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ABSTRACT

Flexible AC Transmission Systems (FACTS) involves the incorporation of power-electronic
controlled devices into ac power transmission systems in order to extend the power-transfer
capability of these systems beyond their traditionally accepted boundaries. One particular
category of FACTS devices makes use of high-powered voltage source inverters to Insert
near-sinusoidal ac compensating voltages into the transmission system. This thesis considers
this particular category of inverter-based FACTS devices, namely the static synchronous
compensator (STATCOM), static synchronous series compensator (SSSC) and unified power flow

controller (UPEC).

Although the potential for FACTS devices to enhance the operation of power systems is well
known, a device such as a UPFC is itself a complicated subsystem of the overall power system.
There is therefore also the possibility that the introduction of such devices could cause adverse
interactions with other power system equipment or with existing network resonances. This
thesis examines the interactions between inverter-based compensators and a particular form of
system resonance, that of subsynchronous resonance between a generator turbine shaft and the

electrical transmission network.

The thesis presents a review of the theory of operation of high-power, multi-pulse inverter
topologies actually used in transmission-leve] FACTS devices. Detailed simulation models are
developed of both two-level and three-level multi-pulse inverters. With appropriate controls,
simulation models of both the SSSC and STATCOM, and a full UPFC are then developed using
these detailed inverter models and the results from these simulation models compared against
other results from the literature. These comparisons show favourable agreement between the
detailed FACTS models developed in the thesis and those used by other researchers. However, the
models presented in this thesis include a more detailed representation of the actual

power-electronic circuitry and firing controls of inverter-based FACTS devices than is the case

with other models used in the literature.

The thesis then examines the issue of whether the introduction of an SSSC to a transmission
system could cause subsynchronous resonance (SSR). SSR is a form of dynamic instability that
arises when electrical resonances in a series capacitively compensated transmission line interact
with the mechanical resonances of a turbo-generator shaft system. The detailed SSSC

simulation model developed in the thesis is used to determine the impedance versus frequency



ii.

characteristics of a transmission line compensated by an SSSC. The results confirm earlier work
by others, this time using more detailed and realistic models, in that the introduction of an SSSC

is shown to cause subsynchronous resonance.

The thesis then considers the addition of supplementary damping controllers to the SSSC to
reduce subsynchronous oscillations caused both by the SSSC itself as well as by a combination of
conventional series capacitors and an SSSC in a representative benchmark study system. The
results show that subsynchronous oscillations in the transmission system compensated solely by
an SSSC can successfully be damped out using a single-mode supplementary damping controller
for a range of values of SSSC series compensation. However, in the case of the transmission
system compensated by both conventional series capacitors and an SSSC, the nature of the
subsynchronous oscillations is shown to be complex and strongly multi-modal in character. The
thesis then proposes an extension to the single-mode supplementary damping controller structure
that is better suited to damping the multi-modal resonances caused when an SSSC and
conventional series capacitors are used together to compensate a transmission line. The results
obtained from this multi-modal controller indicate that it is able to stabilise SSR for a range of
compensation values, but that the controller design needs to be adjusted to suit different values of

compensation.
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Chapter 1: INTRODUCTION

CHAPTER ONE

INTRODUCTION

1.1 Flexible AC Transmission Systems (FACTS)

1.1.1 Background

The unprecedented rate of human population growth in the past century demanded increasing
amounts of energy for the purpose of farming, manufacturing, transportation and other economic
sectors. Since the beginning of the 1990s, the global energy demand surged at an alarming rate,
primarily due to the rapid growth of industrializing nations, particularly, China and India [1,2].
A study conducted by the British power company, PowerGen, reported in September 1997 that
“Global energy demand is forecast to double by 2020” [2].

In the field of electrical power, due to the issues of cost, environment and right-of-way, the
construction of new generation facilities and transmission lines were either put on hold or
cancelled in many parts of the world in recent years. But the steep rise in demand for electrical
energy simply cannot be ignored: the severe black outs in the Western Cape, South Africa, in early

February 2006 served as the most recent reminder of this.

While scientists and engineers strive to find new ways to generate electricity, either from fossil
fuels or renewable sources [2,3,4,5], it 1s equally if not more important to find methods to
optimise the utilisation of existing generation plants and transmission systems, together with
efforts to promote consumers’ awareness around issues of energy conservation. This research
work focuses, in particular, on methods to improve the performance of the transmission part of the

power system.

Power flow through an ac transmission line is a function of the line impedance, the magnitude of
the sending- and receiving-end voltages, and the phase angle between these two end voltages.
AC transmission systems are therefore typically fitted with mechanically switched series and
shunt reactive compensators, together with voltage-regulating and phase-shifting transformer tap
changers to control the above-mentioned four parameters that influence the transfer of power. In

the past, these compensation devices were primarily intended for steady-state control and could
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not be adjusted with sufficient speed to control the transient or dynamic behaviour of a
transmission system. Therefore transmission systems have often been operated well below their
theoretical maximum power transfer capabilities so that the power system is able to recover from
the worst-case transient contingencies such as faults, line and generator outages and equipment

failures. This implies that transmission resources are considerably under-utilized.

