4 | 5.7808e — 5 | 1.8051e —4 | 2.3967e —4 | 7.7231e — 8
VUgq || 2.8277e —4 | 2.1546e — 5 | 5.6273e — 5 | 6.4553e — 5 | 2.2283¢ — 8
VUGted || 9-2276e — 4| 9.9458e — 5 | 3.4867¢ — 4 | 4.6529¢ — 4 | 7.3105e — 8
UGteq || 1.3786e — 3 | 1.3296e — 4 | 4.1813e — 4 | 5.0786e — 4 | 7.9242¢ — 8
wy || 7.4008e¢ —2 | 1.4995e — 2 | 2.4309¢ — 1 | 2.2754e — 2 | 1.2821e — 1
wy | 6.9269¢ — 2 | 8.6823e — 3 | 4.7444e — 2 | 1.0158¢ — 4 | 3.4634e — 1
wz || 1.2848e — 1 | 2.5653e — 3 | 1.1963e — 1 | 7.1366e — 2 | 2.4527e — 2
wy || 1.6416e — 2 | 1.8445e — 2 | 2.0297e — 2 | 2.9212e — 1 | 8.7749¢ — 4
w 1.6148e¢ — 1 | 1.6144e — 2 | 6.3354e — 2 | 1.116%e¢ — 1 | 3.8572e — 5
ws || 4.8014e — 2 | 4.3898e — 1 | 5.7404e — 3 | 1.6176e — 3 | 6.8237¢ — 8
0 7.4009e — 2 | 1.4995¢ — 2 | 2.4309¢ — 1 | 2.2754e — 2 | 1.2821le — 1
6o 6.9269¢ — 2 | 8.6823e — 3 | 4.7444e — 2 | 1.0158e — 4 | 3.4634e — 1
05 1.2848e — 1 | 2.5654e — 3 | 1.1963e — 1 | 7.1366e — 2 | 2.4527e — 2
04 1.6416e — 2 | 1.8445e — 2 | 2.0297e — 2 | 2.9212e¢ — 1 | 8.7749¢ — 4
0 1.6378e — 1 | 1.6344e — 2 | 6.3936e — 2 | 1.1235e — 1 | 3.8643e¢ — 5
0s | 4.8015e — 2 | 4.3898¢ — 1 | 5.7404e — 3 | 1.6176e — 3 | 6.8237¢ — 8

more sensitive to the rotor speeds and angles. This is expected because these modes are
primarily related to the mechanical subsystem. Specifically, TM5 is very insensitive to the

electrical states.

Note that the participation matrix gives the sensitivity of the eigenvalues with respect
to the diagonal elements of A. The sensitivity to the off-diagonal elements are also readily

available using the right and left eigenvectors as explained in Appendix D.
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6.2 Performance Comparison of Two Sampling Rates

The controller described in the previous section updates its output six times in one cycle of
60 Hz. Here we want to compare the performance of two different sampling rates. That is, we
would like to see how the dampings of the subsynchronous modes are affected if the control
action updates twice in one main period instead of 6 times. This means in one discretization

time step 3 current pulses are included, and the same control action, A¢ is applied to them.

In order to obtain the linear model with the new sampling rate, notice that it contains
three time spans of the model with the smaller time step, T = 7/3 pu. Let us denote these
time spans by [0 7/3], [v/3 27/3], and [27/3 =]. Using the model derived for T' = 7/3 pu,

the small signal change at the end of each of the time segments is

Ax(m) = AAX(2—37E) +bA¢ (6.6)
Ax(%”) = AAX(3) +bA¢ (6.7)
Ax(g) = AAx(0) + bAg (6.8)

In writing (6.6)-(6.8), the same firing angle change has been applied to the pulses. Com-
bining the above three yields the linear model that advances the system state to half a period

later

Ax(r) = A3Ax(0) + [A’b + Ab + b]A¢
2 A3Ax(0) + bsAd (6.9)

To have a common base for comparison, we keep the same gains used for the damping
controller with T = /3 pu. Therefore, the closed-loop system in this case becomes A3 —
[A%b + Ab + blk. Let us compare the eigenvalues of this matrix with the eigenvalues of
A — bk which is the closed loop system with sampling rate of /3 pu. These are given
in Table 6.4 and Table 6.5, respectively. Only the subsynchronous modes are listed in the
tables.

The eigenvalues of the system with larger time step are slightly less damped. Fig. 6.8
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Table 6.4: Eigenvalues of A — bk , T = 7/3 [pu]

Discrete Eigenvalue Absolute Value || Modal Damping | Frequency [Hz]
0.67598359 £ j0.73657735 0.99974997 —0.09002162 47.4563
0.84151725 £ 50.53198405 0.99556934 —1.59858213 32.2999
0.89856564 £ 50.42980090 0.99606678 —1.41875178 25.5627
0.93411586 £ 70.34402469 0.99545237 —1.64088070 20.2182
0.94491063 £+ j0.26784982 0.98214032 —6.48759054 15.8262
0.99485523 £ 70.03409018 0.99543913 —1.64566831 1.9626

Table 6.5: Eigenvalues of A3 — b3k , T =7 [pu]

Discrete Eigenvalue Absolute Value | Modal Damping | Frequency [Hz]
—0.79193606 + 70.60993025 0.99958873 —0.04936226 47.4658
—0.12655312 + 50.98110893 0.98923729 —1.29852530 32.4500

0.22232705 + 70.96403749 0.98934200 —1.28582414 25.6712
0.47932453 £ 70.86232066 0.98658447 —1.62075920 20.3108
0.63104641 £ 70.71034983 0.95016653 —6.13416142 16.1278
0.98106716 + 70.10161014 0.98631506 —1.65353294 1.9710

shows the damping of the TM1 mode with two different sampling rates. The transient

simulation confirms that the damping is less in case of slower control update.

It must be noted that this comparison shows the general trend with different sampling
rates. If the control parameters are optimized by repeating the design cycle for each of the

models, the controller performance can be improved in each case.

6.3 Comparison with Other Research Work

The work contained here, as in the case of [27, 32], is based on the Poincaré mapping

techniques, elaborated in [21, 45, 51], and particularly relevant to this work, in [35].

