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Foreword

The electric power industry is undergoing the most profound technical, economic
and organisational changes since its inception some one hundred years ago. This
paradigm change is the result of the liberalisation process, stipulated by politics
and followed up by industry. For many years the electric power industry was char-
acterized by a vertically integrated structure, consisting of power generation,
transmission/distribution and trading. The liberalisation process has resulted in the
unbundling of this organizational structure. Now generation and trading are organ-
ised in separate business entities, subject to competition, while the transmis-
sion/distribution business remains a natural monopoly. Since the trading of elec-
tric energy happens on two levels, the physical level and the contractual level, it
has to be recognized that these two levels are completely different. However for
understanding the electricity market as a network based industry both levels have
to be considered and understood. The fundamental properties of electric energy
are as follows:

e Electricity always needs a network for transportation and distribution.

e Electricity cannot be stored in a substantial amount, hence production and con-
sumption have to be matched at each instant of time.

e The physical transport of electricity has nothing to do with the contracts for
trading with electricity

The role of the electric network is of prime importance within the electric energy
business. Its operation is governed by physical laws. The electric network has a
fixed structure consisting of different voltage levels; the higher levels are for
transmission purposes whereas the lower levels are used for the distribution tasks.
Each network element has a finite capacity, limiting the amount of electricity to be
transported or distributed. As a consequence of the liberalisation process the op-
eration of the networks has been pushed closer towards its technical limits. Hence
the stress on the system is considerably bigger than in the past. The efficient use of
all network elements is of prime interest to the network operator because the cost
constraints have also become much tighter than in the past. Recognizing that the
operation of a large electric network is a complex and challenging engineering
task, it becomes evident that the cost constraints increase the operational complex-
ity considerably. The bigger the interconnected network becomes the more flexi-
bility is required with respect to the cross border trading of electricity. Simultane-
ously the complexity of operational problems increases due to voltage, angle and
frequency stability problems.
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The traditional planning approaches for power networks are undergoing a reen-
gineering. The long lasting experience with the power flowing purely from the
generation plants to the customers is no longer valid. Growing volatility and in-
creasingly unpredictable system behaviour requires innovative equipment to han-
dle such situations successfully. Keeping in mind that the interconnected power
networks have been designed such that each network partner may contribute with
reserve power in case of emergency, the trend is now towards extensive cross bor-
der energy trading. Another fundamental development is the construction of micro
grid on the distribution level. The introduction of dispersed generation close to the
customers changes the functionality and the requirements of the distribution net-
works. The grid operator is requested to provide network access to any interested
stakeholder in a transparent and non-discriminatory manner. So, while in the past
the power flow in distribution networks was unidirectional, now the system must
handle bidirectional power flows. This allows the distribution network to take on
more and more the function of a balancing network. At the same time, the capacity
of individual elements may not be sufficient to cope with the resulting power flow
situations.

Summarizing the current developments, it must be noticed that both planning
and operation of electric networks are undergoing fundamental and radical
changes in order to cope with the increased complexity of finding economic and
reliable network solutions. The operation of the transmission and distribution net-
works will be closer to their physical limits. The necessity to design electric power
networks providing the maximal transmission capacity and at the same time re-
sulting in minimal costs is a great engineering challenge. Innovative operational
equipment based on power electronics offers new and powerful solutions. Com-
monly described by the term 'Flexible AC Transmission Systems' or 'FACTS-
devices', such equipment has been available for several years, but has still not
been widely accepted by all grid operators for several reasons.

The introduction of innovative equipment has a great impact on the operation.
A more flexible transmission or distribution system may cause new problems dur-
ing normal or disturbed operating states. Furthermore, the proper understanding of
innovative equipment is also an educational problem because there is not much
experience reported so far with this innovative equipment.

On the other hand, the opportunities for new solutions are substantial and im-
portant. FACTS-devices can be utilized to increase the transmission capacity, im-
prove the stability and dynamic behaviour or ensure better power quality in mod-
ern power systems. Their main capabilities are reactive power compensation,
voltage control and power flow control. Due to their controllable power electron-
ics, FACTS-devices always provide fast control actions in comparison to conven-
tional devices like switched compensation or phase shifting transformers with me-
chanical on-load tap changers.

This book offers a concise and modern presentation of the timely and important
topic of flexible AC transmission networks. There is no doubt that these innova-
tive FACTS-devices will find a definite place in transmission and distribution
networks. The complete description of the functionality of such devices is sup-
ported with extensive mathematical models, which are required when planning the
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use of this type of equipment in electrical networks. The first part of the book
deals with the modeling of single and multi-converter FACTS-devices in single
and three-phase power flow studies and optimal power flow solutions.

The in depth discussion of the operational and controlling aspects in the second
part of the book makes it a most valuable compendium for the design of future
electric networks. Without a complete and powerful solution of the control prob-
lems, the FACTS-devices will not find their application in power systems because
they have to operate in normal and contingency situations in a reliable and eco-
nomic way. System security must not be weakened by the FACTS-devices, even if
the system is operated closer to its limits. The control speed of the FACTS-devices
can only be utilized, if they are first given higher priority from the operator, then
designed to react in a coordinated but autonomous manner in dynamic or even
contingency situations. A novel and original control strategy based on the
autonomous control theory fulfilling these requirements is presented in the book.

Due to the influence of FACTS-devices on wide system areas, especially for
power flow and damping control, an exchange of system information with the
FACTS-controllers is required. A wide area control scheme is introduced and ap-
plied for power flow control. The dynamics of FACTS-devices provide effective
damping capability. Inter-area oscillations require wide area system supervision
and a wide area control scheme. For this application time delays in the wide area
control loop play a significant role in the controller design. Based on detailed
modeling, an innovative approach is presented considering this time delay, making
wide area damping control feasible. Only with such a control scheme, FACTS-
devices can be applied beneficially in the future.

Based on the authors' extensive experience, this book is of greatest importance
for the practical power engineers for both planning and operational problems. It
provides a deep insight into the use of FACTS-devices in modern power systems.
Although the technology of modern power electronics will change very quickly,
the results presented in this book are sustainable and long lasting. The combina-
tion of theoretical and practical knowledge from the international team of authors
from academia and industry provides an invaluable contribution for the future ap-
plication of FACTS-devices. I am convinced that this book will become a standard
work in modern power engineering. It will serve equally as a text book for univer-
sity students as well as an engineering reference for planning and operation of
modern power systems.

Prof. Dr.-Ing. Edmund Handschin Dortmund, Germany, 2005



Preface

Electricity market activities and a growing demand for electricity have led to
heavily stressed power systems. This requires operation of the networks closer to
their stability limits. Power system operation is affected by stability related prob-
lems, leading to unpredictable system behavior. Cost efficient solutions are pre-
ferred over network extensions. In many countries, permits to build new transmis-
sion lines are hard to get, which means the existing network has to be enforced to
fulfill the changing requirements.

Power electronic network controllers, the so called FACTS-devices, are well
known having several years documented use in practice and research. Several
kinds of FACTS-devices have been developed. Some of them such as the Thyris-
tor based Static Var Compensator (SVC) are a widely applied technology; others
like the Voltage Source Converter (VSC) based Static Compensator (STATCOM)
or the VSC-HVDC are being used in a growing number of installations world-
wide. The most versatile FACTS-devices, such as Unified Power Flow Controller
(UPFC), although still confined primarily to research and development applica-
tions, have the potential to be used widely beyond today's pilot installations.

In general, FACTS-devices can be utilized to increase the transmission capac-
ity, the stability margin and dynamic behavior or serve to ensure improved power
quality. Their main capabilities are reactive power compensation, voltage control
and power flow control. Due to their controllable power electronics, FACTS-
device provide always a fast controllability in comparison to conventional devices
like switched compensation or phase shifting transformers. Different control op-
tions provide a high flexibility and lead to multi-functional devices.

To explore the capabilities of FACTS-devices, a specific operation and control
scheme has to be designed. Fundamental to their operation and control is their
proper modeling for static and dynamic purposes. The integration of FACTS-
devices into basic tools like power flow calculation and optimal power flow (OPF)
is mandatory for a beneficial system operation. Due to the wide area and dynamic
impact of FACTS-devices, a pure local control is desired, but is not sufficient in
many cases. The requirements for normal and emergency operation have to be de-
fined carefully. A specific control design has to address these different operational
conditions. This book introduces the latest results of research and practice for
modeling and control of existing and newly introduced FACTS-devices.
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Motivation

This book is motivated by the recent developments of FACTS-devices. Numerous
types of FACTS-devices have been successfully applied in practical operation.
Some are still in the pilot stage and many are proposed in research and develop-
ment. From practical experience it has been seen that the investment into FACTS-
devices, in most of the cases, only pays off by considering their multi-functional
capabilities, particularly in normal and emergency situations. This requires a
three-phase modeling and a control design addressing both normal and emergency
conditions which, in most of the cases, uses wide area information. The recent re-
sults and requirements for both modeling and control have motivated this book.

Focus and Target

The focus and target of this book is to emphasize advanced modeling, analysis and
control techniques of FACTS. These topics reflect the recent research and devel-
opment of FACTS-devices, and foresee the future applications of FACTS in
power systems. The book comprehensively covers a range of power system con-
trol problems like steady state voltage and power flow control, voltage and reac-
tive power control, voltage stability control and small signal stability control using
FACTS-devices.

Beside the more mature FACTS-devices for shunt compensation, like SVC and
STATCOM, and series compensation, like TCSC and SSSC, the modeling of the
latest FACTS-devices for power flow control, compensation and power quality
(IPFC, GUPFC, VSC HVDC and Multi-VSC-HVDC, etc.) is considered for
power system analysis. The selection is evaluated by their actual and future practi-
cal relevance. The multi-control functional models of FACTS-devices and the
ability for handling various internal and external operating constraints of FACTS
are introduced. In addition, models are proposed to deal with small or zero imped-
ances in the voltage source converter (VSC) based FACTS-devices. The FACTS-
device models are implemented in power flow and optimal power flow (OPF) cal-
culations. The power flow and OPF algorithms cover both single-phase models
and especially three-phase models. Furthermore the unbalanced continuation
power flow with FACTS is presented.

The control of FACTS-devices has to follow their multi-functional capabilities
in normal and emergency situations. The investment into FACTS is normally jus-
tified by the increase of stability and primarily by the increase of transmission ca-
pability. Applications of FACTS in power system operation and control, such as
transfer capability enhancement and congestion management, are used to show the
practical benefits of FACTS devices.

A comprehensive FACTS-control approach is introduced based on the require-
ments and specifications derived from practical experience. The control structure
is characterised by an autonomous system structure allowing, as far as possible,
control decisions to be taken locally, but also incorporating system wide informa-
tion where this is required. Wide Area Measurement System (WAMS) based con-
trol methodologies, which have been developed recently, are introduced for the
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first time in a book. In particular, the real-time control technologies based on
Wide Area Measurement are presented. The current applications and future devel-
opments of the Wide Area Measurement based control methodologies are also
discussed. As a particular control topic, utilizing the control speed of FACTS-
devices, a special scheme for small-signal stability and damping of inter-area os-
cillations is introduced. Advanced control design techniques for power systems
with FACTS including eigenvalue analysis, damping control design by the state-
of-the art Linear Matrix Inequalities (LMI) approach and multiple damping con-
troller coordination is presented. In addition, the time-delay of wide area commu-
nications, which is required for a system wide damping control, is considered.
These aspects make the book unique in its area and differentiate from other
books on the similar topic. The work presented is derived both from scientific re-
search and industrial development, in which the authors have been heavily in-
volved. The book is well timed, addressing current challenges and concerns faced
by the power engineering professionals both in industries and academia. It covers
a broad practical range of power system operation, planning and control problems.

Structure

The first chapter of the book gives an introduction into nowadays FACTS-devices.
Power semiconductors and converter structures are introduced. The basic designs
of major FACTS-devices are presented and discussed from a practical point of
view. The further chapters are logically separated into a modeling and a control
part. The modeling part introduces the modeling of single and multi-converter
FACTS-devices for power flow calculations (Chapter 2 and 3) and optimal power
flow calculations (Chapter 4). The extension to three phase models is given in
chapter 5. This is fundamental for proper system integration for steady state bal-
anced and unbalanced voltage stability control or the increase of available trans-
mission capacity.

Chapter 6 and 7 present the steady state voltage stability analysis for balanced
and unbalanced systems. The increase of transmission capacity and loss reduction
with power flow controlling FACTS-devices is introduced in chapter 8 along with
the financial benefits of FACTS. From these results it can be seen, that the bene-
fits of FACTS can be increased by utilizing the fast controllability of FACTS to-
gether with a certain wide area control scheme.

The control part of the book starts with chapter 9 introducing a non-intrusive
system control scheme for normal and emergency situations. The chapter takes the
view, that a FACTS-device should never weaken the system stability. Based on
this condition, the requirements and basic control scheme for FACTS-devices are
derived. Chapter 10 introduces an autonomous control system approach for
FACTS-control, balancing the use of local and global system information and
considering normal and emergency situations. Due to the influence of FACTS-
devices on wide system areas, especially for power flow and damping control, an
exchange of information with the FACTS controllers is required. A wide area con-
trol scheme for power flow control is introduced in chapter 11.. Only with wide
area system information can the benefits of power flow control be achieved.
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The control options available with FACTS-devices can provide effective damp-
ing capability. Chapter 12 and 13 deal with small signal stability and the damping
of oscillations, which is a specific application area utilizing the control speed of
FACTS. The coordination of several FACTS damping controllers requires a for-
mally introduced wide area control scheme. This approach has to consider com-
munication time delays carefully, which is a specific topic of chapter 13.
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1 FACTS-Devices and Applications

Flexible AC Transmission Systems, called FACTS, got in the recent years a well-
known term for higher controllability in power systems by means of power elec-
tronic devices. Several FACTS-devices have been introduced for various applica-
tions worldwide. A number of new types of devices are in the stage of being intro-
duced in practice. Even more concepts of configurations of FACTS-devices are
discussed in research and literature.

In most of the applications the controllability is used to avoid cost intensive or
landscape requiring extensions of power systems, for instance like upgrades or ad-
ditions of substations and power lines. FACTS-devices provide a better adaptation
to varying operational conditions and improve the usage of existing installations.
The basic applications of FACTS-devices are:

e power flow control,

e increase of transmission capability,

e voltage control,

® reactive power compensation,

e stability improvement,

e power quality improvement,

e power conditioning,

e flicker mitigation,

e interconnection of renewable and distributed generation and storages.

In all applications the practical requirements, needs and benefits have to be
considered carefully to justify the investment into a complex new device. Figure
1.1 shows the basic idea of FACTS for transmission systems. The usage of lines
for active power transmission should be ideally up to the thermal limits. Voltage
and stability limits shall be shifted with the means of the several different FACTS-
devices. It can be seen that with growing line length, the opportunity for FACTS-
devices gets more and more important.

The influence of FACTS-devices is achieved through switched or controlled
shunt compensation, series compensation or phase shift control. The devices work
electrically as fast current, voltage or impedance controllers. The power electronic
allows very short reaction times down to far below one second.

In the following a structured overview on FACTS-devices is given. These de-
vices are mapped to their different fields of applications. Detailed introductions in
FACTS-devices can also be found in the literature [1]-[5] with the main focus on
basic technology, modeling and control.
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Fig. 1.1. Operational limits of transmission lines for different voltage levels

1.1 Overview

The development of FACTS-devices has started with the growing capabilities of
power electronic components. Devices for high power levels have been made
available in converters for high and even highest voltage levels. The overall start-
ing points are network elements influencing the reactive power or the impedance
of a part of the power system. Figure 1.2 shows a number of basic devices sepa-
rated into the conventional ones and the FACTS-devices.

For the FACTS side the taxonomy in terms of 'dynamic' and 'static' needs some
explanation. The term 'dynamic' is used to express the fast controllability of
FACTS-devices provided by the power electronics. This is one of the main differ-
entiation factors from the conventional devices. The term 'static' means that the
devices have no moving parts like mechanical switches to perform the dynamic
controllability. Therefore most of the FACTS-devices can equally be static and
dynamic.