However, if the factors that influence power flow could be controlled under dynamic and transient
conditions, then the stability of the power system could be much improved. That implies that the
power systems can be operated closer to the theoretical stability limit in order to increase the
system utility without jeopardizing the system security. The ideas to be able to use conventional
compensation for dynamic and transient control can be dated back to the mid-1960s but could not
implemented in practice due to the absence of suitable power switches [6,7] (i.e. until relatively
recently transmission line compensators have been mechanically switched so it was not

practically possible to achieve fast control of the amount of compensation).

Semiconductors have been around for the past few decades, but it was the invention of transistors
in the late 1940s that changed “semiconductors” from a science jargon to a whole new industry.
During the last three decades, major advances have been made in high power semiconductor
devices and sophisticated electronic control technologies. The idea of fast and efficient control
over the four parameters that affect the power flow in a transmission system can now be
implemented and realized by using these solid-state switching devices, which have become more

reliable and cost effective.

In 1988, Hingorani [8] introduced the idea of high-speed control over the factors that influence
power flow in an ac transmission system, in order to increase availability, operating flexibility and
system stability.  Hingorani proposed descriptions of two basic practical approaches to
implement fast control over the parameters that directly affect ac power transmission (1.e. voltage
magnitudes, phase angle and impedance). The first of these approaches was seen as the
conventional method, which would integrate solid-state switching devices with existing devices
(such as series and shunt capacitors) used for power system control. The second approach would
be to implement the control using advanced power electronic circuits that would bear no physical

resemblance to the traditional devices they were to replace.

Since Hingorani’s first proposal, the concept of Flexible AC Transmission Systems (FACTS) has
been Jaunched and a long-term research initiative has been driven by the Electric Power Research
Institute. FACTS has been formally defined as “alternating current transmission systems

incorporating power electronics-based and other static controllers to enhance controllability and
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increase power transfer capability” [9]. Now, like transistors, FACTS is no longer merely a
research idea, but an essential concept that is widely accepted in the power industry and utilities

around the world [10].  In 1994, to show the importance of the concept, Ramey et al. [1]1] wrote:

“The recent development of fast... FACTS devices provides a new set of weapons in
the arsenal of the transmission planning engineer, particularly for stability limits,
where the speed of the electronic devices can be used to great advantage to provide damping

and maximize synchronizing torque during transient incidents.”

The importance of FACTS is now being recognized on a worldwide scale and the technology is
moving at an increasing pace. Along with advanced control centre technology and overall

automation, FACTS represents a new era for transmission systems [9].

1.1.2 Inverter Based Compensators

Since the concept of FACTS was first introduced, various types of FACTS devices have been
designed [12]. However this thesis focuses on the second class of FACTS devices envisaged by
Hingorani, that is, all power-electronic type FACTS devices with little visual resemblance to
conventional compensators. One of these devices is the inverter-based compensator which may
be used to replace a conventional series compensator, shunt VAR compensator, phase shifter or all

of these at once.

This particular category of FACTS device makes use of high-powered voltage source inverters to
insert near-sinusoidal ac compensating voltages into the transmussion system.  These
inverter-based FACTS devices include the Static Synchronous Series Compensator (SSSC), Static
Synchronous Compensator (STATCOM) and Unified Power Flow Controller (UPFC), where the
UPEC is essentially a combination of the SSSC and STATCOM modules. These devices are
capable of controlling a number of different variables in the transmission system that influence
power flow and they can do so via fast, continuous control. This thesis will deal with the

modelling of all three devices; however, more attention will be paid to the analysis of the SSSC.

A. Static Synchronous Series Compensator (SSSC)

The inverter based series compensator, which is now often termed the SSSC, was first proposed in

1989 by Gyugyi [13]. Fig. 1.1 shows that the SSSC is used to insert, in series into the
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transmission line, an ac voltage v, at the synchronous frequency via a series injection transformer
to influence the power flow on the line. The magnitude and angle of this injected voltage is
controlled by the SSSC depending on its mode of operation. However, when operating as a
stand alone SSSC, the device is restricted to the reactive power domain, where the injected

voltage must be in quadrature to the line current.

CONTROL Ik vg

Fig.1.1: Schematic diagram of the SSSC.