References [27, 32] have derived stand-alone continuous LTT models for the TCSC itself.
They first linearize the advance map of a single-phase TCSC by taking a time step equal to
T = 7 pu. This is shown in Appendix A. Then, the maps for the three phases are stacked

together, and converted to the dg reference frame. Finally, the equations are converted from
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Figure 6.8: Damping of TM1 mode with (a) T = /3 [pu] and (b) T = 7 [pu]

discrete to continuous.

In the last section the damping of the subsynchronous modes with the sampling step of
T = 7 were found to be slightly less than the dampings obtained by 7" = 7 /3 pu. However, in
[27, 32], the line currents are assumed to be the forcing functions and, therefore, independent
quantities. This approach ignores the loading effect of the TCSC on the line currents, which
has an adverse effect on the damping of éubsynchrdnous oscillations. The models haven’t
been used to design damping controllers, and therefore, a rigorous comparison cannot be

made.

Reference [66] develops a discrete model for a TCSC compensated transmission system
by assuming the generator terminal voltages to be constant. Again, the model is not used

for damping controller design.

Our development yields a discrete state space model for a TCSC compensated system,
where the line currents are among the state variables. The model also includes the turbo-

generator dynamics without the assumption of constant terminal voltages.

Furthermore, similar to [27, 32, 66] but more general, the dependence of small signal

variations of the state variables on the deviation of the firing angles is taken into account.
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Our model is basically an extension of the model developed in [35]. That model is
geared towards eigenvalue analysis, for which only the A-matrix of the homogenous linearized
system (see (5.10)) is needed. Therefore, firing angle deviations are neglected. Our main
contribution to the model presented in [35] is the inclusion of firing angle deviations, through

the calculation of the coefficients (b) of the forcing function in the form of
Ax(n +1) = A(n) Ax(n) + b(n) u(n) (6.10)

where n is the discrete time corresponding to t = nAt, with At being the discretization
step, and u is the firing angle deviation. Sampling the state with a frequency higher than
the frequency of the repetition of the waveforms will generally yield periodically varying A
and b matrices, indicated by (n). The only difference between the parameters of the model
developed for a region containing a positive pulse, and a region containing a negative pulse,

was found to be in the zero-sequence variables.

There are publications that discuss SSR damping controllebr design for TCSC. The state
space model used for controller design in [34] is obtained by approximating the steady-
state reactance of the TCSC (Fig. 2.8), using an exponential function of the form Xrcse =
Xec+ K ﬁe‘a/ @ where Kz and «, are chosen to fit the function into the capacitive region of
Fig. 2.8. This model is converted to continuous-time, before interfacing it with the turbine-
generator model, and then used to design a state feedback controller. The system analyzed
there is the First Subsynchronous Resonance Benchmark Model. Self damping of 0.2 per
unit and mutual damping of 0.3 per unit is added to each shaft section, while the dampings

provided in the standard benchmark model [38], are in terms of modal dampings at no load.

In our work to be conservative, we have assumed the modal dampings to be the same
under loaded conditions, and calculated the self dampings by use of the method provided
in [18]. The mutual dampings are neglected. From a comparison of the plots, the damping

that is observed in our simulations is more than the damping reported in [34].

Reference [67] introduces a method for designing a damping controller for TCSC by

combining Fourier analysis with torque per unit method, which basically traces the effect of

a small sinusoidal mechanical disturbance through the electrical network.
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Reference [68] reports the design of a robust H, controller for damping subsynchronous
oscillations. The studied system consists of two sets of nonidentical turbine-generators con-
nected to an infinite bus through a partly fixed, partly thyristor-controlled series compen-
sated line. This is actually an extension of the IEEE Second Benchmark Model, system-2. A
reduced-order continuous model of the system is used for the design, however the modelling

details of TCSC are not discussed.

The work presented here is the usage of the sampled-data model of the whole system,

obtained by linearization of the Poincaré map, for the design of an SSR. stabilizing controller

for TCSC [69].

6.4 Conclusion

An SSR damping controller is designed for the thyristor controlled series capacitor based on
a discrete state space model derived from Poincaré mapping techniques. The IEEE First
SSR Benchmark model with fixed capacitor-TCSC compensation is used as the case study.
The discretization is done with a sampling frequency six times the synchronous frequency. It

is shown that the controller can successfully stabilize the otherwise unstable 15.79 Hz mode.

Although the model is derived and verified for a special case, the method is general and
can be applied to other configurations as well. Since the model is a state space linearization
of the whole system, the dimension of the model grows rapidly with the number of machines
included in the study. However, for the application of the controller design techniques,

usually the most relevant elements in the system are modeled in detail, with the remaining

elements replaced by simple models.




Chapter 7

General Steady State of Thyristor
Controlled Series Capacitor

This chapter elaborates on the steady-state theory of thyristor controlled series capaci-
tors. This steady state has always been calculated with the pulses equally distanced. This

is not a necessity, however, for a TCSC to obtain steady state.

Here, a more general situation is recognized, and the relations capable of describing it are
presented. The dynamical behaviour of TCSC with regard to subsynchronous oscillations is

studied under the general steady state using the electromagnetic transients simulation.

7.1 Deviated Firing

A fundamental characteristic of TCSC in deriving its steady-state relations, is that the
current of the thyristor-controlled branch is mainly confined to the LC loop and does not
contaminate the line current with harmonics. Therefore, the assumption of a purely sinu-
- soidal line current can be made. The assumption remains valid if the pulses for the positive
and negative half cycles are not equidistant, but sent alternately ¢ degrees sooner and ¢

degrees later than the symmetrical case, here referred to as the base case.

To illustrate the idea, F'ig.7.1 shows the line current, the capacitor voltage and the thyris-

tor current pulses in one period of a single phase TCSC circuit. The base case current pulses

114
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are also shown as dashed lines for comparison.
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Figure 7.1: Symmetrical vs. deviated firing

When the pulse is shifted by the deviation angle ¢ from the base pulse, it is no longer
symmetrical with respect to the axis passing through its maximum point. Therefore, o7 and
09 are used to indicate the pulse widths to its right and left of the maximum point. The
situation is depicted in Fig. 7.2 with a bit of exaggeration. Note that the conduction angle

iSU:Ul+OQ.