The left column in Figure 1.2 contains the conventional devices build out of
fixed or mechanically switchable components like resistance, inductance or ca-
pacitance together with transformers. The FACTS-devices contain these elements
as well but use additional power electronic valves or converters to switch the ele-
ments in smaller steps or with switching patterns within a cycle of the alternating
current. The left column of FACTS-devices uses Thyristor valves or converters.
These valves or converters are well known since several years. They have low
losses because of their low switching frequency of once a cycle in the converters
or the usage of the Thyristors to simply bridge impedances in the valves.
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Fig. 1.2. Overview of major FACTS-Devices

The right column of FACTS-devices contains more advanced technology of
voltage source converters based today mainly on Insulated Gate Bipolar Transis-
tors (IGBT) or Insulated Gate Commutated Thyristors (IGCT). Voltage Source
Converters provide a free controllable voltage in magnitude and phase due to a
pulse width modulation of the IGBTs or IGCTs. High modulation frequencies al-
low to get low harmonics in the output signal and even to compensate distur-
bances coming from the network. The disadvantage is that with an increasing
switching frequency, the losses are increasing as well. Therefore special designs
of the converters are required to compensate this.

In each column the elements can be structured according to their connection to
the power system. The shunt devices are primarily for reactive power compensa-
tion and therefore voltage control. The SVC provides in comparison to the me-
chanically switched compensation a smoother and more precise control. It im-
proves the stability of the network and it can be adapted instantaneously to new
situations. The STATCOM goes one step further and is capable of improving the
power quality against even dips and flickers.

The series devices are compensating reactive power. With their influence on
the effective impedance on the line they have an influence on stability and power
flow. These devices are installed on platforms in series to the line. Most manufac-
turers count Series Compensation, which is usually used in a fixed configuration,
as a FACTS-device. The reason is, that most parts and the system setup require the
same knowledge as for the other FACTS-devices. In some cases the Series Com-
pensator is protected with a Thyristor-bridge. The application of the TCSC is pri-
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marily for damping of inter-area oscillations and therefore stability improvement,
but it has as well a certain influence on the power flow.

The SSSC is a device which has so far not been build on transmission level be-
cause Series Compensation and TCSC are fulfilling all the today's requirements
more cost efficient. But series applications of Voltage Source Converters have
been implemented for power quality applications on distribution level for instance
to secure factory infeeds against dips and flicker. These devices are called Dy-
namic Voltage Restorer (DVR) or Static Voltage Restorer (SVR).

More and more growing importance are getting the FACTS-devices in shunt
and series configuration. These devices are used for power flow controllability.
The higher volatility of power flows due to the energy market activities requires a
more flexible usage of the transmission capacity. Power flow control devices shift
power flows from overloaded parts of the power system to areas with free trans-
mission capability.

Phase Shifting Transformers (PST) are the most common device in this sector.
Their limitation is the low control speed together with a high wearing and mainte-
nance for frequent operation. As an alternative with full and fast controllability the
Unified Power Flow Controller (UPFC) is known since several years mainly in the
literature and but as well in some test installations. The UPFC provides power
flow control together with independent voltage control. The main disadvantage of
this device is the high cost level due to the complex system setup. The relevance
of this device is given especially for studies and research to figure out the re-
quirements and benefits for a new FACTS-installation. All simpler devices can be
derived from the UPFC if their capability is sufficient for a given situation. De-
rived from the UPFC there are even more complex devices called Interline Power
Flow Controller (IPFC) and Generalized Unified Power Flow Controller (GUPFC)
which provide power flow controllability in more than one line starting from the
same substation.

Between the UPFC and the PST there was a gap for a device with dynamic
power flow capability but with a simpler setup than the UPFC. The Dynamic
Power Flow Controller (DFC) was introduced recently to fill this gap. The combi-
nation of a small PST with Thyristor switched capacitors and inductances provide
the dynamic controllability over parts of the control range. The practical require-
ments are fulfilled good enough to shift power flows in market situations and as
well during contingencies.

The last line of HVDC is added to this overview, because such installations are
fulfilling all criteria to be a FACTS-device, which is mainly the full dynamic con-
trollability. HVDC Back-to-Back systems allow power flow controllability while
additionally decoupling the frequency of both sides. While the HVDC Back-to-
Back with Thyristors only controls the active power, the version with Voltage
Source Converters allows additionally a full independent controllability of reac-
tive power on both sides. Such a device ideally improves voltage control and sta-
bility together with the dynamic power flow control. For sure HVDC with Thyris-
tor or Voltage Source Converters together with lines or cables provide the same
functionality and can be seen as very long FACTS-devices.
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FACTS-devices are usually perceived as new technology, but hundreds of in-
stallations worldwide, especially of SVC since early 1970s with a total installed
power of 90.000 MV Ar, show the acceptance of this kind of technology. Table 1.1
shows the estimated number of worldwide installed FACTS devices and the esti-
mated total installed power. Even the newer developments like STATCOM or
TCSC show a quick growth rate in their specific application areas.

Table 1.1. Estimated number of worldwide installed FACTS-devices and their estimated
total installed power

Type Number Total Installed
Power in MVA
SvC 600 90.000
STATCOM 15 1.200
Series Compensation 700 350.000
TCSC 10 2.000
HVDC B2B 41 14.000
HVDC VSC B2B 1 + (7 with cable) 900
UPFC 2-3 250

1.2 Power Electronics

Power electronics have a widely spread range of applications from electrical ma-
chine drives to excitation systems, industrial high current rectifiers for metal
smelters, frequency controllers or electrical trains. FACTS-devices are just one
application beside others, but use the same technology trends. It has started with
the first Thyristor rectifiers in 1965 and goes to the nowadays modularized IGBT
or IGCT voltage source converters.

Without repeating lectures in Semiconductors or Converters, the following sec-
tions provide some basic information.

1.2.1 Semiconductors

Since the first development of a Thyristor by General Electric in 1957, the targets
for power semiconductors are low switching losses for high switching rates and
minimal conduction losses. The innovation in the FACTS area is mainly driven by
these developments. Today, there are Thyristor and Transistor technologies avail-
able. Figure 1.3 shows the ranges of power and voltage for the applications of the
specific semiconductors.

The Thyristor is a device, which can be triggered with a pulse at the gate and
remains in the on-stage until the next current zero crossing. Therefore only one
switching per half-cycle is possible, which limits the controllability.
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Fig. 1.3. Ranges of converter voltages and power of applications for power semiconductors

Thyristors have the highest current and blocking voltage. This means that fewer
semiconductors need to be used for an application. Thyristors are used as switches
for capacities or inductances, in converters for reactive power compensators or as
protection switches for less robust power converters.

The Thyristors are still the devices for applications with the highest voltage and
power levels. They are part of the mostly used FACTS-devices up to the biggest
HVDC-Transmissions with a voltage level above 500 kV and power above 3000
MVA.

To increase the controllability, GTO-Thyristors have been developed, which
can be switched off with a voltage peak at the gate. These devices are nowadays
replaced by Insulated Gate Commutated Thyristors (IGCT), which combine the
advantage of the Thyristor, the low on stage losses, with low switching losses.
These semiconductors are used in smaller FACTS-devices and drive applications.

The Insulated Gate Bipolar Transistor (IGBT) is getting more and more impor-
tance in the FACTS area. An IGBT can be switched on with a positive voltage and
switched off with a zero voltage. This allows a very simple gate drive unit to con-
trol the IGBT. The voltage and power level of the applications is on the way to
grow up to 300 kV and 1000 MVA for HVDC with Voltage Source Converters.
The IGBT capability covers nowadays the whole range of power system applica-
tions.

An important issue for power semiconductors is the packaging to ensure a reli-
able connection to the gate drive unit. This electronic circuit ensures beside the
control of the semiconductor as well its supervision and protection. A develop-
ment in the Thyristor area tries to trigger the Thyristor with a light signal through
an optical fiber. This allows the decoupling of the Semiconductor and the gate
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drive unit. The advantage is that the electronic circuit can be taken out of the high
electromagnetic field close to the Thyristor. The disadvantage is, that the protec-
tion of the Thyristor has to be implemented in the Thyristor itself, which leads to
an extremely complex component. A supervision of the Thyristor by the gate drive
unit is as well impossible in this case, which leads to disadvantages for the entire
converter.

A second issue for the packing is the stacking of the semiconductor devices. A
number of devices need to be stacked to achieve the required voltage level for the
power system application. A mechanically stable packaging needs to ensure an
equal current distribution in the semiconductor. Figure 1.4 shows three examples
of stacked IGCTs, Thyristors and IGBTs.

b) c)

Fig. 1.4. Semiconductor stacks, a) Medium Voltage IGCT 3-level topology, 9 MVA power
stack, b) SVC Thyristor Valve c) High Voltage IGBT stack for STATCOM (Source: ABB)

As an example the IGBT packaging shall be explained in detail. In Figure 1.5
an IGBT Presspack is shown. Each sub-module contains nine pins of which six are
IGBT chips and three are Diode chips. Between two and six sub-modules can be
integrated in one frame. The pins are designed to press the chip with a spring on
an Aluminum plate. If the entire module is stacked, the sub-modules with the pins
are pressed into the frame until the frames are laying tight on each other. With this
a well-defined pressure is equally distributed throughout all chips.

Due to the enormous number of chips in power system converter, a single chip
failure shall not lead to a disturbance of the entire FACTS-device. In the case of a
short circuit of a chip it is melting together with the Aluminum plate providing a
long-term stable short circuit of the module. The converter is designed in a way
that more modules are stacked than necessary, so that between maintenance inter-
vals a defined number can fail.

All these developments in the power semiconductor and its packaging area lead
to reliable system setups today.
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ol { { 8

Molybdenum

Fig. 1.5. IGBT-Module (1 kA, 2.5 kV) with four sub-modules for Voltage Source Con-
verter (+/-150kVpc, 300 MVA) (Source: ABB)

1.2.2 Power Converters

Starting with the Thyristor, it can be used most simply as a switch. Thyristor
switched capacities or inductances are possible applications. The next step is the
Thyristor converter as shown in a most simple configuration in Figure 1.6. In this
half-bridge the Thyristors can be triggered once in a half-cycle. The next zero
crossing will block the Thyristor. In an ideal case, where the feeding inductance
on the DC side is infinity, the output AC current is rectangular, which means it has
a high harmonic content. But due the small number of switchings, the switching
losses are low. The operational diagram is a half cycle, which means, that the ac-
tive power flow can be controlled, but the reactive power is fixed with a certain ra-
tio.

VNié v. ; ;\//N\ ot
¥ Sﬁ ; |

)

Fig. 1.6. Thyristor half-bridge converter and operational diagram
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To overcome these disadvantages for FACTS-applications, where the control-
lability as well of reactive power is a prime target, on and off switchable devices
must be used. Figure 1.7 shows on the left a half bridge with IGBTs. The same
setup is valid as well for GTO-Thyristors or IGCTs.

el SN T |
VAV NG
e L

Up,1 ot ot
.V_Jz‘ I_ L B LS. off

Fig. 1.7. 2-Level voltage source converter with pulse width modulation, left: Half-bridge,
right: TWIN-circuit

A suitable switching patern must be defined for the switch-on-and-off capabil-
ity. The simplest solution is the combination of a triangular voltage with a refer-
ence voltage as control values. The changing sign of the difference of both signals
triggers the IGBTs alternately. The output voltage is jumping between both maxi-
mums. With an increasing number of switchings the harmonic content is decreas-
ing.

On the right hand side a TWIN converter uses two IGBT bridges. The output is
the voltage between the midpoints. Three stages, plus, minus and zero, are now
possible and reducing the harmonics further. This pattern can be achieved as well
with a three level converter, where four IGBT and six Diodes are used in the sim-
ple bridge.

While the increasing number of switching reduces the harmonics, the switching
losses are increasing. For practical applications a compromise between harmonics,
which means output filtering, and losses must be found. For HVDC converters,
the losses of one converter station are around 1% for Thyristor converters and a
little above 2% for IGBT Voltage Source Converters. A switching pattern of an
IGBT 2-level converter is shown in Figure 1.8. A special switching scheme, called
harmonic cancellation, is applied here. During some time intervals the switching is
interrupted to reduce harmonics.
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Fig. 1.8. Output current and voltage of 2-level voltage source converter with pulse width
modulation and harmonic cancellation, modulation frequency 21 f (Vy)

More complex converters are proposed in the literature, but the number of
semiconductor elements increases the cost more than loss or harmonic reduction
would justify.

1.3 Configurations of FACTS-Devices

1.3.1 Shunt Devices

The most used FACTS-device is the SVC or the version with Voltage Source
Converter called STATCOM. These shunt devices are operating as reactive power
compensators. The main applications in transmission, distribution and industrial
networks are:

e reduction of unwanted reactive power flows and therefore reduced network
losses,

e keeping of contractual power exchanges with balanced reactive power,

e compensation of consumers and improvement of power quality especially with
huge demand fluctuations like industrial machines, metal melting plants, rail-
way or underground train systems,

e compensation of Thyristor converters e.g. in conventional HVDC lines,

e improvement of static or transient stability.

Almost half of the SVC and more than half of the STATCOMs are used for in-
dustrial applications. Industry as well as commercial and domestic groups of users
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require power quality. Flickering lamps are no longer accepted, nor are interrup-
tions of industrial processes due to insufficient power quality. For example de-
mands for increased steel production and rules for network disturbances have, to-
gether with increasing cost of energy, made reactive power compensation a
requirement in the steel industry. A special attention is given to weak network
connections with severe voltage support problems.

A steel melting process demands a stable and steady voltage support for the
electric arc furnace. With dynamic reactive power compensation, the random volt-
age variations characterized by an arc furnace are minimized. The minimized volt-
age variations are achieved by continuously compensating the reactive power con-
sumption from the arc furnace. The result is an overall improvement of the furnace
operation, which leads to better process and production economy.

Railway or underground systems with huge load variations require SVCs or
STATCOMs similar to the application above. SVC or STATCOM for even stricter
requirements on power quality are used in other kinds of critical factory processes,
like electronic or semiconductor productions.

A growing area of application is the renewable or distributed energy sector. Es-
pecially offshore wind farms with its production fluctuation have to provide a bal-
anced reactive power level and keep the voltage limitations within the wind farm,
but as well on the interconnection point with the main grid. A lot distributed gen-
eration devices are interconnected with the grid through a voltage source converter
similar to the STATCOM fulfilling all requirements on a stable network operation.

1.3.1.1 SVC

Electrical loads both generate and absorb reactive power. Since the transmitted
load varies considerably from one hour to another, the reactive power balance in a
grid varies as well. The result can be unacceptable voltage amplitude variations or
even a voltage depression, at the extreme a voltage collapse. A rapidly operating
Static Var Compensator (SVC) can continuously provide the reactive power re-
quired to control dynamic voltage oscillations under various system conditions
and thereby improve the power system transmission and distribution stability. In-
stalling an SVC at one or more suitable points in the network can increase transfer
capability and reduce losses while maintaining a smooth voltage profile under dif-
ferent network conditions. In addition an SVC can mitigate active power oscilla-
tions through voltage amplitude modulation.

SVC installations consist of a number of building blocks. The most important is
the Thyristor valve, i.e. stack assemblies of series connected anti-parallel Thyris-
tors to provide controllability. Air core reactors and high voltage AC capacitors
are the reactive power elements used together with the Thyristor valves. The step-
up connection of this equipment to the transmission voltage is achieved through a
power transformer. The Thyristor valves together with auxiliary systems are lo-
cated indoors in an SVC building, while the air core reactors and capacitors, to-
gether with the power transformer are located outdoors.
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In principle the SVC consists of Thyristor Switched Capacitors (TSC) and Thy-
ristor Switched or Controlled Reactors (TSR / TCR). The coordinated control of a
combination of these branches varies the reactive power as shown in Figure 1.9.

The first commercial SVC was installed in 1972 for an electric arc furnace. On
transmission level the first SVC was used in 1979. Since then it is widely used and
the most accepted FACTS-device. A recent installation is shown in Figure 1.10.
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TSR/TCR TSC TCR/FC TCR/TSC capacitive  inductive
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Fig. 1.9. SVC building blocks and voltage / current characteristic

Fig. 1.10. SVC (Source: ABB)
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1.3.1.2 STATCOM

In 1999 the first SVC with Voltage Source Converter called STATCOM (STATic
COMpensator) went into operation. The STATCOM has a characteristic similar to
the synchronous condenser, but as an electronic device it has no inertia and is su-
perior to the synchronous condenser in several ways, such as better dynamics, a
lower investment cost and lower operating and maintenance costs.

A STATCOM is build with Thyristors with turn-off capability like GTO or to-
day IGCT or with more and more IGBTs. The structure and operational character-
istic is shown in Figure 1.11. The static line between the current limitations has a
certain steepness determining the control characteristic for the voltage. The advan-
tage of a STATCOM is that the reactive power provision is independent from the
actual voltage on the connection point. This can be seen in the diagram for the
maximum currents being independent of the voltage in comparison to the SVC in
Figure 1.9. This means, that even during most severe contingencies, the
STATCOM keeps its full capability.