Two possible modes of operation are described below [14,15]:

1. Line Impedance Emulation Mode
The SSSC injects an ac voltage that emulates capacitive reactance. The voltage injected into
the line is in lagging quadrature with the line current i, thus emulating a capacitive reactive
voltage drop in series with the transmission line. In practice, the voltage v, inserted is not in
exact quadrature with the transmission line current so that a small amount of real power is
supplied by the line to replenish the losses in the inverter. The relationship between the line
current phasor I and the injected voltage phasor V, can be described mathematically by the

phasor equation:
V =kle ? (1.1)
where the term k determines the degree of series compensation [16].  Hence, by controlling &,

the degree of series compensation can be continuously varied within the rating of the inverter

from zero compensation (k=0) to some maximum value (k=k.). Also, by controlling the
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term k, the reactive compensation is specified in a similar manner to a conventional series

capacitive reactance [17], where

k=—"-=X (1.2)

From Equation (1.2) the term k becomes analogous to the ohmic magnitude of a series
capacitive reactance emulated by the inverter based series compensator [18].  In other words,
the traditional capacitor banks are replaced by this inverter based series compensator with
X,=k being, in effect, equivalent to the fundamental-frequency reactance X, of the
conventional series capacitor bank. However, in the case of the inverter-based compensator
the magnitude of the compensating reactance is rapidly controllable because the amplitude
[V,} of the inverter output voltage can be changed very rapidly. Note, although the SSSC is
intended to emulate a conventional capacitive reactance at the fundamental frequency,
throughout this thesis the notation V, and X, are used to describe the inserted voltage and
emulated capacitive reactance of the SSSC, whereas the notation V. and X, are used to

describe the voltage and reactance of a conventional series capacitor bank.

Various researchers have given this mode of SSSC operation different names. It is
sometimes referred to as the “constant reactance mode” [19], or the “X,-controlled SSSC”
[20].

This particular mode of operation of the SSSC is the one considered in this thesis.

Direct Voltage Injection Mode

This mode of operation [21] provides a controllable series compensating voltage independent
of the magnitude of the line current, i.e. the injected voltage v, 1s typically capacitive in nature,
but has no direct enforced magnitude relationship with the line current ;. For example, the
magnitude of this compensating voltage can be used as part of a closed loop control scheme to
force the active and reactive power in the transmission line to follow a desired reference value;
however the inverter-based compensator does not emulate any specified value of capacitive

reactance.

This mode of operation is also referred to as the “constant quadrature voltage mode” [19] or
the “V,-controlled SSSC” [20].
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B. Static Synchronous Compensator (STATCOM)

The second type of inverter-based compensator is the STATCOM, which also used to be referred
to as the Advanced Static VAR Compensator (ASVC) [22,23,24] or Static Condenser
(STATCON) [17,25]. A STATCOM has similar components to that of an SSSC but it is a shunt
device that provides reactive compensation to the transmission system by injecting almost

sinusoidal current of variable magnitude at the point of connection, shown in Fig. 1.2.

I
—

CONTROL

L
L
K

Fig.1.2:  Schematic diagram of the STATCOM.

The reactive power exchange is determined by the amplitude difference between the inverter and
system AC voltages. The inverter ac voltage is usually controlled by adjusting the magnitude of
the dc capacitor voltage. Hence, if the dc capacitor voltage is increased from its nominal value,
the STATCOM injects reactive power into the AC system in a similar manner to an over-excited
synchronous condenser. On the other hand, if the dc voltage from the capacitor bank is reduced
so that the inverter ac voltage is lower than the AC system voltage, then the STATCOM absorbs
reactive power like an under-excited synchronous generator. The flow of real power between
the AC line and the dc capacitor to replenish the losses in the STATCOM is governed by the
phase angle between the inverter and the system AC voltages [11,17,22,26,27].

The reactive compensation control modes are described briefly as follows [14,15]:
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1. VAR Control Mode
In this mode of operation, the shunt current injected by the STATCOM is controlled in order

that that STATCOM provides a desired reference value of reactive power.

2. Automatic Voltage Control Mode
The transmission line voltage is maintained at a certain reference level by regulating the shunt

reactive current injected by the STATCOM.

This thesis considers the detailed modeling of a STATCOM as a part of a larger UPFC mode] (to
be described in the following section), but does not consider the performance of a stand alone

STATCOM in ac transmission systems.

C. Unified Power Flow Controller (UPFC)

When either an SSSC or a STATCOM operates as a stand alone device, they are both limited to
only work in the reactive power domain due to the fact that they cannot exchange active power
with the ac system other than that required to replenish their own internal losses. However,
when an SSSC and STATCOM are combined to form a larger device, the UPFC as shown in Fig.

1.3, the restriction is then removed, thus allowing operation within the real power domain [11].

_I) Vg
L _;J Vo w V’
Supply [T Series
Transformer Transformer
b Inverter 2

Vdc
Inverter 1 ~‘>‘§\ '_'|:' P

7

Measured Reference Input

- —>»| CONTR
variables OL €—— Parameter Setting

Fig.1.3:  Schematic diagram of the UPFC.
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The SSSC and STATCOM are connected in such a way that they share a common dc link
capacitor — a concept that was first introduced in the Active Power Line Conditioner (APLC)
[28,29]. The dc voltage, V, of the link capacitor is regulated by the STATCOM which also
provides the capability for exchanging shunt reactive current with the line [17]. The net real
power absorbed from the line by the UPFC is equal to the losses of the series and shunt inverters
and their coupling transformers [14]. The SSSC can now also exchange both real and reactive
power with the transmission line. In this arrangement the UPFC can be viewed as an ac-to-ac
converter in which the real power is able to pass bi-directionally through the UPFC in either
direction via the dc link capacitor; the reactive power, however, is independently generated or
absorbed by either the STATCOM or SSSC at its own point of connection to the transmission line
[27,30,31].