It should be emphasized that because the switches used to implement TCSC are thyris-
tors, the only controllability is over their turn-on times. So, splitting the conduction angle o
into o1 and o9, does not mean we have control over the turn-off times of the switches. The
additional parameter is obtained by a firing policy which assigns two different firing angles to
every two consecutive pulses. It is shown that the same compensation level at synchronous

frequency can be achieved by different sets of conduction and deviation angles.

In the following, the analytical relations, with deviation angle taken into account, are
presented. Next, the numerical procedure for using these relations is outlined, and the char-

acteristic curves of the general and base case are compared. A discussion of the dynamical

implications of introducing a new variable ¢ in the firing of thyristors is next presented,
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Figure 7.2: Symmetrical and unsymmetrical pulses

based on transient simulation.

7.2 Analytical Relations

Fig. 7.3 shows two consecutive unsymmetrical pulses in an exaggerated manner. It is assumed
that the circuit has reached steady state. The line current, which is the same as in Fig. 7.1,

is not shown for clarity. With the chosen time origin, 4,(t) = v/21, cos w;t.

Suppose at the turn-on instant of the inductive branch to conduct the negative pulse,
that is at w,t = —0oy + ¢, the capacitor voltage is V. The current continues to flow until
wst = 09 + @, when the thyristor turns off. At this instant the capacitor voltage is denoted
by Vco. Note that unlike for the symmetrical case, Vg1 # —Vie. The voltage at the turn-on
instant of a positive pulse is equal to the voltage at the turn-off instant of a negative pulse

and vice versa.

In order to determine V; and Vo, we need to solve the differential equation

d?v 1
7= tIo
tc“ic

VCte = — \/§Is—w—s sin w;t (7.1)
th

once for a negative pulse and once for a positive pulse. Using X¢y. = 1/wsClie, Xpte = WsLie,
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Figure 7.3: Calculating the steady state with unsymmetrical pulses

and k = \/Xcie/ Xrie, equation (7.1) is written

2
d VCtc

e t)2+/£2110tc = — V21, Xy sin wt (7.2)

The initial conditions for the negative pulse are

vete(—o1 + @) = Ve (7.3a)
d'Uth .
= XC Cls(—Ul + (,D) (73b)
d(wst) —0o1+ . t

whereas for the positive pulse we have

'Uth(ﬂ' — 09 — (,0) = VCQ (74&)
detc .

=X — g9 — 7.4b

d(wst) 7['—0'2—(P CtCZS(Tr 02 (p) ( )

The argument of the variables in (7.3) and (7.4) is expressed in terms of angle instead of

time for convenience.
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After solving the differential equations, the voltage at the final time w,t = 09 + ¢ of
the negative pulse is set to Vo, and that for the positive pulse to V1. Thus two algebraic
equations are obtained whose simultaneous solution yields the unknowns Vg; and V. In

the following the final calculation results are presented.

Vo1 and Vg are given by

Vo, = \/Ejsfflctc {4- Kk cos(—oy + 90)——(;?5 :((: 123
— Hﬁi_((%i—_:—i’%)— — sin(—oy + @)] (7.5)
o= e 02
n%%‘— sin(op + (,0)} (7.6)
The voltage across the capacitor becomes
vewe(t) = Vo + \/istcw[sin wst — sin(—o; + )] I <wit<—oi+p
(7.7)

B V2I. X e ncos(—al + )

o(t) = : t—p—05) —
vere(?) k2 —1 sin k(oy + 09) cos (st = ¢ = 02)
COS + .
n—,—M)— CcoS fz(wst -+ 01) — SIN Wt | —o149p <wst < o2+
sin k(o1 + 02)
(7.8)
vere(t) = Voo + \/ilsch[sin wst — sin(og + )] smtp<wst<z (7.9)

with ve(t) = vow(m/ws — t); for T < w,t < 22, and vee(t + 27 /ws) = vor(t) elsewhere.

The current through the inductor is

k21, [ cos(—oy + ¢)
k? — 1 |sink(oy + 09)

cos(og + )
sin k(o1 + 02)

Trte(t) = sin k(wst — ¢ — 07) — sin K (wst — @ + 01)

-+ COS(USt] —o1+p <8< oatp (710)
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By setting the derivative of either the positive or the negative current pulse to zero at

the maximum point, the relation between o and oy is obtained as

kcos(—o1 + ) cos kog — Kkcos(og + @) coskoy — sink(oy + og)sing =0 (7.11)

Equation (7.11) shows that once ¢ and oy (or o;) are set, then o2 (or o) is determined

as well and cannot be chosen freely.

The fundamental reactance of TCSC is obtained by calculating the first Fourier coefficient
of the capacitor voltage and dividing it by the current magnitude.

K20 k2 (k? + 1) X ¢y
Xrose = Xcte — ———— X :

sin2(—oy + @) — sin 2(oy + ‘P)] -

ZKZSXCtC

(k% — 1)?sinko

cos ko cos?(—ay + ) +

cos ko cos? (g + @) — 2 cos(—ay + @) cos(oy + go)]
(7.12)

In (7.12), 0 = 01 + 02. A nonzero @ results in a net DC voltage across the capacitor in each

phase with the value

Voo = \—/?%93 [cos(oz + @) — cos(—oy + W)] +
(5~ 25 [Ver - VAL Xouesin(—01 + )] +
1 + .
(5 - ik QO) [VCQ - \/ilsXth Sln(02 + QO)] (713)

Note that if ¢ = 0, then 01 = 09 = 0/2 and the above relations simplify to the familiar
ones for the symmetric firing given in Chapter 2, and repeated here, with § replaced by o/2

for ease of comparison.

2. X cte
Vor= -V = \/;2 — ft [ 1n% — ncos%tan %{] (7.14)
K20 k(K% + 1) X e
X =X c T T 5 Y c 1
TCSC Ct Tk — 1) Ct (k2 — 1) sSma
453 X o4
P2t 05?2 tan o2 (7.15)

7(k? —1)2 2 2
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7.3 Computational Issues

The relations for the steady-state behaviour of TCSC become more complicated by intro-
ducing the deviation angle ¢. Specifically, instead of one conduction angle o, two angles o,

and oy appear in the equations. However, once these two are determined, the problem is as

- straightforward as the one without ¢.