Vi v, A
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=

Fig. 1.11. STATCOM structure and voltage / current characteristic
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In the distributed energy sector the usage of Voltage Source Converters for grid
interconnection is common practice today. The next step in STATCOM develop-
ment is the combination with energy storages on the DC-side. The performance
for power quality and balanced network operation can be improved much more
with the combination of active and reactive power

Figure 1.12 to Figure 1.14 show a typical STATCOM layout on transmission
level as part of a substation.
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Fig. 1.12. Substation with a STATCOM (Source

Auxillary Power
Transformers

138kV
Capacitor
Banks

: ABB)

STATCOM

Building
Harmonic
Filters
Step-up
Transformers

Fig. 1.13. Typical substation layout with STATCOM (Source: ABB)
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IGBT Stacks

Fig. 1.14. Typical layout of a STATCOM-building (Source: ABB)

1.3.2 Series Devices

Series devices have been further developed from fixed or mechanically switched
compensations to the Thyristor Controlled Series Compensation (TCSC) or even
Voltage Source Converter based devices. The main applications are:

¢ reduction of series voltage decline in magnitude and angle over a power line,

e reduction of voltage fluctuations within defined limits during changing power
transmissions,

e improvement of system damping resp. damping of oscillations,

e limitation of short circuit currents in networks or substations,

e avoidance of loop flows resp. power flow adjustments.
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1.3.2.1 Series Compensation

The world's first Series Compensation on transmission level, counted nowadays
by the manufacturers as a FACTS-device, went into operation in 1950. Series
Compensation is used in order to decrease the transfer reactance of a power line at
rated frequency. A series capacitor installation generates reactive power that in a
self-regulating manner balances a fraction of the line's transfer reactance. The re-
sult is that the line is electrically shortened, which improves angular stability,
voltage stability and power sharing between parallel lines.

Series Capacitors are installed in series with a transmission line, which means
that all the equipment has to be installed on a fully insulated platform. On this
steel platform the main capacitor is located together with the overvoltage protec-
tion circuits. The overvoltage protection is a key design factor, as the capacitor
bank has to withstand the throughput fault current, even at a severe nearby fault.
The primary overvoltage protection typically involves non-linear varistors of
metal-oxide type, a spark gap and a fast bypass switch. Secondary protection is
achieved with ground mounted electronics acting on signals from optical current
transducers in the high voltage circuit.

Even if the device is known since several years, improvements are ongoing.
One recent achievement is the usage of dry capacitors with a higher energy den-
sity and higher environmental friendliness. As a primary protection Thyristor
switchs can be used, but cheaper alternatives with almost the same capability
based on triggered spark gaps and special breakers without power electronics have
recently been developed.

Fig. 1.15. Series Compensation (Series Capacitor) (Source: ABB)
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A special application of Series Compensation can be achieved by combining it
with a series reactance to get a fault current limiter. Both components are neutral-
izing each other in normal operation. In the case of a fault, die Series Compensa-
tion is bridged with a fast protection device or a Thyristor bridge. The remaining
reactance is limiting the fault current. Pilot installations of such a system configu-
ration are already in use.

1.3.2.2 TCSC

Thyristor Controlled Series Capacitors (TCSC) address specific dynamical prob-
lems in transmission systems. Firstly it increases damping when large electrical
systems are interconnected. Secondly it can overcome the problem of Sub-
Synchronous Resonance (SSR), a phenomenon that involves an interaction be-
tween large thermal generating units and series compensated transmission sys-
tems. The TCSC's high speed switching capability provides a mechanism for con-
trolling line power flow, which permits increased loading of existing transmission
lines, and allows for rapid readjustment of line power flow in response to various
contingencies. The TCSC also can regulate steady-state power flow within its rat-
ing limits.

From a principal technology point of view, the TCSC resembles the conven-
tional series capacitor. All the power equipment is located on an isolated steel
platform, including the Thyristor valve that is used to control the behavior of the
main capacitor bank. Likewise the control and protection is located on ground po-
tential together with other auxiliary systems. Figure 1.16 shows the principle setup
of a TCSC and its operational diagram. The firing angle and the thermal limits of
the Thyristors determine the boundaries of the operational diagram.
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Fig. 1.16. Principle setup and operational diagram of a Thyristor Controlled Series Com-
pensation (TCSC)
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The main principles of the TCSC concept are two; firstly, to provide electrome-
chanical damping between large electrical systems by changing the reactance of a
specific interconnecting power line, i.e. the TCSC will provide a variable capaci-
tive reactance. Secondly, the TCSC shall change its apparent impedance (as seen
by the line current) for sub-synchronous frequencies, such that a prospective sub-
synchronous resonance is avoided. Both objectives are achieved with the TCSC,
using control algorithms that work concurrently. The controls will function on the
Thyristor circuit in parallel to the main capacitor bank such that controlled charges
are added to the main capacitor, making it a variable capacitor at fundamental fre-
quency but a “virtual inductor” at sub-synchronous frequencies. Figure 1.17 shows
a TCSC on transmission level. The first TCSC was commissioned in 1996.

Fig. 1.17. TCSC (Source: ABB)

1.3.2.3 SSSC

While the TCSC can be modeled as a series impedance, the SSSC is a series volt-
age source. The principle configuration is shown in Figure 1.18, which looks basi-
cally the same as the STATCOM. But in reality this device is more complicated
because of the platform mounting and the protection. A Thyristor protection is ab-
solutely necessary, because of the low overload capacity of the semiconductors,
especially when IGBTs are used.

The voltage source converter plus the Thyristor protection makes the device
much more costly, while the better performance cannot be used on transmission
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level. The picture is quite different if we look into power quality applications. This
device is then called Dynamic Voltage Restorer (DVR). The DVR is used to keep
the voltage level constant, for example in a factory infeed. Voltage dips and
flicker can be mitigated. The duration of the action is limited by the energy stored
in the DC capacitor. With a charging mechanism or battery on the DC side, the
device could work as an uninterruptible power supply. A picture of a modularized
installation with 22 MVA is shown on the right in Figure 1.18.
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Fig. 1.18. Principle setup of SSSC and implementation as DVR for power quality applica-
tions (Source: ABB)

1.3.3 Shunt and Series Devices

Power flow capability is getting more and more importance with the growing re-
strictions for new power lines and the more volatile power flow due to the energy
market activities.

1.3.3.1 Dynamic Flow Controller

A new device in the area of power flow control is the Dynamic Power Flow Con-
troller (DFC). The DFC is a hybrid device between a Phase Shifting Transformer
(PST) and switched series compensation.

A functional single line diagram of the Dynamic Flow Controller is shown in
Figure 1.19. The Dynamic Flow Controller consists of the following components:

e a standard phase shifting transformer with tap-changer (PST)

e series-connected Thyristor Switched Capacitors and Reactors (TSC / TSR)

e A mechanically switched shunt capacitor (MSC). (This is optional depending
on the system reactive power requirements)
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Fig. 1.19. Principle configuration of DFC

Based on the system requirements, a DFC might consist of a number of series
TSC or TSR. The mechanically switched shunt capacitor (MSC) will provide volt-
age support in case of overload and other conditions. Normally the reactances of
reactors and the capacitors are selected based on a binary basis to result in a de-
sired stepped reactance variation. If a higher power flow resolution is needed, a
reactance equivalent to the half of the smallest one can be added.

The switching of series reactors occurs at zero current to avoid any harmonics.
However, in general, the principle of phase-angle control used in TCSC can be
applied for a continuous control as well. The operation of a DFC is based on the
following rules:

e TSC/ TSR are switched when a fast response is required.

e The relieve of overload and work in stressed situations is handled by the TSC /
TSR.

e The switching of the PST tap-changer should be minimized particularly for the
currents higher than normal loading.

e The total reactive power consumption of the device can be optimized by the
operation of the MSC, tap changer and the switched capacities and reactors.

In order to visualize the steady state operating range of the DFC, we assume an
inductance in parallel representing parallel transmission paths. The overall control
objective in steady state would be to control the distribution of power flow be-
tween the branch with the DFC and the parallel path. This control is accomplished
by control of the injected series voltage.

The PST (assuming a quadrature booster) will inject a voltage in quadrature
with the node voltage. The controllable reactance will inject a voltage in quadra-
ture with the throughput current. Assuming that the power flow has a load factor
close to one, the two parts of the series voltage will be close to collinear. How-
ever, in terms of speed of control, influence on reactive power balance and effec-
tiveness at high/low loading the two parts of the series voltage has quite different
characteristics. The steady state control range for loadings up to rated current is il-
lustrated in Figure 1.20, where the x-axis corresponds to the throughput current
and the y-axis corresponds to the injected series voltage.
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Fig. 1.20. Operational diagram of a DFC

Operation in the first and third quadrants corresponds to reduction of power
through the DFC, whereas operation in the second and fourth quadrants corre-
sponds to increasing the power flow through the DFC. The slope of the line pass-
ing through the origin (at which the tap is at zero and TSC / TSR are bypassed)
depends on the short circuit reactance of the PST.

Starting at rated current (2 kA) the short circuit reactance by itself provides an
injected voltage (approximately 20 kV in this case). If more inductance is
switched in and/or the tap is increased, the series voltage increases and the current
through the DFC decreases (and the flow on parallel branches increases). The op-
erating point moves along lines parallel to the arrows in the figure. The slope of
these arrows depends on the size of the parallel reactance. The maximum series
voltage in the first quadrant is obtained when all inductive steps are switched in
and the tap is at its maximum.

Now, assuming maximum tap and inductance, if the throughput current de-
creases (due e.g. to changing loading of the system) the series voltage will de-
crease. At zero current, it will not matter whether the TSC / TSR steps are in or
out, they will not contribute to the series voltage. Consequently, the series voltage
at zero current corresponds to rated PST series voltage. Next, moving into the sec-
ond quadrant, the operating range will be limited by the line corresponding to
maximum tap and the capacitive step being switched in (and the inductive steps
by-passed). In this case, the capacitive step is approximately as large as the short
circuit reactance of the PST, giving an almost constant maximum voltage in the
second quadrant.

1.3.3.2 Unified Power Flow Controller

The UPFC is a combination of a static compensator and static series compensa-
tion. It acts as a shunt compensating and a phase shifting device simultaneously.
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Fig. 1.21. Principle configuration of an UPFC

The UPFC consists of a shunt and a series transformer, which are connected via
two voltage source converters with a common DC-capacitor. The DC-circuit al-
lows the active power exchange between shunt and series transformer to control
the phase shift of the series voltage. This setup, as shown in Figure 1.21, provides
the full controllability for voltage and power flow. The series converter needs to
be protected with a Thyristor bridge. Due to the high efforts for the Voltage
Source Converters and the protection, an UPFC is getting quite expensive, which
limits the practical applications where the voltage and power flow control is re-
quired simultaneously.

1.3.3.3 Interline Power Flow Controller

One of the latest FACTS-devices is named convertible static compensator (CSC)
and was recently installed as a pilot by the New York Power Authority (NYPA)
[6][7]. The CSC-project shall increase power transfer capability and maximise the
use of the existing transmission network. Within the general conceptual frame-
work of the CSC, two multi-converter FACTS-devices, the Interline Power Flow
Controller (IPFC) [8] and the Generalized Unified Power Flow Controller
(GUPFC) [9] (see section 1.3.5), are among many possible configurations. The
target is to control power flows of multi-lines or a subnetwork rather than control
the power flow of a single line by for instance DFC or UPFC. The IPFC combines
two or more series converters and the GUPFC combines one shunt converter and
two or more series converters. The current NYPA's CSC installation is a two-
converter one and can operate as an IPFC but not as a GUPFC.

When the power flows of two lines starting in one substation need to be con-
trolled, an Interline Power Flow Controller (IPFC) can be used. The IPFC consists
of two series VSCs whose DC capacitors are coupled. This allows active power to
circulate between the VSCs. Figure 1.22 shows the principle configuration of an
IPFC. With this configuration two lines can be controlled simultaneously to opti-
mize the network utilization. In general, due to its complex setup, specific applica-
tion cases need to be identified justifying the investment.
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Fig. 1.22. Principle configuration of an IPFC

1.3.3.4 Generalized Unified Power Flow Controller

The GUPFC combines three or more shunt and series converters [9]. It extends the
concept of voltage and power flow control beyond what is achievable with the
known two-converter UPFC. The simplest GUPFC consists of three converters,
one connected in shunt and the other two in series with two transmission lines in a
substation. Figure 1.23 shows the principle configuration. The basic GUPFC can
control total five power system quantities such as a bus voltage and independent
active and reactive power flows of two lines.

The concept of GUPFC can be extended for more lines if necessary. The device
may be installed in some central substations to manage power flows of multi-lines
or a group of lines and provide voltage support as well. By using GUPFC-devices,
the transfer capability of transmission lines can be increased significantly. Further
more, by using the multi-line management capability of the GUPFC, active power
flows on lines can not only be increased, but also be decreased with respect to op-
erating and market transaction requirements. In general the GUPFC can be used to
increase transfer capability and relieve congestions in a flexible way.

The complexity of its configuration and control scheme needs specific applica-
tions cases.
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Fig. 1.23. Principle configuration of a GUPFC

1.3.4 Back-to-Back Devices

The Back-to-Back devices provide in general a full power flow controllability and
power flow limitation. An overload of these devices is therefore impossible. They
can resist cascading outages, which might occur due to line outages when one line
after the other is overloaded. This gives a great benefit even if the frequency de-
coupling characteristic is not needed.

Conventional HVDC Back-to-Back systems with Thyristor converters need
space consuming filters to reduce the harmonic distortion. The reactive power is
not controllable. These devices are mainly used when two asynchronous networks
need to be coupled or in the usual application as power transmission line over long
distances.

The HVDC with Voltage Source Converters instead provides benefits as well
within synchronous operated networks. It has a much smaller footprint and pro-
vides the full voltage controllability to the network on both ends. Therefore it can
be operated in addition to the power flow control as two STATCOMS. On both
ends a full four quadrant circular operational diagram is provided. This reactive
power provision can be used to increase the transmission capability of surrounding
transmission lines in addition to balancing the power flow.

Figure 1.24 shows the principle configuration of a HVDC Back-to-Back with
Voltage Source Converters. A practical implementation is shown in Figure 1.25,
which is based on the design of two STATCOM converters with IGBTs.
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Fig. 1.24. Schematic configuration of a HVDC Back-to-Back with Voltage Source Con-
verters

Fig. 1.25. HVDC Back-to-Back with Voltage Source Converters, 2 X 36 MVA (Source:
ABB)
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2 Modeling of Multi-Functional Single Converter
FACTS in Power Flow Analysis

This chapter discusses the recent developments in modeling of multi-functional
single converter FACTS-devices in power flow analysis. The objectives of this
chapter are:

1. to model the well-recognized FACTS devices such as STATOM, SVC, SSSC
and TCSC in power flow analysis,

2. to establish multi-control functional models of these FACTS-devices,

3. to handle various internal and external operating constraints of FACTS-devices.

2.1 Power Flow Calculations

2.1.1 Power Flow Methods

It is well known that power flow calculations are the most frequently performed
routine power network calculations, which can be used in power system planning,
operational planning, and operation/control. It is also considered as the fundamen-
tal of power system network calculations. The calculations are required for the
analysis of steady-state as well as dynamic performance of power systems.

In the past, various power flow solution methods such as impedance matrix
methods, Newton-Raphson methods, decoupled Newton power flow methods, etc
have been proposed [1]-[13]. Among the power flow methods proposed, the New-
ton’s methods using sparse matrix elimination techniques [14] have been consid-
ered as the most efficient power flow solution techniques for large-scale power
system analysis. A detailed review of power flow methods can be found in [1]. In
this chapter, FACTS models for power flow analysis as well as the implementa-
tion of these models in Newton power flow will be discussed in detail.

2.1.2 Classification of Buses

In power flow analysis, all buses can be classified into the following categories:

Slack bus. At a slack bus, the voltage angle and magnitude are specified while the
active and reactive power injections are unknown. The voltage angle of the slack
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bus is taken as the reference for the angles of all other buses. Usually there is only
one slack bus in a system. However, in some production grade programs, it may
be possible to include more than one bus as distributed slack buses.

PV Buses. At a PV bus, the active power injection and voltage magnitude are
specified while the voltage angle and reactive power injection are unknown. Usu-
ally buses of generators, synchronous condensers are considered as PV buses.

PQ Buses. At a PQ bus, the active and reactive power injections are specified
while the voltage magnitude and angle at the bus are unknown. Usually a load bus
is considered as a PQ bus.