Apart from being able to operate in the direct voltage injection mode and line impedance
emulation mode, the SSSC can be applied to one further application when it is part of a full UPFC
[14,15]:

Automatic Power Flow Control Mode

In this mode of operation, the series voltage injected by the SSSC is a two dimensional
quantity with both quadrature and in phase components relative to the line current, and it is
therefore able to independently control both the real and reactive power flow down the
transmission line. Depending on the desired real and reactive power, these components of
series injected voltage are automatically and continuously adjusted to respond to any system
change. The UPFC is seen by the transmission line as a high impedance power source or
sink [14]. It is in this mode that the UPFC vyields best advantage over conventional
compensating devices as it provides simultaneous, real-time control over all basic power

system parameters [26].

Generally speaking, in a UPFC, the STATCOM will be operating in an automatic voltage control
mode and the SSSC in the automatic power flow control mode [14]. Ultimately, the use of a
UPFC is intended to enhance the power system by allowing maximum real power transmission
with minimum reactive power flow [11]. The UPFC is, as reference [32] puts it, “a unified

device combining the advantages of all controllers.”

1.1.3 Objective

With the advances in power semiconductor technology, the all solid-state implementation of
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FACTS devices like inverter based compensators yields many advantages over conventional
compensators, these include the reduction in manufacturing cost, equipment sizes and installation
labour, also significant improvements in operating flexibility and performance [26]. Although
such FACTS devices are intended to enhance the stability of the system and hold many
advantages over the conventional power system control methods, due to their complexity, these
devices have the potential to cause unfavourable interactions with network or other FACTS
devices in the transmission system [33]. The research project described in this thesis has
therefore focused on developing detailed simulation models of industry-standard, inverter-based
FACTS devices in order to examine whether these devices can cause such unfavourable
interactions. By using accurate simulation models at an early stage, it is hoped to be able to

identify and overcome any potential hazards before the FACTS devices are introduced in the field.

1.2 Literature Review

1.2.1 General

The previous section gave a broad overview of FACTS and inverter-based compensators. This
overview highlighted the issue that FACTS devices are themselves complex subsystems of the
power system. The broad objective of the work presented in this thesis is to examine the
possibility of adverse interactions between such FACTS devices and the rest of the system, and in
particular the development of detailed simulation models of industry-standard FACTS devices so

that such interactions can be predicted and avoided.

This section now presents a review of the technical literature in the subject area.

1.2.2 IEEE FACTS Working Group Definitions [9]

In 1997, an IEEE paper was submitted by the FACTS Terms & Definitions Task Force of the
FACTS Working Group of the DC and FACTS Subcommittee, entitled "Proposed Terms and
Definitions for Flexible AC Transmission System (FACTS)". The aim was to establish
appropriate definitions of FACTS related terminology so as to avoid conflicting technical
language and ambiguous jargon used worldwide by industries and academic researchers. The

three inverter-based FACTS devices are defined as follows:
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Static Synchronous Series Compensator (SSSC):
“A static, synchronous generator operated without an external electric energy source as a series
compensator whose output voltage is in quadrature with, and controllable independently of, the
line current for the purpose of increasing or decreasing the overall reactive voltage drop across

]

the line and thereby controlling the transmitted electric power.’

Static Synchronous Compensator (STATCOM):
“A static synchronous generator operated as a shunt-connected static var compensator whose

capacitive or inductive output current can be controlled independent of the ac system voltage.”

Unified Power Flow Controller (UPFC):

“A combination of static synchronous compensator (STATCOM) and a static synchronous series
compensator (SSSC) which are coupled via a common dc link, to allow bi-directional flow of real
power between the series output terminals of the SSSC and the shunt output terminals of the
STATCOM, and are controlled to provide concurrent real and reactive series line compensation
without an external electric energy source. The UPFC, by means of angularly unconstrained
series voltage injection, is able to control, concurrently or selectively, the transmission line
voltage, impedance, and angle or, alternatively, the real and reactive power flow in the line.

»

The UPFC may also provide independently controllable shunt reactive compensation.’

It should be noted that from the definition given to the SSSC, it is clear that the term applies only
to the “V,-controlled SSSC” described in section 1.1.2.A. However this strict definition is often
not adhered to in the technical literature [19,20,27,34], and the name SSSC is often also used to
describe the “X,-controlled SSSC” described in section 1.1.2.A. In this thesis the more loose use
of the term SSSC to mean “inverter based series compensator” is used. Where it is necessary to
distinguish between the two categories of inverter-based compensator (or SSSC) the terms
“V,-controlled SSSC” and “X,-controlled SSSC” (as defined in 1.1.2.A) are used.