One theoretical limit for ¢ is obtained by noting that, as the magnitude of ¢ is increased,
a point is reached where every two adjacent pulses (in one phase) exactly touch each other.

Since the pulses cannot overlap, we must have 3& < ¢ < .

Corresponding to a certain deviation angle there is a maximum conduction angle that is
achievable. Each curve in Fig. 7.4 is obtained for one deviation angle. For ¢ > 0 (¢ < 0), the
value of 0;(07) is assigned and gradually increased, while the value of o1(07) is numerically

calculated using (7.11), until the line of o7 + 0o = 180° is hit.

For large deviation angles the calculated value shows a sudden jump, such that o; + o9
goes beyond the 180° line. This is the case for 320° and £+30° in Fig. 7.4, where the plotting
is carried out only up to the discontinuity. In the lower part of the figure, where the curves
meet, TCSC is in the capacitive mode and in the upper part, where they diverge, it is in the

inductive mode. In the following, two types of problems are discussed.
Given: the conduction angle o

If the conduction angle o0 = 0y + 03 is given, then (7.11) is reduced to

mcoé(ag — 0+ ) coskoy — kcos(oy + @) cosk(os — o) —sinkosing =0 (7.16)

MATLAB®’s fsolve routine with the initial guess of & /2 rapidly converges to the solution
for o,. It is easy to verify that if {01, 02, ¢} constitutes a solution, then {02, oy, —¢p} is
also a solution. Substitution in (7.12) shows that these two sets give the same compensation
level. So the curves of TCSC reactance vs. conduction angle, parameterized by the deviation

angle, coincide for +¢. As an example, we plot the reactance curves for the Kayenta [45]
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Figure 7.4: o1 vs. oy for different deviation angles

TCSC with Cy, = 176.84 uF and L;, = 6.74 mH in Fig. 7.5. The solid line is the curve for
@ = £20° and the dashed line is that of the base case.

Given: the reactance X, qsc

If a given compensation level, corresponding to a symmetrical firing angle «, is sought,
together with a certain deviation angle, then (7.11) and (7.12) must be solved simultaneously
to determine o7 and o,. The initial guess of 7 — « for both angles is good for a rapid

convergence.

Table 7.1 lists four possible ways of achieving the same compensation level with the

Kayenta TCSC where ¢ is varied from 0° to 15°.

It is evident from Fig. 7.5 and Table 7.1 that the fundamental reactance of TCSC,

especially in the capacitive region, is very insensitive to the changes of the deviation angle.
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Figure 7.5: Fundamental reactance vs. conduction angle

Table 7.1: Comparison of deviation angles, Xrcsc/Xciw = 1.65

o o1 o | e
56 28 28 0
56.079 | 27.949 || 28.130
56.316 || 27.976 || 28.340 || 10
56.713 || 28.081 || 28.633 | 15

7.4 A Dynamical Study

Several studies [11, 37, 70, 71, 72] have shown the advantages of TCSC for the series com-
pensation of transmission lines. In addition to the ability of controlling the power flow in
a line, TCSC increases the dynamical stability of the system. It is especially effective in

mitigating the subsynchronous resonance.

In the last section it was shown that by changing the deviation angle, TCSC can be
set to work in different steady states, while providing the same compensation level. This is

an open loop firing control. While it is informative per se to know that TCSC shows such

behaviour, it would be even more worthwhile to study the dynamical characteristics with
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this type of control, to see if there is any advantage to be gained by it.

In fact, the analysis contained in this chapter was motivated by an observation made
while working on the damping controller design for a TCSC tested on the IEEE First Sub-

synchronous Resonance Benchmark Model [38].

It must be emphasized that the controller in Chapter 6 is a closed-loop controller that
works based on equidistant firing. A discrete linear state space model of the system in the

rotor reference frame (see Section 5.3) is used to design the controller gains.

When the zero sequence of the TCSC was included in the state variables, although the
controller was able to damp the oscillations, the variations of the firing angle around the
steady-state value would not decrease beyond a certain value. This is contrary to the common
expectation that, as the magnitude of the disturbance decreases, the control action will also

decrease.

A closer examination of the firing angle variations revealed that in the steady state the
pulses are alternately shifted back and forth in time almost by the same amount. Therefore,
the question arose whether this is the reason why the oscillations are damped, or whether

this is just a harmless effect arising as a result of the control action.

Let us take a look at the steady-state Odg voltage components of a three-phase TCSC
with equidistant firing (Fig. 7.6).

The average of the zero sequence component is 0, however, it oscillates significantly
around it. A linear state feedback controller checks for the difference between the instan-
taneous value of all the states with their steady-state values, and based on the differences,
produces a control action (here a deviation in the firing angle). A naive comparison of the
zero sequence variable with 0 makes the controller put out an action to bring the difference
to zero. Since the zero séquenc'e of T CSC is weakly controllable, a large action is needed to
make a small change in it. The zero sequence voltage is also weakly coupled to the other
states, so while the controller makes a significant change in its output value, other variables

hardly change. Normally all the zero sequence variables are eliminated to arrive at a reduced

order system before the design of the controller.
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Figure 7.6: 0dq waveforms of a TCSC voltage with equidistant firing

Fig. 7.7 shows the 0dq voltage components of the same TCSC with deviated firing. The
compensation level is the same in both figures. This is evident by noticing that the d and ¢

components have the same average level. The zero sequence component however, is shifted

down.
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Figure 7.7: 0dq waveforms of a TCSC voltage with deviated firing
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To complete this section, we compare the mechanical behaviour of the shaft in two cases:
once with equidistant firing and the other with deviated firing. Note that these are both
open-loop firing strategies. The IEEE First Benchmark Model is used for the study. Fig. 7.8
shows the current waveforms and the torque on the generator-exciter shaft section with 162°
equidistant firing. The parameters of the system are given in Appendix B.1. No fault is
simulated. The shaft torque is gradually increasing. Fig. 7.9 shows the currents and the
same shaft torque when a deviation angle of 15° is used and the compensation level is kept
the same. The shaft torque increase is faster in this case. Simulations at other operating
points with different deviation angles show that the dynamic characteristics with regards to

subsynchronous resonance are either not much different or worse for the deviated firing.
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Figure 7.8: Equidistant firing

7.5 Conclusion

A new variable is introduced for the open-loop firing control of the TCSC. There are theo-
retically infinitely many combinations of ¢ and ¢, which give rise to the same compensation
level. However, it was observed that the steady state and the dynamic characteristics of the

device are practically indifferent to small deviation angles.