2.1.3 Newton-Raphson Power Flow in Polar Coordinates

The Newton-Raphson Power Flow can be formulated either in polar coordinates
or in rectangular coordinates. In this chapter, the implementation of FACTS mod-
els in the Newton-Raphson power flow will be discussed since the popularity of
the methods. Basically, the Newton-Raphson power flow equations in polar coor-
dinates may be given by [1]:

JAP  0AP
06 v |AG|_|-AP @1
JAQ JAQ | AV | |-AQ '
0 JV

where AP and AQ are bus active and reactive power mismatches while € and

V' are bus magnitude and angle, respectively.

2.2 Modeling of Multi-Functional STATCOM

In recent years, energy, environment, deregulation of power utilities have delayed
the construction of both generation facilities and new transmission lines. These
problems have necessitated a change in the traditional concepts and practices of
power systems. There are emerging technologies available, which can help electric
companies to deal with above problems. One of such technologies is Flexible AC
Transmission System (FACTS) [15][16]. As discussed in Chapter 1, within the
family of the converter based FACTS, there are a number of FACTS devices
available, including the Static Synchronous Compensator (STATCOM) [17], the
Static Synchronous Series Compensator (SSSC) [18][19], the Unified Power Flow
Controller (UPFC) [20][21], and the latest FACTS devices [22]-[32], etc.

Among the converter based FACTS-devices, STATCOM may be one of the
popular FACTS-devices, which has many installations in electric utilities world-
wide. Considering the practical applications of the STATCOM in power systems,
it is of importance and interest to investigate the possible multi-control functions
of the STATCOM as well as model these functions in power system steady state
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operation and control, such that the various control capabilities can be fully em-
ployed, and the benefits of applications of the STATCOM may be fully realized.
Nine multi-control functions of the STATCOM will be presented:

e There are two solutions associated with the current magnitude control function,
which are discussed. Alternative formulations of the control function to avoid
the multiple solutions of the current magnitude control are proposed. Two reac-
tive power control functions are proposed, which are interesting and attractive,
and they can be used in either normal control or security control of deregulated
electric power systems.

e Full consideration of the current and voltage operating constraints associated
with the STATCOM and their detailed implementation in Newton power flow
will be described. Effort is particularly made on the enforcement of simultane-
ous multiple violated internal and external constraints associated with the
STATCOM. A strategy will be presented to deal with the multiple constraints
enforcement problem.

2.2.1 Multi-Control Functional Model of STATCOM for Power Flow
Analysis

2.2.1.1 Operation Principles of the STATCOM

A STATCOM is usually used to control transmission voltage by reactive power
shunt compensation. Typically, a STATCOM consists of a coupling transformer,
an inverter and a DC capacitor, which is shown in Fig. 1.11. For such an arrange-
ment, in ideal steady state analysis, it can be assumed that the active power ex-
change between the AC system and the STATCOM can be neglected, and only the
reactive power can be exchanged between them.

2.2.1.2 Power Flow Constraints of the STATCOM

Based on the operating principle of the STATCOM, the equivalent circuit can be
derived, which is given in Fig. 2.1. In the derivation, it is assumed that (a) har-
monics generated by the STATCOM are neglected; (b) the system as well as the
STATCOM are three phase balanced.

Then the STATCOM can be equivalently represented by a controllable funda-
mental frequency positive sequence voltage source Vg . In principle, the

STATCOM output voltage can be regulated such that the reactive power of the
STATCOM can be changed.
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Fig. 2.1. STATCOM equivalent circuit

According to the equivalent circuit of the STATCOM shown in Fig. 2.1, sup-
pose Vg, =V,26, ,V,=V,.Z0; , then the power flow constraints of the

STATCOM are:
Psh :Vizgsh - Vivsh (gsh COS(e[ -0

sh

)+ by, sin(6, —6,,)) 2.2)

Qsh == ‘/i2bsh - ‘/iVsh (gsh Sin(ei - esh ) - bsh COS(ei - esh )) (23)

where g, + jby, =1/Z .

The operating constraint of the STATCOM is the active power exchange via the
DC-link as described by:

PE=Re(V,I,)=0 (2.4

where Re(vxhljh) = Vs%zgxh - ViVsh (gxh COS(&,- - esh) _bsh Sin(Hi - gsh)) .

2.2.1.3 Multi-Control Functions of the STATCOM

In the practical applications of a STATCOM, it may be used for controlling one of
the following parameters [34]:

. voltage magnitude of the local bus, to which the STATCOM is connected,;

. reactive power injection to the local bus, to which the STATCOM is connected;
. impedance of the STATCOM,;

. current magnitude of the STATCOM while the current I, leads the voltage in-

A W=

jectionV, by 90°;
5. current magnitude of the STATCOM, while the current I, lags the voltage in-
jection V;, by 90°;

@)}

. voltage injection;
7. voltage magnitude at a remote bus;
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8. reactive power flow;
9. apparent power or current control of a local or remote transmission line.

Among these control options, control of the voltage of the local bus, which the
STATCOM is connected to, is the most-recognized control function. The other
control possibilities have not fully been investigated in power flow analysis. The
mathematical descriptions of the control functions are presented as follows.
Control mode 1: Bus voltage control

The bus control constraint is as follows:

V, =V =0 (2.5)

Spec

where V" is the bus voltage control reference.

Control mode 2: Reactive power control

In this control mode, the reactive power generated by the STATCOM is controlled
to a reactive power injection reference. Mathematically, such a control constraint
is described as follows:

0, -0 =0 (2.6)

where Q% is the specified reactive power injection control reference. Q,, ,

which is given by (2.3), is the actual reactive power generated by the STATCOM.

Control mode 3: Control of equivalent impedance

In principle, a STATCOM compensation can be equivalently represented by an
imaginary impedance or reactance. In this control mode, V, is regulated to con-

trol the equivalent reactance of the STATCOM to a specified reactance reference:

5
X g = X P =0 2.7
where X P is the specified reactance control reference of the STATCOM.
X gun: 18 the equivalent reactance of the STATCOM. X .., which is a function

of the state variablesV; and V; , is defined as:

Xshunt = Im(vsh /Ish) = Im[Vsthh /(Vz _Vsh )] (28)

Control mode 4: Control of current magnitude - Capacitive compensation

In this control mode, a STATCOM is used to control the magnitude of the current
I, of the STATCOM to a specified current magnitude control reference. The

control constraint may be represented by [, —1 SShp“ =0. However it is found that

there are two solutions corresponding to this control constraint. Due to the prob-
lem incurred, the power flow solution with such a constraint may arbitrarily con-
verge to one of the two solutions. In section 2.2.4, further analysis is given to
show the two solutions associated with this current magnitude control constraint.
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In order to avoid the above non-unique solution problem, an alternative formula-

tion of the current magnitude control is introduced here. Since I ;, = f;f “, if fur-

ther assume 1, leads V,;, by 90°, then I, =1 £(8,,+90°). I, can also be

vV, -V
defined by I, =———"" then we have:

sh
17 2(8,,+90°)=(V, =V )/ Z, (2.9)

Mathematically, such a control mode can be described by one of the following
equations:
Re(I7 £(0y, +907)) =Re[(V; =V ) Z ;]
(2.10)
or  Im(I3P £(6, +90°)) = Im[(V, =Vy)/ Z,,]

The formulation of (2.10) can force the power flow to converge to one of the
two solutions. This control mode has a clear physical meaning. Since I, leads
V,, by 90°, this control mode provides capacitive reactive power compensation
while keeping the current magnitude constant.

Control mode 5: Control of current magnitude - Inductive compensation

In order to circumvent the same problem mentioned above, new formulation of the
current control constraint needs to be introduced. In this control mode, the
STATCOM is used to control the magnitude of the current I, of the STATCOM

while I, lags V, by 90°. Mathematically, such a control mode may be de-
scribed by:

Re(I37 £(6y, —90°)) = Re[(V; =V,;,)/ Z ]
s (2.11)
or Im(1,/““Z£(8, —90°)) =Im[(V; =V ;)| Z 4]

Similar to that of (2.10), the formulation of (2.11) can force the power flow to
converge to the other one of the two possible solutions. This control mode also has
a clear physical meaning, that is, it provides inductive reactive power compensa-
tion while keeping the current magnitude constant.

Control mode 6: Control of equivalent injected voltage magnitude Vg, of

STATCOM

In this control mode, a STATCOM is used to control the magnitude of the voltage
vV, of the STATCOM to a specified voltage magnitude control reference. The

control constraint is as follows:

Vv, —Vire = (2.12)

sh
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where V; is the voltage magnitude of the equivalent injected voltage V, of the

STATCOM. V;7* is the voltage control reference.

Control mode 7: Remote voltage magnitude control
In this control mode, the STATCOM is used to control a remote voltage magni-
tude at bus j to a specified voltage control reference. Mathematically, such a con-
trol constraint is described as follows:

V-V =0 (2.13)

where V; is the voltage magnitude of a remote bus, and VJ-S"“ is the specified re-

mote bus voltage control reference.

Control mode 8: Local or remote reactive power flow control

In this control mode, the STATCOM is used to control either the local reactive
power flow of a transmission line connected to the local bus or the reactive power
flow of a remote transmission line to a specified reactive power flow control ref-
erence. Mathematically, such a control constraint is described as follows:

Q) -0 =0 (2.14)
where Q, is the reactive power flow leaving bus j on the transmission line j-k.

kap “ is the reactive power flow control reference.

Control mode 9: Local or remote control of (maximum) apparent power

In this control mode, the STATCOM is used to control either the apparent power
of a transmission line connected to the local bus or the apparent power of a remote
transmission line to a specified power control reference. Mathematically, such a
control constraint is described as follows:

Su =S¥ =0 (2.15)

where S = 1/(ij)2 +(0 jk)z is the apparent power of the transmission line j-k

while Pj and Q are the active and reactive power of the transmission line.

S f,f ““is the apparent power control reference, which may be the power rating of

the transmission line.
Alternatively, the current magnitude of the transmission line may be controlled.
The constraint can be represented by:

Lﬁ—I%“:O (2.16)
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J(P)+(0,0)?

V;

is the actual current magnitude on the transmis-

where [ ; =

sion line j-k. [ js]f “is the current control reference, which may be the current rating

of the transmission line.

Remarks on control modes 8 and 9:

e It is well recognized that a STATCOM may control a local bus voltage. How-
ever, it has not been recognized that a STATCOM may be used to control
power flow of a transmission line. In addition to the local voltage control mode,
it is important to explore other possible applications, such that the capabilities
of the STATCOM can be fully employed.

e The control modes 8 and 9 presented in (2.14) and (2.15) or (2.16) introduce
possible innovative applications of the STATCOM in power flow control.

e The reactive power flow control mode 8 can be used to control reactive power
flow of an adjacent transmission line.

e The apparent power or current control mode 9 can be used to control the appar-
ent power or current of an adjacent transmission line.

¢ In an electricity market, transmission congestion management by shunt reactive
power control resources like STATCOM may be cheaper than by re-
dispatching of active generating power. In this situation, control modes 8 and 9
may be very attractive. However, the control modes should not be overesti-
mated. The controls may be very effective when there is excessive reactive
power flow on a transmission line.

¢ Both control modes 8 and 9 of the STATCOM may be used in not only normal
control when there is excessive reactive flowing on a transmission line but also
security control of electric power systems when there is a violation of the ther-
mal constraint of a transmission line.

Equations (2.5) - (2.7), (2.10) - (2.16) can be generally written as:
AF(x)=F(x, f7°)=0 (2.17)

where x =[0,,V,,0,,V;,0,,V;,0,.Vy1 . f SP¢¢ is the control reference.

2.2.1.4 Voltage and Thermal Constraints of the STATCOM
The equivalent voltage injection V;, bound constraints:
Vi <y, <y (2.18)

<0, <71 (2.19)
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where V'™ is the voltage rating of the STATCOM, while V'™ is the minimal

voltage limit of the STATCOM.
The current flowing through a STATCOM should be less than its current rat-
ing:
Iy <I15™ (2.20)
where 13" is current rating of the STATCOM converter while [, is the magni-
tude of the current through the STATCOM and given by:

Ly =|V,=Vy) I Z | = \/Vf + Vg, —2V,Vy, cos(6;, —0,,) [|Z (2.21)

The constraints (2.18) and (2.20) are the internal constraints of the STATCOM.

2.2.1.5 External Voltage Constraints

In the practical operation of power systems, normally, a bus voltage should be
within its operating limits. For all the control modes except the typical control
mode 1, the voltage of bus i, to which the STATCOM is connected, should be
constrained by:

ymin <y <y ma (2.22)

For all the control modes except the control mode 7, the voltage of the remote
bus j may be monitored. The operating constraints of the voltage may be described
by:

vy, sy (2.23)

where V™ and iji“ are the specified maximal and minimal voltage limits, re-

spectively, at the remote bus j.
It should be pointed out, that other types of external limits other than (2.22),
(2.23) may also be included.

2.2.2 Implementation of Multi-Control Functional Model of STATCOM
in Newton Power Flow

2.2.2.1 Multi-Control Functional Model of STATCOM in Newton Power
Flow

A STATCOM has only one degree of freedom for control since the active power
exchange with the DC link should be zero at any time. The STATCOM may be
used to control one of the nine parameters. The Newton power flow equation in-
cluding power mismatch constraints of buses i, j, k, and the STATCOM control
constraints may be represented by:
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where AP, and AQ, (I =i, j, k) are, respectively, the real and reactive power mis-

matches at bus L
The STATCOM has two state variables 6 ,and V; , and two equalities. The

two equalities formulate the first two rows of the above Newton equation. The
first equality is the active power balance equation described by (2.4), while the
second equality is the control constraint of the STATCOM, which is generally de-
scribed by (2.17).

2.2.2.2 Modeling of Constraint Enforcement in Newton Power Flow

max min

If the injected voltage V, violates its voltage limit either V™" or V™, V, is

simply kept at the limit. Mathematically, the following equality should hold:

max __ . max
Vsh “Vsh T 0, if Vsh 2 sh

(2.25)
1%

N

min . min
h Vsh =0, if Vsh < Vsh

In the meantime, the control constraint of (2.17) should be released. Similarly,
the violations of the other constraints such as (2.20), (2.22), and (2.23) can be
handled. The principle here is that when an inequality constraint is violated, it be-
comes an equality being kept at its limit while releasing the control constraint
(2.17).

Due to the fact that the STATCOM has only one control degree of freedom, it
is assumed that each time only one inequality constraint is violated. Similar to
(2.25), the general constraint enforcement equation of (2.18), (2.20), (2.22), and
(2.23) may be written as:
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AG(x)=G(x)-G¥* =0 (2.26)
where x =[0,.V,,.0,,V;.0,.V;.0,,V,]". G**is the limit of the internal volt-
age or current of the STATCOM or the limit of the external bus voltage.

When any of the inequalities in (2.18), (2.20), (2.22), and (2.23) is violated and
enforced, in the Newton power flow equation of (2.24), the control constraint
(2.17) is replaced by (2.26).

The constraint enforcement only affects the second row of the Newton equation
while other elements are unchanged. However, if two or more inequality con-
straints associated with a STATCOM are violated simultaneously, the constraint
enforcement will become very complex. A strategy will be presented in section
2.2.3. In power flow calculations, a special initialization of the STATCOM is not
needed.

2.2.3 Multi-Violated Constraints Enforcement

2.2.3.1 Problem of Multi-Violated Constraints Enforcement

Basically, there are internal and external inequality constraints that may need to be
considered for the operation of a STATCOM. The practical operation of a
STATCOM is primarily constrained by its two internal operation inequalities, i.e.,
its voltage and thermal constraints given by (2.18) and (2.20), respectively. In the
meantime, a STATCOM should also be able to monitor and control the local volt-
age at bus i, and the remote voltage at bus j within their limits. In other words, the
two external voltage constraints given by (2.22), (2.23) should be satisfied for
some operating modes while a STATCOM’s internal constraints are not violated.

When any one of the inequality constraints is violated, it should be enforced
while the associated control constraint described by (2.17) needs to be released.
As pointed out in the previous section, in principle, the STATCOM is only able to
enforce one of the inequalities each time since it has only one control degree of
freedom. Thus, difficulty will appear if two or more internal or external con-
straints of a STATCOM are violated at the same time.

2.2.3.2 Concepts of Dominant Constraint and Dependent Constraint

Suppose there are two constraints, say constraint A and B, associated with a
STATCOM. Assume the two constraints are violated simultaneously, if after the
constraint A is enforced, the violation of the constraint B is automatically re-
solved. In this case, constraint A is called a dominant constraint, and constraint B
is called a dependent constraint. The concept of dominant and dependent con-
straints is applicable to situations when there are more than two violated con-
straints.

In the following, a strategy for enforcement of two or more simultaneous vio-
lated constraints will be discussed based on the concepts of the dominant con-
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straint and dependent constraint.