1.2.3 Modeling of Inverter-Based FACTS Devices

The aforementioned objective of this thesis is aimed at developing detailed simulation models of
an SSSC, STATCOM and UPFC that can then be used to predict any interactions with the rest of
the power system. In order to model such a FACTS device accurately, the following issues need

to be considered:

(i) inverter technology used in actual (high-power) FACTS devices;
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(ii.) inverter switching strategies typically used in actual FACTS devices;
(iii.) type of control used in industry-standard applications; and

(iv.) level of detail of the simulation model that is appropriate.
This section now presents a review of the technical literature and examines each of these issues.

Since the inverter-based FACTS devices can be implemented using various types of static
switching power inverter, some important technical factors are considered when selecting the type
of inverter to be used in high power FACTS applications: harmonics, switching and conduction
losses, state of the art technology, cost, efficiency etc. Two main categories of static inverters
are considered in the construction of high power compensators, namely voltage source inverters
and current source inverters. Both inverter types may be operated to emulate series capacitance
or inductance. However, as [35] points out, it is essential to have extra current snubbers in the
current source topologies due to the lack of continuity of the current in the inverter inductors.
Therefore, the voltage source inverters may be preferred over the current source inverters. Due
to the fact that the mainstream use of inverters has been voltage-sourced since FACTS was

introduced, this type will be adopted in this thesis.

Various types of inverter switching strategies that are commonly considered to ensure that the
harmonic content of the ac output waveform is sufficiently low are two-level multi-pulse inverters,
three-level multi-pulse inverters and pulse-width modulation (PWM) inverters [36]. When
assessing the factors mentioned before, multi-pulse inverter configurations are usually considered
to be the most practical for high-power utility applications [17,25]: PWM inverters have not been
Justifiable at high power levels due to higher equipment cost, and because the gate-turn-off
thyristors’ (GTO) switching losses are unacceptable at the higher switching frequency associated
with these inverters [36,37]. However, such judgement may change with time as semiconductor
technology improves and more sophisticated inverter topologies are being invented, allowing
PWM-type inverter solutions at high power levels [38]. For example, a method has been
proposed [39,40,41] which uses phase shifting of the triangular carriers in the sinusoidal pulse
width modulation (SPWM) technique to reduce cost, total harmonic distortion (THD), the
switching frequency and the switching losses. Reference [23] also employed a technique called
the selective harmonic elimination modulation (SHEM) to minimize harmonics and, device

stresses and losses.  Nevertheless, PWM type of inverters is not considered in this thesis.

Within the multi-pulse inverter category, two types were mentioned, namely, the two-level and the
three-level inverters. Two-level inverters have a fixed gain between the dc and ac voltages of the

inverter, so that varying the amplitude of the ac output voltage can only be achieved by varying
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the amplitude of the dc input voltage. The three-level inverter is more complex but it allows the
ac output voltage of the inverter to be varied in two ways: one is the method described for the
two-level inverters; the second is by varying the gain between dc and ac voltages without
changing the dc voltage. Previously [22], three-level inverters were considered uneconomical
for transmission type applications, but subsequently [23,24,27,34] studies have been reported
where the three-level type of inverter has been considered. The three-level inverter is also
preferred over the two-level due to its flexibility to rapidly vary the ac voltage or to provide a
defined zero voltage “notch” to eliminate or reduce some specific harmonics [36]. In short, a

three-level inverter may be operated as a two-level inverter, but not vice versa.

Various studies have proposed one typical topology of the single pole three-level inverter
[25,23,24,36,42,43]. Reference [25] has actually proposed an n-level inverter topology; that, for
n=3, reduces to the same topology as references [23,24,36,42,43]. Reference [44] has gone a
step further, and proposed three types of transformerless multi-level voltage source inverters,
namely, “diode-clamp”, “flying-capacitors” and “cascading-inverters with separate dc sources.”
The absence of magnetic coupling transformers in these proposed topologies serves the purpose of
overcoming problems of their bulkiness, weight and losses. The “diode-clamp” inverter
described in [44] is a further development of those in [25,23,24,36,42,43]. However, the inverter
topology described in [25,23,24,36,42,43] will be considered for detailed study in this thesis: this
topology appears, based on current technology, to be the most suited to high-power transmission

applications.

An SSSC can be operated in different modes, depending on whether or not the device is
stand-alone or part of a UPFC. Sen [34] has developed an EMTP simulation model of a
stand-alone SSSC based on a two-level, 24-pulse harmonic neutralized voltage source inverter
and used this model to study the dynamic performance of the SSSC. Fig. 1.4 shows a
diagrammatic representation of the SSSC in an ac transmission system as presented in [34]. This
transmission system includes a sending-end voltage source V,, a receiving-end voltage source V,
and inductive reactances X, and X,. The SSSC consists of a voltage-sourced inverter VSI2, a
special transformer MC2 (magnetic adding circuit), a series voltage-injecting transformer 72,

current and voltage sensors, and a compensation controller.