When subsynchronous interaction is present, large deviation angles may cause a shaft

torque to increase faster than with equidistant firing. Therefore, we conclude that this type
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Figure 7.9: Deviated firing, ¢ = 15°

of firing is not very useful to address the problem of subsynchronous oscillations. The fact
that a DC voltage appears across the TCSC as a result, can limit the level of deviation more

than the theoretical values derived here.




Chapter 8

Conclusion and Future Work

The present chapter summarizes the results of the study elaborated in the previous

chapters, and makes suggestions to continue the research.

8.1 Conclusion

In this thesis, the problem of mechanical subsynchronous oscillations is studied in the pres-

ence of thyristor controlled series capacitors.

The passive damping of TCSC at subsynchronous frequencies is thoroughly investigated.
This behaviour has been. observed both on network analyzers and in simulations, however
the explanation that it happens as a result of energy being absorbed at a subsynchronous
frequency and injected into the switching frequency is a contribution of the present work.
In order to show this point, the resistance of a TCSC in periodic operation was calculated
first by power considerations and next by the discrete Fourier analysis of the waveforms, and

found to be the same.

The global view is that in TCSC, because of its nonlinearity, the frequency response at
different frequencies are correlated. The phase shift between the voltage and the current at
a subsynchronous frequency, is between 0 and 90°. This leads to the conclusion that energy

is being dissipated at that frequency. However, in the synchronous frequency another effect
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is taking place at the same time. The phase shift between the current and voltage at the
synchronous frequency is slightly higher than 90°. This phase shift is much less than the
one happening at the subsynchronous frequency, which is the reason why it went unnoticed

when the passive damping was initially observed.

TCSC damping and detuning effects help toward mitigating subsynchronous resonance.
However, these effects are variable, and dependent on the synchronization scheme and the
operating point of the TCSC. Larger conduction angles are more effective in damping sub-

synchronous oscillations.

The common practice is to use TCSC as part of a total series compensation. The larger

the portion of TCSC in the compensation, the more it affects the dynamics of the system.

The system studied in this thesis is the First IEEE SSR Benchmark Model with a fixed
capacitor, TCSC compensated line. It was observed that TCSC does not stabilize all the
subsynchronous modes in open loop operation. This is consistent with the results reported
in [27], and [35]. Therefore, in order to make certain that subsynchronous oscillations get

damped properly, closed-loop control of the firing angle of the TCSC is necessary.

Sampled-data models, based on the Poincaré mapping concept, are able to represent the
system dynamics well enough for the effective design of feedback controller gains. This is

. shown by deriving the model for the study system.

Two approximations were applied in deriving the model:

1. The periodic orbit of the system is approximated by the load flow solution. To do the
load flow, TCSC is replaced by its fundamental reactance at 60 Hz. After the line current
is determined, for the TCSC capacitor voltage and inductor current the ideal steady state
waveforms given in Section 2.4 are used. The model was transformed into the rotor 0Odg
reference frame. '

2. After the model is obtained the zero-sequence variables are omitted. This includes the zero-
sequence component of the line current, the fixed capacitor voltage, and the TCSC voltage.

The eigenanalysis was performed both with and without the zero-sequence variables, and
the results were compared with detailed transient simulation. The conclusion was that while

both systems identify the unstable subsynchronous modes of oscillation, the system without
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the zero-sequence variables is more successful in predicting the dominant unstable mode.

Next, the reduced-order model was used to adjust the gains of a feedback controller that
shifts the unstable subsynchronous modes inside the unit circle, thus stabilizing the system.
The eigenvalue analysis was confirmed by transient simulation where a three-phase short
circuit was used to initiate the interaction between the mechanical and electrical subsystems.
The system with the closed-loop firing controller was able to recover after the fault removal,

while the open-loop system became unstable.

In the last chapter, a new open-loop firing strategy is introduced where the pulses are
alternately shifted back and forth in time by the same amount. The underlying assumption
of sinusoidal line current is left untouched. Detailed analytical relations are calculated for
the new firing. When firing is done with a non-zero deviation angle, a DC voltage appears
across TCSC. Transient simulation studies show that large deviation angles aggravate the

subsynchronous oscillation problem.

8.2 Suggestions for Future Work

As long as the magnitudes of the disturbances are small, it is reasonable to analyze the
passive damping at each subsynchronus frequency separately. However, one has to keep in
mind that TCSC is highly nonlinear. The study of the resistive behaviour of TCSC can be
extended by applying more than one subsynchronous current at the same time to see if the

phase shifts in the subsynchronous currents are correlated in some way.

Since the model developed in Chapter 5 is able to characterize the behaviour of the
" system, more advanced control techniques such as robust control, can be investigated to

improve the controller performance.

The observer, designed for the turbo-generator, needs samples from the generator rotor
angle and speed deviations. This poses a limitation on the installation location of the TCSC
to be near the generator site. In order to possibly eliminate this limitation, an investigation
is needed to see if the system can be modelled in such a way that the feedback signal does

not rely on the generator variables.
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As the next step, a system in which subsynchronous interactions happen between two
or more machines can be linearized and studied for the damping of oscillations with the

method of this thesis. A systematic order reduction is necessary to reduce the dimension of

the linear model beyond what is obtainable by omitting the zero-sequence variables.
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Appendix A

Linear Discrete Model of Single-Phase

TCSC

Here, the linear Poincaré map is derived for a single-phase TCSC by assuming the line

current to be the forcing function.