2.2.3.3 Strategy for Multi-Violated Constraints Enforcement

Generally, an internal constraint has priority to be enforced if both the internal and
external constraints are violated simultaneously. When multiple constraints asso-
ciated with the STATCOM are violated, a strategy is proposed as follows:

Step 0: Formulate violated constraints set of STATCOM

(a) after the K" power flow iterations, formulate the violated
constraints set of the STATCOM.

(b) find the priority order of the violated cosntraints.

(©) suppose that there are n violated constraints, and they are in the
priority order of Aj, Ay, ... A,.

Step 1: Identification of dominant constraint
KK =K
Loopi=1,n
(a) At KK® power flow iteration, constraint A; is enforced

(b) After the iteration, check whether the other violated
constraints are within their limits. If yes, constraint A; is the
domoniant constraint, go to Step 3.

(¢)  Set power flow iteration count KK = KK+1
End loop
Step 2: Dominant constraint not found

(a) If there are violated internal constrains, choose one of them to be
enforced until the power flow converges. For the violated
internal constraint chosen to be enforced, it may be the dominant
constraint of all the violated internal constraint.

(b) Otherwise choose one of the external constraints to be enforced
until the power flow converges.
Step 3: Dominant constraint found

The dominant constraint out of all the violated constraints is found, the
constraint is to be continuously enforced until the power flow converges.

The above constraint enforcement algorithm embedded in the Newton power
flow calculations may be introduced after the power flow moderately converges,
say after one or two Newton power flow iterations.
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2.2.4 Multiple Solutions of STATCOM with Current Magnitude Control

For the STATCOM shown in Fig. 2.1, the following active power constraint,
which represents the active power exchange between the AC system and the
STATCOM, should be held at any instant:

Re(V, hIsh) hgsh V h(gsh COs(gi - esh) _bsh Sin(ei sh)) 0 (2.27)

In order to simplify the derivation, assume the resistance of the STATCOM cou-
pling transformer is neglected, the above equation becomes:

Re(V,,I,,) =VV,b,sin(6, —6,,) =0 (2.28)
Since V; #0 andV;, # 0, from the above equation, we have:

6 -6,=00r 6-6,=rx (2.29)
The conventional current magnitude control is:

Iy, -1 =0 (2.30)
Substitute (2.21) into the above equation, we have:

19|Z ,| = V2 +V2 =2,V cos(6, —6,) 2.31)

If 8.—6,, =0, the above equation becomes:

1942 | = V2 +V2 =20V, =%V, V) (2.32)

The above equation can be written as (2.33) showing the two solutions to the cur-
rent magnitude control given by (2.30):

Vo =V, 217|Z,| (2.33)
If 8.-6,,=rx,wehave:
192 4| = V2 +V2 +2V,V,, =V, +V,, (2.34)
Then we have:
Vg =12 |-V, (2.35)

Note that 75|z | << V., thus V., =I°"|Z V; <0. This is not a feasible solu-
sh sh i sh sh sh| ™~

tion of (2.30). Therefore there are only two solutlons to (2.30), which are given by
(2.33).
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2.2.5 Numerical Examples

2.2.5.1 Multi-Control Capabilities of STATCOM

To verify the STATCOM model and explore the multi-control capabilities of the
STATCOM, numerical studies have been carried out on the IEEE 30-bus system,
IEEE 118-bus system and IEEE 300-bus system. In the tests, a convergence toler-
ance of 1.0e-12 p.u. (or 1.0e-10 MW/MVAr) is used for maximal absolute bus
power mismatches and power flow control mismatches. The single-line circuit
diagram of the IEEE 30-bus system is shown in Fig. 2.2.

In order to show the multi-control capabilities of the STATCOM in power flow
studies, cases 1-10 on the IEEE 30-bus system have been carried out. Case 1 is the
base case without STATCOM. In cases 2-10, a STATCOM is installed at bus 12.
In cases 2-10, nine different control modes of the STATCOM have been simu-
lated. Control references for each control mode and corresponding number of it-
erations are shown in column 3 and column 4, respectively, in Table 2.1.

Power flow solutions of the STATCOM state variables for case 5 and case 6
are shown in Table 2.2. The two cases are corresponding to two constant current
control modes of the STATCOM, respectively. However, if the current magnitude
control in (2.30) is applied, the STATCOM solution may converge arbitrarily to
one of the above two solutions of case 5 and case 6.

1 @?ﬁ

5 12

S 6 7 j
® d 11 )
9 16 m

Daid mf

29 30

Fig. 2.2. Single-line circuit diagram of the IEEE 30-bus system.
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Table 2.1. Results of STATCOM multi-control on the IEEE 30-bus system

Case No. Control mode Control reference in p.u. Iterations
1 None None 4
2 1 % Spec -1.0 4

12
3 2 QSpec =10 4
sh
4 3 X = 10,0 4
shunt
5 4 17 203 4
sh
6 5 I.S;pe(: =03 4
7 6 v — 10 4
sh
8 7 Ve — 1.0 4
17
Spec
9 8 o =00 4
10 9 5% — 022 5

9,11

The power flows of line 13-12 and line 9-11 of case 1, case 9 and case 10 are
given by Table 2.3. In comparison to the power flows of line 13-12 of case 1 and
case 9, the STATCOM of case 9 is able to control the reactive power flow of line
13-12 to the specified control reference 0.0 p.u., while the active power flow is
almost unchanged. By driving the reactive power flow on the line to zero using
STATCOM, the un-used (available) transmission line capacity can be increased. It
can be seen that the base case reactive power of line 13-12 is 0.384 p.u., so the re-
active power flow control by the STATCOM is significant.

Comparing the power flows of line 9-11 in case 1 and case 10, it can be found
that in case 10, the apparent power of the remote line 9-11 can be controlled to the
specified control reference of 0.22 p.u., while the active power is almost un-
changed.

Table 2.2. Results of case 5 and case 6 for the IEEE 30-bus system

Case No. Power flow solution of V . (inp.u.), 6 N (in degree)
S S

5 v, = 0.9831, 6 , = -9.3", Inductive compensation
S S

6 1% Yy 1.0449, 0 W= -9.6", Capacitive compensation
Ry S




42 2 Modeling of Multi-Functional Single Converter FACTS in Power Flow Analysis

Table 2.3. Power flows of transmission line of case 1, case 9 and case 10 for the IEEE 30-
bus System

Case No. Power flows of line 13-12 Power flow of 9-11
P =0.169, O =0.384, P =-0.179, Q =-0.288,
1 13.12 13,12 9.11 9.11
N =0.420 S =0.420
13,12 9.11
P =0.169, Q =0.000,
9 13,12 1312
N =0.169
13,12
P =-0.179, Q =-0.127,
10 ~ 9,11 9,11

S =0.220
9.11

The control reference is much lower than the apparent power of 0.42 p.u. of
line 9-11 in case 1 (base case). The control mode 9 may be used when the thermal
limit of a transmission line is violated or the un-used transmission capacity needs
to be increased.

Cases 9 and 10 reveal that the STATCOM has very little influence on the active
power flow of a transmission line, while it has strong capability of controlling re-
active power on a transmission line. In addition, both control modes 8 and 9 of a
STATCOM can be used for local control of reactive power flow on a transmission
line. The control modes may be attractive when, in electricity market environ-
ments, re-dispatching active power becomes much more expensive than control-
ling reactive power.

Test results on the IEEE 118-bus system and the IEEE-300 bus system can be
found in [34].

2.2.5.2 Multi-Violated STATCOM Constraints Enforcement

The following case is to show the enforcement of a single constraint violation of a
STATCOM, which is as follows:

Case 12: This is similar to case 2, but assume that a current limit of
15 =0.9p.u. is applied to the STATCOM.

sh

The power flow algorithm converges in 4 iterations. In the tests, it has been
found that for single constraint violation of the STATCOM based on the IEEE 30,
118, 300 bus systems, the power flow algorithm can converge in the same number
of iterations as that of base case power flow solution. Occasionally, the power
flow algorithm needs one or more extra iterations.

The following case is used to illustrate the enforcement of the multiple violated
voltage and current constraints associated the STATCOM on the IEEE 30 bus sys-
tem.

Case 13: This is similar to case 3. In this case, it is assumed that the two internal
constraints and two external voltage constraints at bus 12 and 17 are
violated when the following voltage and current limits are applied:
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V™ =1.065p.u., [™ =0.46p.u., V3™ =1.05p.u., V7™ =1.00p.u..

S

The detailed enforcement of the four violated constraints is presented in Table
2.4. In the enforcement of the multiple violated constraints, much effort has been
made on the identification of the dominant constraint. Case 13 shows the worst
scenario, in which the algorithm took four power flow iterations to identify the
dominant constraint. However, if another constraint, for instance V, rather than
the external remote voltage constraint were the dominant constraint, the algorithm
would complete the identification in one power flow iteration.

Table 2.4. Enforcement of multi-violated constraints of a STATCOM in the IEEE 30-bus

system
Iteration count Enforcement of the multi-violated constraints
0 None
1 Form the violated constraint set { Voo L, V,sV, } and priority order
S S
2 1% .\ is enforced, it is not the dominant constraint
Y
3 1 ) is enforced, it is not the dominant constraint.
sh
But it is the dominant constraint between V/ and I .\
sh S
4 V]2 is enforced, it is not the dominant constraint
5 V17 is enforced, it is the dominant constraint. Identification of domi-
nant and dependent constraints pair complete
6 Vl7 is enforced
7 The power flow converges

The multi-violated STATCOM constraints enforcement algorithm has success-
fully solved further cases on the IEEE 118-bus system and IEEE 300-bus system
[34].

This section has defined a multi-control functional model for STATCOM suit-
able for power system steady state operational studies. Nine control modes have
been incorporated into the STATCOM model. There are two solutions associated
with the current magnitude control. Alternative formulations of the control mode
are introduced. The reactive power flow and apparent power control modes, which
may be used in either normal control or security control of electric power systems,
are interesting and attractive when, in electricity market environments, re-
dispatching active power becomes expensive, and there is excessive reactive



44 2 Modeling of Multi-Functional Single Converter FACTS in Power Flow Analysis

power on a transmission line. Numerical results based on the IEEE 30-bus system,
IEEE 118-bus system, and IEEE 300-bus system with the multi-control functional
STATCOM have demonstrated the feasibility and effectiveness of the proposed
multi-control functional STATCOM model for power system steady state opera-
tion and control.

Furthermore, a comprehensive strategy for enforcement of the multi-violated
STATCOM internal and external constraints has been described. Numerical re-
sults show that the strategy proposed can enforce successfully the multiple vio-
lated voltage and current (inequality) constraints associated with a STATCOM on
the IEEE systems. The constraint enforcement strategy for multiple violated con-
straints associated with a STATCOM may be further enhanced by incorporation of
advanced expert rules into the algorithm. The key issue is to reduce the effort for
identifying the dominant constraint.

2.3 Modeling of Multi-Control Functional SSSC

It is found that, in the past, much effort has been paid in the modeling of the
UPFC for power flow and optimal power flow analysis, while few work has been
published on the modeling of the SSSC, in particular, for power flow analysis. In
this section, multi-control modes of the SSSC will be discussed, in particular:

e  The multi-control modes of the SSSC will be explored. A multi-control func-
tional model of the SSSC, which can be used for steady state controlling any
of the following parameters, (a) the active power flow of the transmission line,
(b) the reactive power flow the transmission line, (c) the bus voltage, and (d)
the impedance of the transmission line, will be presented.

e Fully consideration of the current and voltage operating constraints of the
SSSC and detailed direct implementation of these in Newton power flow will
be described.

2.3.1 Multi-Control Functional Model of SSSC for Power Flow
Analysis

2.3.1.1 Operation Principles of the SSSC

A SSSC [18][19] usually consists of a coupling transformer, an inverter and a ca-
pacitor. As shown in Fig. 2.3, the SSSC is series connected with a transmission
line through the coupling transformer.
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W
| T A

Fig. 2.3. SSSC operation principles

It is assumed here that the transmission line is series connected via the SSSC
bus j. The active and reactive power flows of the SSSC branch i-j entering the bus
J are equal to the sending end active and reactive power flows of the transmission
line, respectively. In principle, the SSSC can generate and insert a series voltage,
which can be regulated to change the impedance (more precisely reactance) of the
transmission line. In this way, the power flow of the transmission line or the volt-
age of the bus, which the SSSC is connected with, can be controlled.

2.3.1.2 Equivalent Circuit and Power Flow Constraints of SSSC

An equivalent circuit of the SSSC as shown in Fig. 2.4 can be derived based on
the operation principle of the SSSC. In the equivalent, the SSSC is represented by
a voltage source V, in series with a transformer impedance. In the practical op-
eration of the SSSC, V, can be regulated to control the power flow of line i-j or
the voltage at bus i or j.

In the equivalent circuit, V, =V, 26, V; =V, 20, V; =V,;£0;, then the
bus power flow constraints of the SSSC are:

2 .
P.=V gii—ViVj(gijcost+bij s1n9ii)

[/

(2.36)
_Vzvve(gtj cos(ﬁi - 0.?2) +bij Sin(ei - ase))
Q; = _Vizbii —V\V;(g;sin6; —b; cos ;)
ij JNSij ij Y ij 2.37)
= ViV (g sin(6; — 6, ) —b; cos(6; - 6,,))
P, = Vgg i —VV.(g;cos8;+b;sin@ ;)
J i&ii JNSij J ij J (2.38)

+V.V (gl-j cos(é’j —6’36)+bij sin(é’j -6.,))

j'se
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Fig. 2.4. SSSC equivalent circuit

__y? -
le- =-V; bjj —V,-Vj(g,»j sin Bﬁ —bij cosﬁj,)

. (2.39)
+V.V (gl-j sm(49j -6,)— b,-j cos(Hj -6,))

Jj ' se

where g, + jb; =1/Z,, g; =8, b; =b;, §; =8;. b, =b;.

The operating constraint of the SSSC (active power exchange via the DC link)
is:
PE=Re(V,I;)=0 (2.40)

Re(Vi, 1) ==V,V,, (g cos(6; —6,,) = b sin(6; —6,,))
+V,; Vi (g;cos(8; —6,,)—b;sin(@; —0,))

Jj ' se

where

2.3.1.3 Multi-Control Functions and Constraints of SSSC

In the practical applications of the SSSC, it may be used for control of any of the
following parameters, (a) the active power flow of the transmission line, (b) the
reactive power flow of the transmission line, (c) the bus voltage, and (d) the im-
pedance of the transmission line. Therefore, the SSSC may have four control
modes. Among the four control modes, the active power flow control mode has
been well recognized. The mathematical descriptions of the four control functions
of the SSSC are presented as follows.

Control mode 1: Active power flow control
The active power flow control constraint is as follows:

Spec
P —P;" =0 (2.41)
where ij,g-p ““ is the specified active power flow control reference.

Control mode 2: Reactive power flow control
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In this function, the reactive power flow control constraint is as follows:

0; -0 =0 (2.42)

where QJSI-” “ is the specified reactive power flow control reference. As mentioned,
P, O are the SSSC branch active and reactive power flows, respectively, leav-
ing the SSSC bus j while the sending end active and reactive power flows of the
transmission line are —P; and —Q ;; , respectively.
Control mode 3: Bus voltage control
The bus voltage control constraint is given by:

Vi _ ViSpec =0

(2.43)
or V; —ijgpec =0

Spec
where V" and V" are the bus voltage control references.

Control mode 4: Impedance (reactance) control
In this function, V, is regulated to control equivalent reactance of the SSSC to a

specified reactance reference:

Spec
mep - Xuijrfl(p =0 (2.44)
where X Ls(f’ni; is the specified reactance reference. While X ,,,, is a function of

the state variables V;, V; and V, .

Theoretically, the control mode 4 is equivalent to replacing the entire SSSC
with a fixed reactance. However, the problem of modeling of control mode 4 of
the SSSC by a fixed reactance is that it would be very difficult to deal with the
voltage and current constraints of the SSSC if not impossible. Subsequently, this
would cause the change of the structure and dimension of the Newton Jacobian
matrix, and increase the complexity of the code. In contrast, the present reactance
control mode of the SSSC in (2.44) has no such limitations. Further advantages of
the present formulation of the control modes of the SSSC will be discussed in sec-
tion 2.3.2.

Equations (2.41)-(2.44) can be generally written as:

AF(x)=F(x)—F%¢ =0 (2.45)

where x=[6,.V,.6,.V,.0,,.V,,1".

se?