Soon after [34], Sen [27] developed an EMTP simulation model of a larger UPFC device based on
two identical three-level, 24-pulse harmonic neutralized voltage-source inverters and used this
model to study the dynamic performance of the UPFC, as shown in Fig. 1.5. The SSSC part of
the UPFC is essentially identical to that in [34] but it is now connected to the STATCOM through

a common dc link capacitor. The STATCOM consists of a voltage-sourced inverter VSI/, a
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special transformer MCI (magnetic adding circuit), a shunt voltage-injecting transformer T1,

current and voltage sensors, and a compensation controller.
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Fig.1.4: Diagram of a Static Synchronous Series Compensator [34].

Since the SSSC in [34] is based on a two-level inverter (fixed gain between inverter dc and ac
voltages), the SSSC controls in [34] adjust the magnitude of the ac output voltage by regulating
the inverter’s dc voltage. Since the SSSC in [27] is based on a three-level inverter (adjustable dc
to ac gain), the SSSC controls in [27] adjust the magnitude of the ac output voltage by adjusting
the conduction intervals of the GTOs in the inverter; this mode of operation is specifically
required in the UPFC, since the magnitude of the dc link voltage shared by the SSSC and
STATCOM is set by the STATCOM’s controller. In both the aforementioned SSSC and UPFC
models originally developed by Sen [34,27] the discontinuous nature of the multi-pulse inverter’s

ac output waveforms and the SSSC controls are represented in detail, but the actual
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power-electronic switching in the inverters is not represented in either case. In most studies on
inverter-based FACTS modelling, the mathematical modelling approach taken is to not represent
the actual power electronic switches within the inverters; examples of this approach include
mathematic modelling of SSSC [20,30,45,46], STATCOM [22], and UPFC [14,31,32,47-54]).
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Fig.1.5: Diagram of a Unified Power Flow Controller [27].

Ghosh et al. [55] have developed an SSSC model for the power system simulation program
PSCAD/EMTDC [56,57] based on a 48-pulse inverter; in this case the simulation model does
include the detailed power electronic switching in the inverter, but the inverter considered is only
a two-level device. This model is then used for their subsequent studies on the dynamics
between SSSC and other compensating devices in the transmussion line [58-61]. Reference [62]
developed a detailed STATCOM simulation model including power electronics, but assumed a
two-level inverter. A detailed UPFC model has been developed based on three-level, 12-pulse

inverters which include the inverters’ switching topologies [63].
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Along the lines of developing detailed power electronic models of the inverter-based FACTS
devices, Han er al. [42] described an SSSC based on a three-level multi-bridge inverter.
Reference [42] proposed an inverter that consisted of six three-level half-bridge modules per
phase for the SSSC. These half-bridge modules are the same as the single pole three-level
inverter topology mentioned earlier. However, the switching strategy adopted here is pulse
width modulation. Subsequently in [43], Han et al. considered the three-level switching strategy
and also increased the complexity of the inverter developed in [42] to comprise twelve three-level,
half-bridge modules per phase; this topology was referred to as a six H-bridge module, and
ultimately generated a staircase output waveform of thirteen voltage levels. Inregards to module
structures, references [42,43] connected each half-bridge module in series with one another, with
multiple dc sources, whereas reference [27] connected these modules in paralle] with one
common dc source. It was claimed by both [42,43] that the system flexibility and operating
voltage could be increased by increasing the number of the half-bridge modules connected in
series. However, the goal in both [42,43] by Han er al. was to propose an SSSC that could be
inserted directly onto the transmission line without coupling transformers; since this particular
innovation is not an objective in this thesis, only the more standard inverter topologies are

considered for study here.

In regards to the type of control mode of the SSSC, references [27,31,42,43,46] have followed the
strict definition of the SSSC given in [9], that is the V,-controlled SSSC.  On the other hand, the
models described in [55,58,59,60,61] appear to be that of a X,-controlled SSSC, as the authors
specifically designed the SSSC to emulate the behaviour of a series capacitor or inductor.
Likewise, [34,64,65] clearly deal with the X ,-controlled SSSC. References [19,20] actually

developed both types of SSSC to investigate and compare their characteristics and performances.