Fig. A.1.
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Figure A.1: Calculating the Poincaré map for a single-phase TCSC

The time origin has been selected such that k7 is a point where the capacitor voltage
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becomes maximum. In the following discussion, the argument of the waveforms is sometimes
expressed in terms of the angle instead of time for ease of reference. So an angle of kr rad

corresponds to a time of k7 /w; s, with wy being the synchronous speed.

The map we are seeking to find, advances vey.(km) to half a period later ve (k7 + 7).
The waveforms repeat with a period of 27 rad. However, because of the half-wave symmetry,

we need only consider the changes up to 7 rad.

When either thyristor conducts, the circuit has the dynamics [27]

. . 0 —a& »
%= — = Ax(t) + bi(t) A:[Lﬁc g ] b:[%} (A.1)

with the state vector x = [vgy. irt) and input 7. In the non-conduction mode, ir;. = cx =

[1 0]x =0, and the dynamic equations are transformed into

detc

1
= P;Aqjvct. + Pbi(t) = Oveye + 1 (A.2)

v =

Ctc th
where p; = [1 0] and q; = p;*. Following the procedure detailed in [51], the advance map
from veye(km) to ver(km + m) is found by integrating the system equations in any interval

when the switch remains either on or off, and by mapping the changes forward in time using

p;, and q;.

1. Interval [k7 k7 + ¢)

The thyristor is off in this interval, so we have

. 1 k7T+¢ ]
vere(kT + §) = vor(kr) + / i(m)dn (A.3)
wsctc km

where the integration variable is n = wt.
2. Interval [kn + ¢ kn + 7]

The thyristor is on, so there are two state variables, vy and ir:. The solution of the

dynamical equation (A.1) yields

1 kr+T
x(km 4 7) = AT Vx (k1 + ¢) + / eAETET=0) g (n)dn (A.4)
k¢

Ws th
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We notice that 7 — ¢ = o, where ¢ is the conduction angle. Also with the matrix A

Ltc .
COS KO —4A/ =— Sl KO
AT = V Cie (A.5)

th

tc

given in (A.1) we have

sin ko COS KO

where kK = wy/w;s is the ratio of the TCSC natural frequency to the synchronous

frequency.

3. Interval [km + 7 km + 7]

In this interval, the thyristors are off and similar to the first interval we have

kr+4-n
/k i(m)dn (A.6)

T+T

Vote (kT + ) = vere(km + 7) +

Ws th

With the maps of all the intervals at hand, we notice that at kr + 7

vore(km + 1) = pyx(km + 7) (A.7)

If ver.(km + 7) in (A.6) is substituted according to (A.7), then

1 kr+m .
vere(km + ) = pyx(kn + 1) + / i(n)dn (A.8)
wsth k

i

Now x(km + 7) in (A.8) is substituted according to (A.4)

km4T
/ pjeA(kw+-r—n)qj,L~(,'7)d77 +

vore(km + ) = pjeA"x(lmr + ) +

WsChe Jrnto
1 km+m
oiCh /k . i(n)dn (A.9)
At k7 + ¢ we have
x(km + ¢) = qjucic(km + @) (A.10)

By replacing x(k7 + ¢) in (A.9), and using (A.3) to replace vgi(km + @) in turn, we get
1 kTt ‘
Vo (kT + ) = pje qsve (k) + w—c—pjeA“qj i(n)dn +

s“ic knm

1 kr+r Ak )
77 ;
pie it(n)dn +
wsctc /]cﬂ'+¢ ! E ( )

e[ (A1)

kn+T

Ws th




142

Using (A.5), the advance map from k7 to k7 + 7 looks like

1 ]C7T+¢
vere(kT + ) = cos kover (k) + cos na/ i(n)dn +
wsth k

v

1 kn+T1 1 kn+n
cos|k(km 4+ 7 — ni(n)dn + / 1(n)d A2
Cn /k o [ (} m]i(n)dn o (mdn (A.12)

The advance map is a function of v (k7), ¢, 7, and a functional of i(t), that is, it

| depends on all the values of the function i(t); wst € [kx kn + ). This is shown as follows

voe(km + ) = fvo(kn), ¢, 7,4(+)) (A.13)

The linearized discrete model of the TCSC is obtained by calculating the linear variation
of (A.13) around a steady-state periodic orbit based at (v&,.(k7), ¢, 7,i*(+)), where overbar
denotes a steady-state value and asterisk denotes a steady-state waveform. If we denote the

small signal change by ‘A’ then

__of of af
Avgie(km +7) = Fvone () *Avcw(k‘w) Aqﬁ + * AT + (A.14)
Af(vine(kr), 6,7, Ai())
After detailed calculations
’ . km+¢
Avg (kT + ) = 08 kK6 Avgre (k) + (= 1)FayAd + o Cos H&/ Ai(n)dn +
s“tc km

1 km+7 1 km+m
o / cos[k(km + T — n)|Ai(n)dn + / Ai(n)dn
WsUie k

kr+o wsctc P
(A.15)
with
21 G Y Y
Qp = :J/S_C:C HQH_ . sin k7 (k cos %— tan ,{70 — sin %) (A.16)

Notice that Aveg(kw+7) is independent of the change in the turn-off angle 7. The same
result is reported in [45]. If the disturbance current, Ai(n) in (A.15), is substituted with

Ai(n) = Aigcosn — Aigsing (A.17)

and the integration performed with the assumption that A¢; and Az, remain unchanged

(zero-order hold assumption), then the relations given in the appendix of [27] will be reached.