2.3.1.4 Voltage and Current Constraints of the SSSC

The equivalent voltage injection V,, bound constraints are as follows:
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0<V, <Vg™ (2.46)
<6, <7 (2.47)

where V™ is the voltage rating of V.

se >

which may be constant, or may change
slightly with changes in the DC bus voltage, depending on the inverter design. In
principle, 6, can be any real. Therefore (2.47) is not a real constraint while (2.46)

is a real constraint, which should be hold at any time.
The current through each series converter should be within its current rating:

I, <1;™ (2.48)
where 1" is the current rating of the series converter.
Vi _Vse _Vj .
Note the fact that I, =1,26,, = — the actual current magnitude
se
through the SSSC can be obtained:
1 se = 1 Jji

(2.49)

= \/v,? +Va +V] =2V,V,, cos(6, —8,,) + 2V V,, cos(8, —6,,) —2V,V;cos(8, - 0,) /|Z

xe‘

2.3.2 Implementation of Multi-Control Functional Model of SSSC in
Newton Power Flow

2.3.2.1 Multi-Control Functional Model of SSSC in Newton Power
Flow

For the SSSC, the power mismatches, at its buses i, j, respectively, should be held,

AP, =Pg, —Pd; — P, =0 (2.50)
AQ;=0g,-0d; -0, =0 (2.51)
AP, =Pg,~Pd; —P; =0 (2.52)
AQ;=0Qg;,-0d; -0Q;=0 (2.53)

where P, Q, are, respectively, the real and reactive power leaving the bus k
(k=i, j, ...). These are sum of the real and reactive power flows including those
given by (2.50)-(2.53), respectively. While Pg,, Qg, are, respectively, the real
and reactive generating power entering the bus k, and Pd, , Qd, are, respectively,
the real and reactive load leaving the bus k.
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For the SSSC, it has only one control degree of freedom since the active power
exchange with the DC link should be zero at any time. So the SSSC may be used
to control only one of the following parameters, (a) the active power flow on the
transmission line, (b) the reactive power flow on the transmission line, (c) the bus
voltage, and (d) the impedance (precisely reactance) of the transmission line. A
Newton power flow algorithm with simultaneous solution of power flow con-
straints and power flow control constraints of the SSSC may be represented by
(2.54) as follows:

| OF  OF | OF OF OF O |
a0, 3V, 96, IV, 06, IV, | . - ¢ .

: A6, [ -AF
JPE OPE JOPE OPE OPE OPE
96, 9V, 96, AV, 96, IV, |y _pE
P op U opop 0P Top, || |
0. V. i 96, ov. a8, ov, | A6 — AP,
= (2.54)

26, av, i 06, v, 06, oV,
I TR R Rl Rl B
96, 9V, 06, v, 06, W, |y, | |-a0,

9; 9Q; 1 9Q; 9, 0 ag 1ML J
90, dV, i 96, 9V, 96, IV,

i J J

In (2.54) the system Jacobian matrix is split into four blocks by the dotted line.
The bottom diagonal block has the same structure as that of the system Jacobian
matrix of conventional power flow. Though the terms of the former should con-
sider the contributions from the SSSC. The other three blocks of the system Jaco-
bian matrix in (2.54) are SSSC related.

2.3.2.2 Enforcement of Voltage and Current Constraints for SSSC

As discussed in Section 2.2.3, the basic constraint enforcement strategy is that,
when there is an inequality constraint such as the current or voltage inequality
constraint of the SSSC is violated, the constraint is enforced by being kept at its
limit, while the control equality constraint of the SSSC given by one of the equal-
ity constraints (2.41)-(2.44) is released. The constraint enforcement equations of
(2.46) and (2.48) can be generalized as:

AG(x)=G(x)-G%“ =0 (2.55)

where x=[6,,V,.6,.V;.0,,.V,,1". G(x)=V,, and G =™ or G(x)=1,,

se?

and G =M™

Then when either the voltage constraint (2.46) or the current constraint (2.48) is
violated, the Newton power flow equation becomes:
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3G 3G | G G 3G G |

96, vV, 36, 3V, 06, dV, 401 -G
OPE OPE . OPE OPE OPE OPE

00, OV, 106, V. 98, IV, |\y | | _pp
oP,  oP, | OB, 9P, P, 0P, || |
96, AV, i 96, avV, 96, av, | A% | |-AR
90, 90; 90; 90, 90, 90, AV, - —AQ,; 2:56)
90, 3V, : 96, AV, 26, 3V,

oP, OP; 9P, OP; OP, OP; |A0;| | AP
a6, dV,, : 20, av; E W AVj —AQj
90; 0Q; :0Q; dQ; 9Q; JQ; |- 4 - -
90, 9V, i 06, 9V, 08, 0V,

It can be seen, that the formulation of Newton power flow with the constraint
enforcement in (2.56) has exactly the same structure as that of Newton power flow
without the constraint enforcement in (2.54). This property makes the implementa-
tion of the power flow algorithm easy and efficient.

2.3.2.3 Initialization of SSSC in Newton Power Flow

Basically, unlike that for the UPFC, there are no analytical solutions available,
which can be used to initialize the values of the SSSC voltage variables in power
flow analysis.

In the present implementation, for control modes 1, 2 and 3, the initial values of
the voltage angle and magnitude of a SSSC may be set as follows:

0° = —% (2.57)
vl =0.1 (2.58)

and for control mode 4, the initial values of the voltage angle and magnitude of a
SSSC are set as follows:

z. if X 3¢ >0

90 =12 (2.59)
- % if x5 <0
Ve =l X e | (2.60)
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2.3.3 Numerical Results

Numerical results are carried out on the IEEE 30-bus system, IEEE118-bus system
and IEEE 300-bus system. In the test, a convergence tolerance of 1.0e-12 p.u. (or
1.0e-10 MW/MVAr) for maximal absolute bus power mismatches and power flow
control mismatches is utilized.

2.3.3.1 Power Flow, Voltage and Reactance Control by the SSSC

In order to show the multi-control capabilities of the SSSC model and perform-
ance of the Newton power flow algorithm, the following cases based on the IEEE
30 bus system are carried out.

Case I:
Case 2:

Case 3:

Case 4-:

Case 5:

Case 6:

Case 7:

This is a base case IEEE 30 bus system.

This is similar to case 1 except that there is a SSSC installed for control
of the active power flow of line 12-15. The active power flow control ref-

erence is set to P2 = - 30 MW, which is more than 60% of its corre-

sponding base case active power flow.

This is similar to case 2 except that the SSSC is used for control of the re-
active power flow of line 12-15. The reactive power flow control refer-

ence is lespf; =-1MVAr.

This is similar to case 2 except that the SSSC is used for control of the
voltage magnitude at bus 15, and the voltage control reference is

V¥ =10 pu.

This is similar to case 2 except that the SSSC is controlled to generate an
equivalent reactance with a capacitive reactance control reference

Spec __
X comp = -0.2p.u.
This is similar to case 1 except that there are three SSSCs installed on
lines 12-15, 10-21 and 6-2, respectively. These SSSCs are used for con-
trol of the voltage at bus 15, reactive power flow of line 10-21, and active
power flow of line 6-2, respectively. The control references are

Vi =1.0 pu, Q3750 =-5MVAr, and PP =45 MW, respectively.

This is similar to case 6 except that the SSSC on line 6-2 is controlled to

generate an equivalent reactance with respect to the capacitive reactance

control reference X 57 = -0.1 p.u., and the SSSC on line 12-15 is used

comp

to control the active power flow of that line.

The results of cases 1-7 are summarized in Table 2.5.
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Table 2.5. Results of the IEEE 30 bus system

Case No. Solutions of the SSSCs parameters Number of
iterations
Case 1 None 4
Case 2 ey, 5 =-109.64°, Vse, 5 = 0.06060 p.u. 5
Case 3 bheyy,5 =-97.03°, Vsey, s =0.09639 p.u. 5
Case 4 bheyy s =-101.78%, Vse s =0.08344 p.u. 6
Case 5 e, 15 =-109.93°, Vse|, 5 =0.05972 p.u. 5
Case 6 ey 5 =-101.05°, Vse|, 5 = 0.08577 p.u. 6
bsey o) =-105.13°, Vsey, 5 = 0.05787 p.u.
eg, = 75.77°, Vseg , = 0.03539p.u.
Case 7 Bseyy 15 =-108.02°, Vsey, 5 = 0.06663 p.u. 5

Bse 5y =-105.27°, Vse o, = 0.05538 p.u.
Gseq, = 77.79°, Vseg, =0.04878p.u.

In these cases above and the following discussions, the control references of ac-
Spec

ji
ing end of a transmission line. Active power flow and reactive power flows at the
sending end of the line are referred to —P_,-i , =0 .. since the sending end of the

tive and reactive power flows are referred to ijp “.0 which are at the send-

Ji
line is connected to the SSSC bus j.
The test results of the IEEE 118 bus system are described as follows,

Case 8: This is a base case of the IEEE 118 bus system.

Case 9: This is similar to case 8 except that there are three SSSCs installed for
control of active power flow of line 21-20, reactive power flow of line
45-44 and voltage of bus 95, respectively.

Case 10:This is similar to case 9 except that the SSSC of line 94-95 is used to
control the reactance of that line.

The test results of cases 8-10 are given by Table 2.6.

Table 2.6. Results of the IEEE 118 bus system

Case No. Number of SSSCs Number of iterations
Case 8 None 4
Case 9 3 5

Case 10 3 5
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Further cases are carried out on the IEEE 300 bus system, which are as follows,
Case 11:This is a base case of the IEEE 300 bus system

Case 12:Similar to case 11 except that there are four SSSCs installed. The first
SSSC is installed for control of the reactive power flow of line 198-197.
The second SSSC is used for control of the voltage of the SSSC at bus 49.
The third SSSC is installed for control of the reactance of line 126-132.
The fourth SSSC is used for control of the active power flow of line 140-
137.

Table 2.7. Results of the IEEE 300 bus system

Case No. Number of SSSCs Number of iterations
Case 11 None 6
Case 12 4 7

From the results of Table 2.5 to Table 2.7, it can be seen that, in comparison
with those cases of base power flow solutions, the Newton power flow solutions
with the SSSCs need more iterations but can converge within 7 iterations with the
convergence tolerance of le-12 p.u. (1e-10 MW/MVAr). The convergence charac-
teristics of case 11 without the SSSCs and case 12 with four SSSCs on the IEEE
300-bus system are shown in Fig. 2.5. The quadratic convergence characteristics
of the Newton’s algorithm can be clearly observed.

1.E+02
1.E+00
1.E-02
1.E-04
1.E-06
1.E-08

Max(|DP|,|DQ]) in P.U.

1.E-10

1E12 +—F—— T
01 2 3 4 5 6 7

Number of iterations

—A— Case 11 ——Case 12

Fig. 2.5. Power mismatches as function of number of iterations
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2.3.3.2 Enforcement of Voltage and Current Constraint of the SSSC

In the following, examples of the enforcement of the voltage and current con-
straints of the SSSC are given:

Case 13:This is similar to case 3 except that a voltage limit is applied to the SSSC.

Case 14:This is similar to case 2 except that a current limit is applied to the SSSC.
The test results of cases 13 and 14 are presented in Table 2.8. Test results of con-
straints enforcement of SSSC on the IEEE 118-bus system and the IEEE 300-bus

system can be found in [34].

Table 2.8. Results of constraints enforcement of the SSSC for the IEEE 30 bus system

Case No. Actual voltage or current Voltage or current limits of Number of
of the SSSC without con-  the SSSC for constraints en- iterations
straint enforcement forcement

Case 13 Vsey, |5 = 009639 p.u. Vse(y1s = 0.08pu. 6
Case 14 Isejs 1y =03pu. Isejs1y = 025pu. 7

This section has introduced a multi-control functional model for the Static Syn-
chronous Series Compensator (SSSC) suitable for power flow analysis. The model
has explored the multi-control options of the SSSC such as (a) the active power
flow on the transmission line, (b) the reactive power flow on the transmission line,
(c) the bus voltage, and (d) the impedance (precisely reactance) of the transmis-
sion line, etc. Furthermore, within the model, the operating voltage and current
constraints of the SSSC have been fully considered. Detailed implementation of
the novel multi-control functional model in the Newton power flow algorithm has
been presented.

2.4 Modeling of SVC and TCSC in Power Flow Analysis

In the previous sections, the mathematical models of converter based FACTS de-
vices have been discussed in details. The models proposed will be of great impor-
tance to develop production grade power flow programs. In this section, the mod-
eling of SVC and TCSC will be addressed. Traditionally SVC and TCSC are
considered as variable susceptance and reactance, respectively, in power flow
analysis. In this section, SVC and TCSC will be equivalently represented as
STATCOM and SSSC, respectively. Then SVC and TCSC can be incorporated in
the Newton power flow program very easily.
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2.4.1 Representation of SVC by STATCOM in Power Flow Analysis

SVC can provide voltage and reactive power control by varying its shunt reac-
tance [33]. Two popular configurations of SVC are the combination of fixed ca-
pacitor and Thyristor Controlled Reactor (TCR) and the combination of Thyristor
Switched Capacitor (TSC) and TCR. A SVC consisting of a fixed capacitor and a
TCR is shown in Fig. 2.6a.

In power flow analysis, the total susceptance of the SVC may be taken as a
variable and additional voltage or reactive power control equation should be in-
cluded. In contrast to the SVC models used in power flow analysis, the SVC will
be implemented in the way as for a STATCOM. So at first the SVC Fig. 2.6a
should be converted into an equivalent STATCOM in the point of view of power
flow analysis. The equivalent representation of the SVC is illustrated by Fig. 2.6b.

In Fig. 2.6b Zsh is given by:

Zsh= j(Xgom + X7¥%)/2 (2.61)

where X7t , X7en are the lower and upper limits of the variable reactance of the
TCR branch in Fig. 2.6. Now the variable reactance of the TCR branch in Fig.
2.6a can be equivalently represented by an impedance Zsh in series with a vari-

able voltage source Vsh which can only inject reactive power into bus i. The
equivalent of the branch is identical to that of STATCOM.

a) b)

Fig. 2.6. a) A SVC with a fixed capacitor and TCR, b) Equivalent representation of SVC
by STATCOM for power flow analysis
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Hence, the STATCOM model can be applied directly to the SVC except that the
following inequality should hold instead of (2.18):

X7tk < Xrcp < X708 (2.62)
where X, is given by:

Xycx =\ VShZsh /(V; - Vsh)| (2.63)

2.4.2 Representation of TCSC by SSSC in Power Flow Analysis

A typical TCSC, as shown in Fig. 2.7, can provide continuous control of power on
the AC line with a variable series capacitive reactance. The TCSC consists of a
fixed capacitor in parallel with a Thyristor Controlled Reactor (TCR). In principle,
a TCSC is very similar to a SVC. The difference between them is that the former
is usually series connected with a transmission line while the latter is usually shunt
connected with a local bus.

Similarly, a TCSC can be represented by an equivalent SSSC for power flow
analysis.

Fig. 2.7. A typical TCSC

In this section, the representation of SVC and TCSC as STATCOM and SSSC,
respectively has been introduced. With this approach SVC and TCSC can be very
easily incorporated into the Newton power flow program with just minor modifi-
cations of computer code.
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3 Modeling of Multi-Converter FACTS in Power
Flow Analysis

This chapter discusses the recent developments in modeling of multi-functional
multi-converter FACTS-devices in power flow analysis. The objectives of this
chapter are:

1. to model not only the well-recognized two-converter shunt-series FACTS-
device - UPFC, but also the latest multi-line FACTS-devices such as IPFC,
GUPFC, VSC-HVDC and M-VSC-HVDC in power flow analysis,

2. to establish multi-control functional models of these multi-converter FACTS-
devices to compare the control performance of these FACTS-devices.

3. to handle the small impedances of coupling transformers of FACTS-devices in
power flow analysis.

3.1 Modeling of Multi-Control Functional UPFC

Among the converter based FACTS-devices, the Unified Power Flow Controller
(UPFC) [10][11] is a versatile FACTS-device, which can simultaneously control a
local bus voltage and power flows of a transmission line and make it possible to
control circuit impedance, voltage angle and power flow for optimal operation
performance of power systems. In recent years, there has been increasing interest
in computer modeling of the UPFC in power flow and optimal power flow analy-
sis [12],[15]-[24], However, in the most recent research work, the UPFC is pri-
marily used to control a local bus voltage and active and reactive power flows of a
transmission line. As reported in [24], in practice, the UPFC series converter may
have other control modes such as direct voltage injection, phase angle shifting and
impedance control modes, etc.