In this thesis, detailed models of a stand alone X,-controlled SSSC and a UPFC have been
developed for the simulation package PSCAD/EMTDC. The SSSC model 1s based on the work
of Sen in [34], but the SSSC model presented here is based on a three-level 24-pulse inverter
[27,36] and not just a two-level device; hence it can be used in either of the inverter control modes
(adjustable inverter dc voltage magnitude or adjustable dc to ac gain across the inverter). The
UPFC model is entirely based on the work of Sen in [27]. Both the SSSC and UPFC simulation
models developed extend Sen’s work from mathematical models developed in EMTP to detailed
simulation models that represent the switching actions of each power electronic device within the
inverters, their low-level switching controls and coupling transformers. The model of the
individual power electronic devices employed in these studies is of a non-ideal (finite resistance)
switch, in the open or closed state according to the firing pulses received from the low-level

switching controls. Benchmark tests are presented in the thesis to demonstrate that the steady
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state and dynamic performances of the stand alone SSSC and UPFC predicted using these
PSCAD/EMTDC simulation models agree closely with those described in [36] and [27]

respectively.
1.2.4 Subsynchronous Resonance and Related Issues

One of the most inexpensive ways to increase the power flow down an ac transmission line is to
insert series capacitors and therefore decrease the total line impedance. However, this seemingly
effortless solution of relieving power congestion carried a weighty price tag. In the 1970s, two
successive shaft failures occurred at the Mohave plant in South California Edison, U.S.A., after
the series capacitor compensation was implemented. These events unveiled the danger of an
instability called subsynchronous resonance (SSR) [66,67,68], and a worldwide research effort

into the SSR phenomenon and its related topics was launched.

Subsynchronous resonance (SSR) is a form of dynamic instability that arises when electrical
resonances in a transmission line compensated with series capacitors interact with the mechanical
resonances of a turbine-generator shaft system [69]. This type of instability, as described earlier
on, can severely damage the shafts of the turbine-generators and therefore special precautions are

required when inserting conventional series capacitors onto transmission lines [66,69].

One of the methods that has been proposed to mitigate the SSR problems is to incorporate
inverter-based series compensators onto the transmission line. Various papers [17,21,26] have
stated that since inverter-based FACTS series compensators employ no series capacitor they are
immune to classical network resonances. This claim is based on the reasoning that series
compensation by a synchronous voltage source can be restricted to the fundamental frequency,
and with proper implementation should therefore be unable to produce undesired electrical
resonances with the transmission network, and therefore cannot cause subsynchronous resonance
[17]. While Sen in his two papers [27,34] about the inverter-based series compensator did not
mention any resonance related topic, Ghosh [55] has claimed that with these FACTS series
compensators ‘the system operates satisfactorily without any SSR for balanced and unbalanced

Sfaults.”

However, Harley et al. pointed out that due to the fact that the transfer function of the SSSC is of
fourth order at least, SSR instability cannot be ruled out [70]. Reference [14] stated that when
SSSC is implemented, “naturally care must be taken in this [line impedance emulation] mode to
avoid values of negative resistance or capacitive reactance that would cause resonance or

instabiliry.”  References [20] and [33] then demonstrated that the inverter-based form of
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compensation does cause a resonant impedance effect similar to that caused by conventional
series compensating capacitors and therefore could potentially excite SSR. It was also shown that
the subsynchronous frequency at which this resonant minimum occurs in the impedance of an
SSSC-compensated line is distinct from that of a conventionally-compensated line; furthermore,
the magnitude of the impedance at resonance in the SSSC-compensated line, and hence the extent

of the SSR concern, was shown to depend on the tuning of the SSSC’s internal controller.

References [58,59] have likewise confirmed that the torsional modes of a generator connected to
an SSSC-compensated transmission system can be lightly, or even negatively damped. Indeed,
reference [58] also concludes that the SSSC’s internal controller design can have an influence on
the stability of the torsional modes of neighbouring generators. In [59], this latter issue is
considered further: the authors describe a successful study into the design of the SSSC’s dc-side
capacitor and internal controller to avoid causing negative damping in the torsional modes of a
neighbouring generator. Reference [59] also concluded that the increase in conventional
capacitor compensation increases the damping of small signal oscillations, whereas the use of an

SSSC results in a decrease in small signal stability.

In order to provide positive damping to the SSSC-compensated system, reference [60] introduced
a power system stabiliser (PSS) with a speed input signal to improve the system stability.
However, it has been shown that, with proper design, the SSSC can nevertheless be used to damp
out torsional oscillations caused either by itself [71], or by conventional series capacitors
elsewhere in the transmission network [61,65]. These studies have presented the results of
successful studies in which an SSSC, together with supplementary damping controls, is used in
combination with conventional series capacitors without causing negatively-damped torsional

oscillations.

So far in the review, the SSSC that has been used to provide damping in each case is the
X,-controlled form of SSSC; however, with appropriate damping controller, the V,-controlled
SSSC can also be employed to increase power system damping. Nevertheless, it has been shown
[19,20] that the X ,-controlled SSSC results in a greater system transient stability limit and

provides more natural damping than the V,-controlled SSSC.

An important consideration when studying the SSR characteristics of new forms of compensation
is the nature of the study system itself, particularly when it is desirable to compare the
performance of one form of compensation (SSSC) against another (conventional series capacitors)
or when it is desirable to compare strategies to investigate SSR using a device such as the SSSC.