_



Appendix B

First IEEE Subsynchronous
Resonance Benchmark Model

B.1 System Parameters

The generator reactances and resistances in Fig. 3.11, Fig. 3.12, and Fig. 3.13 are listed in

Table B.1. These parameters are in per unit, based on the stator quantities [60]

Sp = stator rated rms apparent power per phase = 892.4/3 MVA
Vg = stator rated rms line-to-neutral voltage = 500/v/3 kV

wp = generator rated angular speed = 2760 rad/s

Table B.1: Generator parameters
Lo Li Laip Lr Lp L, Lig ILe¢ Lo
0.135 179 166 1.722 1.665 1.71 1.58 1.906 1.675
Ry R, Rp Ry Re Ry
100 0 0.53/377 1.54/377 5.3/377 3.1/377

Table B.2 lists the parameters of the turbo-generator shaft system which consists of four
turbines, the generator, and the exciter as shown in Fig. 2.4. The high-pressure turbine is
assigned number 1, with the other rotors denoted by ascending numbers. The generator
rotor is not numbered, but is indicated by G for the spring constants between the generator

rotor and its adjacent rotors.
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Table B.2: Shaft assembly parameters
H, H, H; Hy H Hy
0.092897 0.155589 0.858670 0.884215 0.868495 0.0342165
Ko Ko K34 Kic  Kos
19.303 34.929 52.038 70.858 2.822
md; mdy mds mdy mds
0.05 0.11 0.028 0.028 0

The inertia constant, H, measured in units of second, is related to the moment of inertia,
J, by

A 1Jw?
=_"m B1l
2 S (B.1)

where Spgs is the rated three-phase MVA of the system, and w,, is the mechanical angular
speed. The values of inertia constant in Table B.2 are given for w,, = wg. The spring
constants are indicated in pu torque/rad with the base torque defined by t,p = Sp3/ws.
The mechanical dampings are given in terms of no-load modal damping decrements, md,
with the unit of 1/s. Note that the numbers assigned to damping decrements refer to the
mechanical modes TM1-TM5. The frequencies of these modes for the isolated shaft system
are given in Table 3.1 in Chapter 3.

The positive-sequence and zero-sequence reactance and resistance of the line, the trans-

former, and the infinite bus (see Fig. 2.4) are given in Table B.3.

Table B.3: Line, transformer & infinite bus reactances
XLinel XLineO RLinel RLineO ‘ XTranl XTranO | Xool Xoo()
050 156 002 050 | 014 014 |0.06 0.06

The series compensation parameters used for controller design in Chapter 6 are given
in Table B.4. In the eigenvalue analysis of Chapter 5, where the parameters of the series
compensation are varied to study the effect on the stability of subsynchronous modes, the

parameter values are duly indicated.

In Table B.4 the values of the fixed and thyristor controlled capacitors have been chosen

to give a total reactance of 0.371 pu in the blocked mode. The value of the inductance in the

thyristor branch is calculated from L;,, =1/ k2Cie. A small resistance is introduced in series
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Table B.4: Series compensation parameters
C th K a A¢maa: Rlc
1/0.121 4 3 164° 5° 3.57-10*

=(0.1/Z5)

with the inductance to eliminate the transient response when the TCSC is in the bypassed

mode.

The generator power output, power factor and terminal voltage are 0.9 pu, 0.9, and 1.0

pu, respectively. The reactance of the fault is X e = 0.04 pu.

B.2 Summary of State Equations

The modelling of the system follows closely that of [35]. The per-unit system of [60] is
used for the differential equations. All variables, including time, are in per unit. The base
time is tg = 1/wp s. The stator equations are referred to the rotor side, using the Park
transformation (3.35). Fig. B.1 is a one-line diagram of the external circuit in which the

series compensation is partly fixed and partly thyristor-controlled.

resc
la Aot a0t C Ltc
e
———— \EEVJI
/1 +
Crc

Figure B.1: One-line diagram of the First SSR Benchmark Model with TCSC

R,,,, and L, , are the total series resistance, and the total series inductance of the line,

the transformer, and the infinite bus.

The equations of the system with TCSC are obtained by substituting Fig. 3.10 in Section
3.3 with Fig. B.1, writing the equations of the external circuit, and combining them with the

generator equations. In the following, the dynamical equations of the system are summarized.
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B.2.1 Current Equations

o ] gy [ e ] g [l
lFDQG lFDQG 04x1

-1 [Vg’tc,odq] _ it |:—‘;oo,0dll } (B.2)
4x1 FDQG

where ip4, = [i0 14 44]" is the vector of stator currents, irpoe = [ir ip ig ic]’ is the vector
of rotor currents, Vg = [Vco VYcd Veqg|' is the vector of the fixed capacitor voltages, and

Veteodg = [VUCteo Ucted Ucteq]' is the vector of the TCSC voltages. The meaning of other

parameters is as follows

. Loy, + PL L
i — 0dq Q SR (B3)
| Lz
- M(Lgyy, + PL ML
N = ( 0dq Q) SR (B4)
O4x3 04x4
R Ryq, + PR 0
R _ 0dgq Q 3x4 (B5)
043 Rrpgc
Loa, = diag(Lo, Lq, L) (B.6)

0 0 0 0
Lsg=| Lap Lap O 0 (B.7)
0 0 Lo Lag

Ly Lap O 0
Lsp Lp 0 0

Le=| 0" 0 Lo Lo (B.8)
0 0 Liu Lg
00 0
M=|00 -1 (B.9)
01 0
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Roy, = diag( R, Ra, Ra) (B.10)
Rrpoc = diag( Rr, Rp, Rg, Re) (B.11)

0
Voo,0dg = _\/gvoo Sin(e —t— % - O!oo) (B12)

V3V cos(f — t — I — a)

VFDQG:[VF 00 O]t (B13)

PLQ and PRQ represent the total series reactance and resistance of the line, the trans-

former and the infinite bus respectively.

PLQ - dlag( XOtot’ Xlzow Xltot )
— diag( 1.76, 0.7, 0.7) (B.14)

PRQ = diag(Rrineo, Rrinet, RLine1) (B.15)

B.2.2 Fixed Capacitor Equations

. 1,
Ve,0dg = Flodg +wMve g4q (B.16)

B.2.3 TCSC Equations

These equations change with time as the thyristors turn on and off. If all the thyristors are

off we have

VCic,0dg = C—iOdq + wMVeieodq (B.17)
tc

With the thyristor in phase a on, the current in the corresponding branch is added to

the state variables

1
. 1, 1 .
Vth,Odq = Flﬂdq + wMVth,Odq - C_P(a) 0 laLtc (B18)
tc tc 0
1

;[:aLtc = _L—[l 0 O]Q(G)Vth,Odq (B-19)

tc
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where P () and Q(@) are the Park transformation matrices. Any combination of switches

can be similarly handled. For example, if the thyristors in phases a and ¢ are on, we have