In contrast to the practical control possibilities of the UPFC, there has been a
lack of modelling of the various control modes in power system analysis. In this
section, besides the basic active and reactive power flow control mode, twelve
new UPFC control modes are presented. The new modes include direct voltage in-
jection, bus voltage regulation, line impedance compensation and phase angle
regulation, etc. Mathematical modelling of these control modes is presented. De-
tailed implementation of the UPFC model with the twelve control modes in power
flow analysis is given.
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3.1.1 Advanced UPFC Models for Power Flow Analysis

3.1.1.1 Operating Principles of UPFC

The basic operating principle diagram of an UPFC is shown in Fig. 3.1 [10]. The
UPFC consists of two switching converters based on VSC valves. The two con-
verters are connected by a common DC link. The series inverter is coupled to a
transmission line via a series transformer. The shunt inverter is coupled to a local
bus i via a shunt-connected transformer. The shunt inverter can generate or absorb
controllable reactive power, and it can provide active power exchange to the series
inverter to satisfy operating control requirements.

Based on the operating diagram of Fig. 3.1, an equivalent circuit shown in Fig.
3.2 can be established. In Fig. 3.2, the phasors V; and V,, represent the equiva-

N

lent, injected shunt voltage and series voltage sources, respectively. Z, and Z ,
are the UPFC series and shunt coupling transformer impedances, respectively.

i Ve 1,
Busi o o + = g Busj Transmissionline , Busk

LI

e

i
b
||I -~
|
l||"-

Fig. 3.2. Equivalent circuit of UPFC
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V; and V; are voltages at buses i, j, respectively while V, is the voltage of bus

k of the receiving-end of the transmission line. I, is the current through the
UPFC shunt converter. Py, and Q

g are the shunt converter branch active and re-

sh
active power flows, respectively. The power flow direction of P, and Qg is

leaving bus i. I;; and I ; are the currents through the UPFC series converter, and
I;=-I;. F; and Q; are the UPFC series active and reactive power flows, re-
spectively, leaving bus i. P; and Q; are the UPFC series branch active and reac-

tive power flows, respectively, leaving bus j. P, is the real power exchange of the
shunt converter with the DC link. P, is the real power exchange of the series
converter with the DC link.

3.1.1.2 Power Flow Constraints of UPFC

For the equivalent circuit of the UPFC shown in Fig. 3.2, suppose V, =V, £6,,,

Vie=V46,,,V;=V,£6,,V,=V,;20,; then the power flow constraints of the
UPFC shunt and series branches are:
th = Vizgsh - ViVxh(gxh COS(gi - esh) + bsh Sin(ei - gsh )) (3 1)
O = _Vizb:h ViV (g4 8In(6; — 6,) — by, cos(6; — 6,,)) (3.2)
2 .
Pij=Vi gij—ViVj(gijcosGlj+bijsmc9,j) 3.3)
- Vivse (gU COS(&,» - ese) + sz Sin(ei - exe )
_ 2 :
Qij ==V bl-j —ViVj(gijsmHij—bl-jcosHij) a4
_Vivxe (gzj Sin(ei _ese) _bij COS(gi _ese ) .
_y2 -
P; =Vig; —V,»Vj(g,-jcosﬁj,»+bij51n0ﬁ) 3.5)
+VV (g;cos(8;, —6,)+b;sin(@; - 6,,))
Q; =-V;b; —VV;(g;sin6,; —b;cos8;) a6

+V.V (gl-j sin(¢9j —(956)—171-]. cos(ﬁj -6,))

AR4

where 8 sh + .] bsh se > Vi

=1/Zy,. g;+jb;=1/Z,. 6;=6-6,,6,=6,-6,.
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3.1.1.3 Active Power Balance Constraint of UPFC

The operating constraint of the UPFC (active power exchange between two in-
verters via the DC link) is:

APy = PE,, — PE,, =0 (3.7)

where PE, =Re(V,1 jh) and PE, =Re(VI ") are active power exchange of

se™ ji
the shunt converter and the series converter with the DC link, respectively. The
symbol * represents conjugate.

3.1.1.4 Novel Control Modes of UPFC
For a UPFC, steady control for voltage and power flow is implemented as follows:

¢ The local voltage magnitude of bus i is controlled;
® Active and reactive power flows, namely, P, andQ; (or Py andQ ), of the

transmission line are controlled.

The above voltage and power flow control has been used widely in UPFC models
[15]-[22]. It has been recognised that besides the power flow control, UPFC has
the ability to control angle, voltage and impedance or combination of those [23].
However, research work in the modeling of these controls is very limited [24]. In
the following, the possibilities of alternative voltage, angle, impedance and power
flow control modes or combination of these controls will be presented. Here we
try to explore the control modes, discuss the similarities and differences between
some of the control modes and those of traditional transformers and series com-
pensation devices, and investigate the mathematical modeling of these control
modes.

Mode 1: Active and reactive power flow control
The well-known independent active and reactive power flows control is:

Spec __
P, - P =0 (33)

s

Q;—0;/“=0 3.9
where ijf" “ is the specified active power flow control reference. in” “ is the
specified reactive power flow control reference.

Mode 2: Power flow control by voltage shifting

In this control mode, the active power flow is controlled by voltage shifting be-
tween bus i and bus j while the voltage at bus j is equal to the voltage at bus i. The
control constraints are:

Spec __
P~ P =0 (3.10)
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Vi=V;=0 (3.11)
where P]fp“
mode, the UPFC is very similar to a phase shifting transformer for active power
flow control. However, the significant difference between them is that besides the
power flow control, the UPFC also has powerful shunt reactive power or voltage
control capability.

is the specified active power flow control reference. For this control

Mode 3: General Direct Voltage Injection

In this control mode, both the series voltage magnitude and angle are specified.
The control mode is:

v, -V =0 (3.12)

6, -6 =0 (3.13)
where VP and 67* are the specified series voltage magnitude and angle con-
trol references, respectively.

Mode 4: Direct Voltage Injection with V, in phase with V;
In this control mode, the series voltage magnitude is specified while V, is in

phase with V; . The control mode is:

Vse _inpgc =0 (3.14)

6,-6,=0 or 6,—6,—180" =0 (3.15)

where Vsip ¢ is the specified series voltage magnitude control reference. This con-

trol mode is very similar to the function of a traditional ideal transformer.
The tap ratio of the above control mode is V; /(V; +V,) or V, /(V, =V, ). The

difference between the UPFC and a transformer is that the former also has the
ability to control bus voltage to a control reference by the reactive power control
of the shunt converter.

Mode 5: Direct Voltage Injection with V,, in Quadrature with V; (lead)

In this control mode, the series voltage magnitude is specified while V, is in

quadrature with V;, and V, leads V;. The control mode is:

V=V =0 (3.16)

o 6 ‘§= 0 (3.17)

where V" is the specified series voltage magnitude control reference. This con-

trol mode is to emulate the traditional Quadrature Boosting transformer.
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Mode 6: Direct Voltage Injection with 'V, in Quadrature with V; (lag)

S
In this control mode, the series voltage magnitude is specified while V, is in
quadrature with V; , andV, lags V; . The control mode is:

v, -V =0 (3.18)
6, -6+2=0 (3.19)
2
where stp ““ is the specified series voltage magnitude control reference. This con-

trol mode is also to emulate the traditional Quadrature Boosting transformer.
Mode 7: Direct Voltage Injection with V, in Quadrature with 1; (lead)

In this control mode, the series voltage magnitude is specified while V, is in
Quadrature with I i V, leads I i - The control mode is:

V, =V =0 (3.20)

Im[V,, (I’ )]=0 3.21)
where V.7 is the specified series voltage magnitude control reference.

Mode 8: Direct Voltage Injection with V,, in Quadrature with 1; (lag)

§

In this control mode, the series voltage magnitude is specified while V, is in

quadrature with I;;. V, lags I;;. The control mode is:

Vie =V =0 (3.22)
Im[V,, (I;e”"*)1=0 (3.23)
where st” " is the specified series voltage magnitude control reference.

Mode 9: Voltage Regulation with V, in phase with V;

In this control mode, the V; magnitude is controlled while V, is in phase with

V; . The control mode is:
V=V =0 (3.24)
6,-6,=0 (3.25)

where Vjs”“ is the voltage magnitude control reference at bus j.
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Mode 10: Phase Shifting Regulation
In this control mode, V, is regulated to control the voltage magnitudes at buses i
and j to be equal while the phase shifting between V; and V; is controlled to a

1

specified angle reference. The control mode is:

V,-V;=0 (3.26)
6,-6,-6;" =0 (3.27)

where 6’USP “ is the specified phase angle control reference. This control mode is

to emulate the function of a traditional phase shifting transformer.

Mode 11: Phase Shifting and Quadrature Regulation (lead)

In this control mode, V, is regulated to control the voltage magnitudes at buses i
and j to be equal while V,, is in quadrature with V;, and leads V;. The control
mode is:

V.—V.=0 (3.28)

! J

6, -6, —% =0 (3.29)

Mode 12: Phase Shifting and Quadrature Regulation (lag)

In this control mode, V, is regulated to control the voltage magnitudes at buses i
and j to be equal while V, is in quadrature with V;, and lags V,. The control
mode is:

V-V, =0 (3.30)

(3.31)

T
ave - 01 + E =0
Mode 13: Line Impedance Compensation

In this control mode, V, is regulated to control the equivalent reactance of the

UPFC series voltage source to a specified impedance reference. The control mode
is:

R, —Z3 cos y 3 =0 (3.32)
X, —Z3sinyre =0 (3.33)

where R, + jX,, is the equivalent impedance of the series voltage source.

75 £y is the impedance control reference.
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For the impedance control by the UPFC, the reactance may be either capacitive
or inductive. Special cases of impedance compensation such as purely capacitive
and inductive compensation can be emulated. These two cases are very similar to
the traditional compensation techniques using a capacitor and a reactor. However,
the impedance control by the UPFC is more powerful since not only the reactance
but also the resistance can be compensated.

The control equations of any control mode above can be generally written as:

AF (x, f57°)=0 (3.34)

AG(x, %) =0 (3.35)

where x =[¢9i,1/i,6’j,Vj,6{w,Vw]T. £57 and g are control references.

In the multi-control functional model of UPFC, only the series control modes
with two degrees of freedom have been described. It is imaginable that the shunt
control modes of STATCOM discussed in chapter 2 are applicable to the shunt
control of UPFC.

3.1.2 Implementation of Advanced UPFC Model in Newton Power
Flow

3.1.2.1 Modeling of UPFC in Newton Power Flow

Assuming that the shunt converter of the UPFC is used to control voltage magni-
tude at bus i, a Newton power flow algorithm with simultaneous solution of power
flow constraints and power flow control constraints of the UPFC may be repre-
sented by:

JAX =-AR (3.36)

Here, J is the Jacobian matrix, AX is the incremental vector of state variables and
AR is the power and control mismatch vector:

AX=[A6,,,AV,,.A6,,,AV,,.A6,,AV,,A0,,AV, ] (3.37)

AR = [AF,AG, APV, -V AP AQ; AP, A0, |" (3.38)
AR

j=9AR 3.39

°X (3.39)

where AP, and AQ; are power mismatches at bus i while AP;and AQ; are power

mismatches at bus j.
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3.1.2.2 Modeling of Voltage and Current Constraints of the UPFC

The voltage and current constraints of the shunt branch of the UPFC are given by
(2.18) and (2.20) while the voltage and current constraints of the series branch of
the UPFC are given by (2.46) and (2.48).

As it was discussed in section 2.2 of chapter 2, the basic constraint enforcement
strategy is that, when there is a voltage or current inequality constraint of the
UPFEC is violated, the constraint is enforced by being kept at its limit while the
control equality constraint of the UPFC is released. In principle, a series inequality
constraint is enforced by releasing a series control constraint; a shunt inequality
constraint is enforced by releasing a shunt control constraint.

3.1.2.3 Initialization of UPFC Variables in Newton Power Flow

For the initialization of the series converter for power flow control mode, (3.8)
and (3.9) can be applied. Assuming that shunt control is the control of the voltage
magnitude of the local bus, Vsh may be determined by:

Vsh = (Vsh™ +Vsh™™)/2 or Vsh=V ¢ (3.40)
then @sh can be found by solving (3.7):

@sh = —sin [ B/(V\Vsh,[(gsh® + bsh®))] + tan~" (—gsh/ bsh) (3.41)

where:

B= Vsh2gsh +Vse2gij
+V,Vse(g; cos(0; —Ose) — by sin(0; —Ose)) (3.42)
—VVse(g,; cos(0; —Ose) — by; sin(6; — Ose))

For other control modes, similar initialization may be derived.

3.1.3 Numerical Results

Numerical results are given for tests carried out on the IEEE 30-bus system and
the IEEE 118-bus system. In the tests, a convergence tolerance of 10712p.u. (or

107" MW/MVAr) for maximal absolute bus power mismatches and power flow
control mismatches is utilized.

In order to show the capabilities of the UPFC model and the performance of the
Newton power flow algorithm, 14 cases including the base case have been inves-
tigated. In case 2—14, a UPFC is installed between bus 12 and the sending end of
the transmission line 12-15.

The computational results are summarized in Table 3.1. In the simulations, the

bus voltage control reference is V57 =1.05 p.u.



68 3 Modeling of Multi-Converter FACTS in Power Flow Analysis

Table 3.1. Results of the IEEE 30 bus system

Case No.  Control UPEC series Solution of the UPFC Number of
mode control reference series voltage iterations
1 gzz: None None 4
Spec 2 6 =-90.48
P =-30e “p.u. ;
2 1 b . 7
QSpec _ -58-2 pa. Vse = 00681pu
6 =-103.13°
3 2 Spec _ _ -2 se 8
P =30 “pu. vV =0.12916 p.u.
se
Spec o o
0> = 45 0 =45
4 3 se se 5
Ve 202 vV =02pu
se se
6 =-9.63°
5 4 v 202 se 5
se
vV =02pu
se
6 =81.42°
se
6 5 v 0.2 5
se
vV =02pu
se
6 =101.86"
7 6 v 0.2 * 5
se
V =02pu.
se
spec Hse =18.10
8 7 1% =0.1 10
s V =0.1pu.
se
spec _ BSE =-107.92
9 8 % =0.1 7
s V =0.1pu.
se
Spec ° o
v, =-80 0 =-117.67
10 9 se 7
ZSP“ =0.1 V. =0.02538 p.u.
se : se
. 6 =-78.95
11 10 6% =10 se 5
v vV  =0.18790 p.u.
se
icit con- 6 =81.10°
12 1 No explicit con o 3

trol reference

V. =0.11724 p.u.
se
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Table 3.1. (cont.)

icit con- 6 =-100.25
13 12 Nto fiXplflClt con s 6
rol relerence V. =0.06334 pu.
se
Spec 6 =-9.60
14 13 VP =1.02 pa. 4
J

V. =0.02829 pu.
se

In the cases above and the following discussions, the control references of ac-
Spec
Jt
ing end of a transmission line. It can be seen that the Newton power flow algo-
rithm can converge for all the control modes with very tight tolerance.

Further test cases were also carried out on the IEEE 118-bus system, which are
presented as follows:

tive and reactive power flows are referred to ijp “, 03P, which are at the send-

Case 15: This is the base case system without UPFCs.

Case 16: In this case, three UPFCs are installed on the IEEE 118-bus system. The
three UPFCs are installed, one each on line 21-20, line 45-44 and line
94-95. The three UPFCs are using series control mode 1, 7, 13, respec-
tively when the shunt control of the three UPFC is to control the volt-
ages at buses 21, 45 and 94, respectively.

The quadratic convergence characteristics of case 15 (Base case without UPFC)
and case 16 (with three UPFCs) are shown in Fig. 3.3. This shows that the Newton
power flow algorithm can converge in 6 iterations.

Fig. 3.3. Power and control mismatches as functions of number of iterations for the IEEE
118-bus system
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Besides the well-known active and reactive power flow control mode, some
twelve-control modes for the UPFC have been proposed. Mathematical modeling
of these control modes has been described. The new control modes proposed are
complementary to the well-known independent active and reactive power control
mode by the UPFC, and will be helpful to fully understand the control capabilities
of the UPFC. The new control modes of the UPFC have been successfully imple-
mented in a Newton power flow program. Furthermore, the similarities and differ-
ences between the traditional angle, voltage and impedance control devices and
the UPFC have also been discussed.