Also, when drawing conclusions regarding SSR, a range of system conditions needs to be
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considered (e.g. different values of series compensation, operating point etc.) rather than drawing
conditions based on one value of compensation and one operating point. For this reason, it is
important to carry out thorough studies using benchmark study systems developed for such
investigation. Much of the detailed research done on SSSCs and SSR has made use of
non-benchmark type study systems [15,19,20,34,46,53,65]. While such studies are still of value
and interest, it is also important to validate such studies on benchmark systems such as these
conducted 1n [55,58,59,60,61,71]. Other studies have considered detailed resonance issues, but
at a single value of series compensation [55,61,65]. In this thesis, the IEEE First Benchmark
Model [72] is used as the basis of study and comparison for all detailed SSR investigations, and a
range of operating conditions and system variables are considered for analysis, rather than relying

on singie-condition studies to draw conclusions.

Although a number of research studies have been done into the characteristics, effect and
performance of the SSSC on the stability of the power system, little work has been done on the
SSR characteristics when a UPFC is connected to a transmission line [52,63], nor has the damping
function of the UPFC been fully explored [73]. However, it has been shown [63] that while the
operation of STATCOM has no significant effect on the torsional modes of the generator, the
SSSC is able to increase the damping of the critical torsional modes by operating in the resistance
emulation mode, that is where positive series real voltage is injected onto the line, but that care

must still be taken when the SSSC operates in the capacitive reactance emulation mode.

This thesis uses the detailed PSCAD/EMTDC model of the X,-controlled SSSC to investigate the
resonant characteristics of the transmission line impedance in which an SSSC is placed. This
same SSSC model is then integrated into the IEEE First Benchmark Model for the study of SSR
to investigate the resonant response of the turbo-generator shafts in the presence of a detailed
SSSC model. Further studies are presented in this SSSC-compensated First Benchmark Model
to investigate the implementation and design of a supplementary damping controller for the SSSC
to damp out the electro-mechanical instabilities caused by itself, and those caused by a

combination of conventional capacitors and the SSSC operating in the reactance emulation mode.

1.3 Thesis Outline

As described in section 1.1.2, the SSSC, STATCOM and UPFC are based on solid-state
voltage-sourced inverters; therefore in Chapter Two, a detailed description of these inverters 1s

presented. The basic 3-level inverter "pole” is first described, then a detailed 3-level, 24-pulse
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inverter, including all the power electronics involved in the voltage-sourced inverters and their
low-level switching control, is simulated. This chapter also takes a closer look at how the

inverter’s fundamental and harmonic frequencies behave under different GTO switching angles.

Any investigation based on simulation studies depends heavily on the accuracy of the simulation
model. It is therefore essential that the validity of such models be well established before they
are used for predictions. Chapter Three presents a detailed SSSC model, including the above
described three-level, 24-pulse inverter, phase shifting and series injecting transformers and the
associated FACTS device controls. In the studies of Chapter Three, the SSSC is first operated as
a two-level (i.e. fixed dc to ac inverter gain) and then as a three-level device (i.e. variable dc to ac
inverter gain). The difference between these two modes of control scheme in the SSSC is
described in detail. Simulation results obtained from this detailed SSSC model are presented and

benchmarked against the results in [34].

Chapter Four presents a detailed UPFC model that employs the three-level, 24-pulse inverter
described in Chapter Two. The development of the STATCOM is first described along with its
associated controls.  After that, the STATCOM is combined with the three-level SSSC described
in Chapter Three to form a larger UPFC model. For the purpose of assuring the accuracy of the
model, the simulation results obtained from this detailed UPFC model are presented and

benchmarked against the results in [27].

Although it is important to run simulations using these detailed models described above as it gives
a better idea on how the entire system is performing, large simulation time is required and for
some studies, this may not be necessary. Chapter Five, therefore, presents the SSSC, STATCOM
and UPFC models that are based on a simplified, continuous-time model of a voltage-sourced
inverter; and by doing so, allow the simulation studies to be carried out more rapidly. Once
again, the simulation results obtained from these simplified FACTS models are presented and

benchmarked against the results in [27, 34] to ensure the accuracy of the simulation models.

Chapter Six presents an investigation into the resonant characteristics of the transmission line
impedance in which a two-level SSSC is included. This exercise confirms that an SSSC has the
potential to cause subsynchronous resonance. A more detailed case study on SSR is then

presented using a combination of the detailed SSSC model and the First Benchmark Model for the
study of SSR [72].

Chapter Seven investigates a method of damping out resonant oscillations in a three-level SSSC

compensated transmission line. The simulated results show that by providing a supplementary
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damping controller designed to add damping at a single torsional mode frequency, SSR stability
may be restored. Moreover, it was found that one carefully designed supplementary damping
controller is able to stabilise the SSR caused in a transmission system compensated solely by an
SSSC over a range of values of SSSC compensation.

In practice, it is likely to be more cost effective to use a combination of conventional series
capacitor compensation and an SSSC, such that only part of the series compensation is variable.
Chapter Eight, therefore, considers methods of providing damping to a dual-compensated system,
that is, a system compensated by both conventional series capacitors and the SSSC. The
analyses in the chapter demonstrate that the nature of the 