10] ¢.
: L. 1 TaLte
Vte,0dg = almlq + WMVth,Odq - C—P(g) 00 l:l 2: :| (Bzo)
c te 01 cLic
tanie] 1 [100
] = 2 o] v (521

B.2.4 Mechanical Equations

If the base quantities for the moment of inertia, the damping, and the spring constant are

chosen as
Ses
S
Dp="2 (B.23)
Wg
Ky =28 _ ten (B.24)
wp

then the form of mechanical equations in per unit and in actual units is the same. Note that
time is in per unit as well. Usually inertia constant, H, is used instead of moment of inertia,
where J in per unit equals 2wgH. Inertia constant, H, is measured in units of second. The

mechanical equations in terms of H are

1 : 1 1
b = ——H'K0-—H"'D —H 't B.2
@ 2wp 2wp w+2wB 4 (B:25)
0 = w (B.26)
with
w = [wl We W3y W4 W Ws ]t (B27)

0 = [0, 6, 0, 6, 6 65] (B.28)
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H= diag(Hla HQ: H3: H47 H7 HS) (B29)
[ K12 —Ku 0 0 0 o |
—Ki2 Kia+Kaz —Kaz 0 0 0
K = 0 —Kj3 Ki3+Kzqy —Kag 0 0 (B.30)
0 0 —K34 K3s+Kgs —Kys 0
0 0 0 ~K4c KactKes —Kes
0 0 0 0 —Kgs  Kes |
D= diag(D17 D2: D3a D4a Da D5) (B31)

The mutual damping between adjacent masses is neglected. The damping coefficients
to the reference are calculated from the modal dampings using the approximate method of

Section 3.3.1 [18].
tq:[tql tgz g3 tga — tge th]t (B.32)

—[(Ldld + Laptp + LADZF)’Lq - (Lqu + LAQ’LQ + LAQZG)'I,d] (B33)

lge =




Appendix C

Derivation of Equation (5.15)

To derive (5.15), the value of 0x/9x;, and 9x/0ty given by (5.13) and (5.14)

ox tog ox
=1 = d .
Oxg ), Bxoxg (5-13)
Ox L og 0x
gg = —g(xto,to) + i a—xa—tod’f] (514)

are substituted into their own right-hand side. After one substitution, (5.13) becomes

t i
ox :n+/ a—g<11+ Og 0x df)dn
n

8Xt0 =tg ox E=to 8_XaXt0
L og L og (" Og Ox
=1 —d —= — déd Nl
+ /t ax /n:to 0% Jpoy, Ox By o (G-1)

The substitution of (5.13) into (C.1) yields
0x L og b 9g (" Og

1 [ s [ B[ Eagays
0%y, t, OX g neto OX Je—py OX Sdr

/t og [ 0g Ox
n

:tO aX §:t0 ax 8Xt0

dédn (C.2)

The procedure can be continued indefinitely. Let us now examine (5.14). After one
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substitution of (5.14) into itself we get

ox b og . ¢ Og 0x
a—to ———g(xto,to)—i—/ﬂ a—}((—g(xto,to)—i— —d >d77

Ju=to £=to 8X (9t()
Og " Og 0x
- — to) — to)
g(xto, 0) </to I d77> (Xtoa 0 /77 o 8x =to 8x8t0d§d
~ og T Og 0x
— <][+/to Ix d?’]) (Xto,to / aX ety I atodfd (03)

The substitution of (5.14) into (C.3) results in

Ox _ <n+/ gd +/ / dgdn) (Xug, o) +
ato tO 5 to

7 Og ox
/ dx =, OX atodfd (C.4)

Comparing (C.2) and (C.4) already shows the similarity between the relations as they
evolve. By continuing the substitution more and more similar terms are branched off the

last integrals on the right-hand side, and added to the series. Assuming that

t ag /77 8g /p 8g
= =2/ 22---dpdtd C5
/nzto' OX Jempy 0% Jeoy, OX pd&dn (C.5)

tends to zero ( which is a sufficient condition for the series to converge), the last integrals

become zero in the limit, and we get

ox ox

ot _8Ttog(xt°’t0) (C.6)




Appendix D

Participation Matrix

First we review the definition of the left and right eigenvectors [65]. For any eigenvalue

A;, the column vector v; which satisfies
AVi = /\ivi (Dl)

is called the right eigenvector of A associated with the eigenvalue A;.

Similarly, the row vector w; which satisfies

is called the left eigenvector associated with the eigenvalue ;.

The left and right eigenvectors corresponding to different eigenvalues are orthogonal. In

other words, if A; is not equal to A,
On the other hand, for the left and right eigenvectors of the same eigenvalue we have

w;v; = k;, where k; is a non-zero constant. It is common practice to normalize the vectors

so that

w;v; =1 (D.4)
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To determine the sensitivity of the éigenv&lues to the elements of the state matrix, we

differentiate (D.1) with respect to a;; (the element of A in the [th row and jth column).

Bvi

7
aalj‘

Vit A =
8@1]' ’ 8%» 8%-

Vi-’r/\

(D.5)

Premultiplying by w;, and noting that w;v; = 1 and w;(A —\;1) = 0, the above equation

simplifies to

0A o\
W, —V

p= = D.
8al]- 80,1]‘ ( 6)

All elements of 0A /0ay; are zero, except for the element in the /th row and jth column

which is equal to 1. Hence

O;
L v D.7
Bal]- ['U] ( )

Thus the sensitivity of the eigenvalue A; to the element a;; of the state matrix is equal

to the product of the left eigenvector element w; and the right eigenvector element vj;.

The participation matriz is defined as [65]

I'= [Yl Y2 Ynz] (D-S)
with
Y1 V1;Wi1
Y2i Vo Wi2
Y: = . = . (D,9)
Yrgi UngiWin,

The element vy, = vgwyk 1S termed the participation factor. It is a measure of the relative
participation of the kth state variable in the ith mode, and vice versa. The participation
factor x; is actually equal to the sensitivity of the eigenvalue \; to the diagonal element
axr of the state matrix. Note that because normalized eigenvectors are used to obtain
the participation matrix, the sum of the participation factors associated with any mode

(3%, ki) or with any state variable (312, ki) is equal to 1.