3.2 Modeling of Multi-Control Functional IPFC and GUPFC

As discussed in chapter 1, a series-series FACTS device called Interline Power
Flow Controller (IPFC) was recently installed at NYPA’s Marcy Substation,
which can increase power transfer capability and maximize the use of the existing
transmission network. The salient features of the IPFC are its convertibility and
expandability, which are becoming increasingly important as electric utilities are
being transformed into highly competitive marketplaces. The functional converti-
bility enables the IPFC to adapt to changing system operating requirements and
changing power flow patterns. The expandability of the IPFC is that a number of
voltage-source converters coupled with a common DC bus can be operated. Addi-
tional compatible converter or converters can be connected to the common DC bus
to expand the functional capabilities of the IPFC. The convertibility and expand-
ability of the CSC enables it to be operated in various configurations. The IPFC
installed at NYPA consists of two converters, and it can operate as a Static Syn-
chronous Shunt Compensator (STATCOM) [7], Static Synchronous Series Com-
pensator (SSSC) [8], Unified Power Flow Controller (UPFC) [10] or the innova-
tive Interline Power Flow Controller (IPFC) [2][3][6]. In principle, with an extra
shunt converter, a Generalized Unified Power Flow Controller (GUPFC) [4], [5],
which requires at least three converters, can be configured The IPFC and GUPFC
are significantly extended to control power flows of multi-lines or a sub-network
beyond that achievable by the UPFC or SSSC or STATCOM. In principle, with at
least two converters, an IPFC can be configured. With at least three converters, a
GUPFC can be configured.

The GUPFC model for EMTP simulation has been proposed [4]. A model of
the GUPFC with voltage and active and reactive power flow control has been pro-
posed and successfully implemented in an optimal power flow algorithm [5]. The
power flow model of the IPFC and GUPFC is presented in [6]. The detailed mod-
eling of novel and versatile FACTS-devices — the IPFC and GUPFC under practi-
cal operating inequality constraints in power flow analysis will be presented here.
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3.2.1 Mathematical Modeling of IPFC in Newton Power Flow under
Practical Constraints

3.2.1.1 Mathematical Model of the IPFC

The IPFC obtained by combining two or more series-connected converters work-
ing together extends the concept of power flow control beyond what is achievable
with the known one-converter series FACTS-device - SSSC [8][9][14]. A simplest
IPFC, with three FACTS buses — i, j and k shown functionally in Fig. 3.4, is used
to illustrate the basic operation principle [2][3][6]. The IPFC consists of two con-
verters being series-connected with two transmission lines via transformers. It can
control three power system quantities - independent three power flows of the two
lines. It can be seen that the sending-ends of the two transmission lines are series-
connected with the FACTS buses j and k, respectively.

Fig. 3.4. Operational principle of the simplest IPFC with two converters

An equivalent circuit of the IPFC with two controllable series injected voltage
sources is shown in Fig. 3.5. The real power can be exchanged between or among
the series converters via the common DC link while the sum of the real power ex-
change should be zero.

Suppose in Fig. 3.5 the series transformer impedance is Zse;, , and the control-

lable injected voltage source is Vse;, =Vse,, £0se, (n = j, k). Active and reac-
tive power flows of the FACTS branches leaving buses i, j, k are given by:

Pin = Vizgin _ViVn(gin COSQM +bin sind), )

mn

) (3.43)
—V.Vse,;, (g;, cos(6; — bse;,) +b,, sin(6; — bse;,))

Oy = Vizbin _ViVn (gin sin Hin _bin cos@;,)

in — in

—V.Vse;, (g, Sin(6; — Bse;, ) — b;, cos(6; — Bse;,))

m

(3.44)
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¥

Vse, P,+jO, Busk

Fig. 3.5. Equivalent circuit of the simplest IPFC with two converters

Pni =Vn2gin _ViVn(gin COS(&H _Hi)+bin Sin(gn _Hi )

. (3.45)
+V,Vse;, (g, cos(8, — bse;, )+ b;, sin(8, —Ose;, )
Qni = _Vnzbnn _Vivn (gin Sin(en - ei )— bin COS(Hn - 91' ) (346)

+V,Vse;, (g, sin(6, —6se;, ) — b, cos(6, — bse;,

where g;, =Re(/Zse,,) , b;,, =1Im(/Zse;,). P,,, Q,, (n=j, k) are the active and
reactive power flows of two IPFC branches leaving bus i while P,;, Q,; (n =, k)
are the active and reactive power flows of the series FACTS branch n-i leaving
bus n (n = j, k), respectively. Since two transmission lines are series connected
with the FACTS branches i-j, i-k via the FACTS buses j and k, respectively, P,;,
Q,; (n = j, k) are equal to the active and reactive power flows at the sending-end
of the transmission lines, respectively.
For the IPFC, the power mismatches at buses i, j, k should hold:

AP, =Pg, —Pd, —P, =0 (3.47)

AQm = ng - Qdm - Qm =0 (3.48)
where, without loss of generality, Pg,,, 0g,, (m=i, j, k) are the real and reactive
power generation entering the bus m, and Pd,,, Qd,, (m=i, j, k) are the real and

reactive power load leaving bus m. P, , Q,, (m=i, j, k) are the sum of real and re-

active power flows of the circuits connected to bus m, which include the power
flow contributions of the FACTS branches given by equations (3.47), (3.48).

According to the operating principle of the IPFC, the operating constraint rep-
resenting the active power exchange between or among the series converters via
the common DC link is:

PEx ==Y PEse;, —P;, =0 (3.49)
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where PEse;, = Re (Vse;,I m) (n =j, k). * means complex conjugate. I,; (n = j,

k) is the current through the series converter.

The IPFC shown in Fig. 3.4. and Fig. 3.5. can control both active and reactive
power flows of primary line 1 but only active power flow (or reactive power flow)
of secondary line 2. The active and reactive power flow control constraints of the
IPFC are:

AP, =P, — P =0 (3.50)

ni

AQ,; =0, — O = (3.51)

where n = j, k. P, 03 are specified active and reactive power flow control

references and P, =Re(V,I,;), Q,; =Im(V,I,;)
The constraints of each series converter are:

0< b, <21 (3.52)
Vse™™ < Vse,, <Vsel™ (3.53)
— PEse;,"* < PEse;, < PEsey,™ (3.54)
Ly <™ (n=j k) (3.55)

where n = j, k. PEse;,™ is the maximum limit of the power exchange of the series

converter with the DC link. PEse,, =Re(Vse,;I;,) (n =j, k). I™™ is the current
rating of the series converter.

3.2.1.2 Modeling of IPFC in Newton Power Flow

For the IPFC shown in Fig. 3.4. and Fig. 3.5., the primary series converter i-j has
two control degrees of freedom while the secondary series converter i-k has one
control degree of freedom since another control degree of freedom of the con-
verter is used to balance the active power exchange between the two series con-
verters. Combining power flow mismatch equations (3.47), (3.48), and operating
and control equations (3.49)-(3.51), the Newton power flow solution may be given
by

JAX =-AR (3.56)
where
AX - the incremental vector of state variables, and AX =[AX,AX, ]T
AX, =[AG;,AV;, ,Aé?j ,AVj,AHk »AV, ]T - the incremental vector of bus voltage
magnitudes and angles.

AX, =[A6bse;; ,AVse,; ,Abse, ,AVse;, 1" - the incremental vector of the state vari-

ij? ij
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ables of the IPFC.
AR - the bus power mismatch and IPFC control mismatch vector, and

AR =[AR,AR,]".
AR| =[AP,AQ;,AP;,AQ;, AP, ,AQ; 1" - bus power mismatch vector.

AR, =[P; - PJ.‘?’“,Q i —Qfl.”“, P, —Pks.p“ PEx]" operating control mismatch

vector of the IPFC
JAR

J =—— - System Jacobian matrix
oX

It is worth pointing out that for the reason mentioned above, for the secondary
series converter i-k, there is only one associated active power flow control equa-
tion considered in (3.56). The Jacobian matrix in (3.56) can be partitioned into
four blocks. The bottom diagonal block has very similar structure to that of con-
ventional power flow. The other three blocks are FACTS related. The (3.56) can
be solved by first eliminating Aése , AVse of the IPFC. However, this will result
in new fill-in elements in the bottom diagonal block. Then the resulting reduced
bottom diagonal block Newton equation can be solved by block sparse matrix
techniques.

It should be pointed out that the multi-control modes of UPFC is applicable to
IPFC. In addition, the techniques for the handling of the violated functional ine-
qualities of STATCOM and SSSC [13] is applicable to IPFC.

3.2.1.3 Initialization of IPFC Variables in Newton Power Flow

With setting bus voltage V., Vj, Vi, 6,0 jo 0, to the flat start values, say

1

Vi=V; =V, =10 if buses i, j, k are not voltage controlled buses, and

6,=0;=0, =0, the initial values of Vse;, Bse; for the primary series converter i-

ij ’
Jj can be found by solving two simultaneous equations (3.50) and (3.51):

_ 2,42
Vse; =,JAl(g;+b;) IV, (3.57)

Osey = tan” (P =V g ; +V,V,8 ) (Q + Vb =V, byl

—tan”' (—g,; /b;) (3:58)
where A is given by:
A=(PPC Vg i +ViV,g,) +(QF“+V b, =VV,b;)’ (3.59)

For the secondary series converter i-k, assume that Vse;, is chosen to a value

between Vsej™ and Vsej™, then Gse; can be determined by solving (3.49):
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Osey =sin (PP ~VZgu +ViViga) (Vi Vsey g +bi)]
(3.60)
—tan”! (=8 /by)

3.2.2 Mathematical Modeling of GUPFC in Newton Power Flow under
Practical Constraints

3.2.2.1 Mathematical Model of GUPFC

The GUPFC by combining three or more converters working together extends the
concepts of voltage and power flow control of the known two-converter UPFC
controller to multi-line voltage and power flow control [4][5]. A simplest GUPFC
shown in Fig. 3.6 consists of three converters.

One converter is shunt-connected with a bus and the other two series-connected
with two transmission lines via transformers in a substation. The GUPFC can ex-
plicitly control total five power system quantities such as the voltage magnitude of
bus i and independent active and reactive power flows of the two lines.

The equivalent circuit of the GUPFC including one controllable shunt injected
voltage source and two controllable series injected voltage sources is shown in
Fig. 3.7. Real power can be exchanged among the shunt and series converters via
the common DC link, and the sum of the real power exchange should be zero.

Zsh; in Fig. 3.7 is the shunt transformer impedance, and Vsh; is the controllable

shunt injected voltage of the shunt converter; Psh; is the power exchange of the

shunt converter via the common DC link. Other variables and parameters are the
same as those of Fig. 3.6 and Fig. 3.7. The controllable shunt injected voltage
source is defined as Vsh; =Vsh; £0sh; .

Fig. 3.6. Operational principle of the GUPFC with three converters
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By +jO, Zsey Vsey Py +jQu

Fig. 3.7. The equivalent circuit of the GUPFC

Based on the equivalent circuit of the GUPFC shown in Fig. 3.7, the power
flows of the shunt converter Psh; , Osh; leaving bus i can be derived as:

Psh; = Vizgsh,- —V;Vsh;(gsh; cos(8; — Osh;) + bsh; sin(8; — Osh;)) (3.61)

Qsh, = —V*bsh, —VVsh, (gsh, sin(8, — Osh,) — bsh, cos(6, — 6sh,)) (3.62)

while the active and reactive power flows P, , Q,, (n=j, k) are the same as those
given by (3.50) and (3.51), respectively, and the active and reactive power flows
P, Q, (n=j, k) are the same as those given by (3.45) and (3.46). In (3.50) and
(3.51), gsh; =Re(1/Zsh;) ,bsh; =1Im(1/ Zsh;) .

The bus power mismatch equations for the GUPFC are similar to (3.47), (3.48).
The active and reactive power flow control constraints of the GUPFC are the same
as those given by (3.50) and (3.51).

The operating constraint representing the active power exchange among con-
verters via the common DC link is:

PEx = PEsh; — Y. PEse,, — P;, =0 (3.63)

where n =j, k. PEsh; = Re(Vsh.Ish; ), and PEse, = Re (Vse,I.)
In contrast to the IPFC, the GUPFC has additional capability to control the
voltage magnitude of bus i:

Vv, -V =0 (3.64)

Spec -

where V; is the voltage magnitude at bus i. V,”’*“is the specified bus voltage con-

trol reference at bus i.

For the operation of the GUPFC, the power flow equality constraints (3.47),
(3.48), and operation and control constraints (3.50), (3.51), (3.63) and (3.64)
should hold. Besides, the GUPFC is also constrained by its operating inequality
constraints such as voltage, power and thermal constraints.
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Similarly to the IPFC, the equivalent controllable injected voltage source of
each series converter of the GUPFC is constrained by the voltage limits given by
(3.53) (3.54) and (3.55).

The constraints of the shunt converter of the GUPFC are:

0<6sh, <21 (3.65)
Vsh™" < Vsh, < Vsh™> (3.66)

— PEsh™ < PEsh; < PEsh™™ (3.67)
Ish; < Ish™™ (3.68)

where PEsh™ is the maximum limit of the power exchange of the shunt con-

verter with the DC link, and PEsh; = Re(Vsh,Ish; ) . Ish™> is the current rating.

3.2.2.2 Modeling of the GUPFC in Newton Power Flow

For the GUPFC in Fig. 3.6 and Fig. 3.7, the control degrees of freedom of any of
the two series converters i-j and i-k are two except the shunt converter has one
control degree of freedom since the power exchange among the three series-shunt
converters should be balanced. Combining power flow mismatch equations (3.47),
(3.48), and operating and control equations (3.50), (3.51), (3.63) and (3.64), the
Newton power flow solution may be given by:

JAX=-AR (3.69)

where
AX - the incremental vector of state variables, and AX =[AX,,AX,]"

AX, =[AG;,AV;,A8;,AV ;A ,AV, 1" - the incremental vector of bus voltage

magnitudes and angles.

AX, =[Abse AVseij,Aeseik,AVseik,Aeshi,AVshi]T - the incremental vector of
the state variables of the GUPFC.
AR - the bus power mismatch and GUPFC control mismatch vector, and

AR =[AR,,AR,]".

AR, =[AF,,AQ;,AP;,AQ;, AP ,AQ, 1" - bus power mismatch vector.

AR, =[P; _Pﬁpec’Qﬁ _inpec’Pki _PkfpeC’Qki - Ifzpec’vi _ViSpec’PEx]T - operat-
ing and control mismatch vector of the GUPFC

J= IAR System Jacobian matrix

oX

ij
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The multi-control modes of STATCOM and UPFC are applicable to GUPFC.
The techniques for the handling of the violated functional inequalities of
STATCOM and SSSC [13] are applicable to GUPFC.

3.2.2.3 Initialization of GUPFC Variables in Newton Power Flow

For the initialization of the series converters, (3.57) and (3.58) can be applied. As-
sume Vsh; is given by:

Vsh; = (Vsh™™ +Vsh™™)/2 or Vsh, =V, (3.70)
then @sh; can be found by solving (3.63):
Gsh;, =—sin"'[B/(V,Vsh,+/(gsh? +bsh?))]+tan "' (—gsh; / bsh;) (3.71)
where:

B= Vshl-2 gsh; +2, Vse,%1 8in
+> V. Vse,, (g;, cos(0, —0Ose;, ) —b,, sin(0, — Ose;,)) (3.72)
-2 V.Vse,, (g,, cos(8; —Ose;,) — b, sin(0; — Ose,,))

3.2.3 Numerical Examples

Numerical tests are carried out on the IEEE 118-bus system, IEEE 300-bus system
and a 1000-bus system. In the tests, a convergence tolerance of 1.0e-11 p.u. (or
1.0e-9 MW/MVAr) for maximal absolute bus power mismatches and power flow
control mismatches is utilized. The test cases are described as follows,

Case 1: This is a base case of the IEEE 118-bus system.

Case 2: This is similar to case 1 except that there are an IPFC and two GUPFCs
installed. The IPFC is used to control the active and reactive power flows
of line 12-11 and the active power flow of line 12-3. The first GUPFC is
used to control the voltage at bus 45 and active and reactive power flows
of line 45-44 and line 45-46. The second GUPFC is used to control the
voltage of bus 94 and power flows of line 94-95, line 94-93, line 94-100,
respectively.

Case 3: This is a base case of the IEEE 300-bus system.

Case 4: This is similar to case 3 except that there are an IPFC and three GUPFCs
installed. The IPFC is used to control the active and reactive power flows
of line 198-197 and active power flow of line 198-211. The first GUPFC
is used to control the voltage at bus 37 and active and reactive power
flows of line 37-49, line 37-74, and line 37-34. The second GUPFC is
used to control the voltage of bus 126 and power flows of line 126-132,
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line 126-169, line 126-127. The third GUPFC is used to control the volt-
age at bus 140 and power flows of line 140-137, line 140-141, and line
140-145.

Case 5: This is a base case of the 1000-bus system.

Case 6: This is similar to case 5 except that there are an IPFC and three GUPFCs
installed. The IPFC is used to control the active and reactive power flows
of line 142-388 and active power flow of line 142-376. The first GUPFC
is used to control the voltage at bus 82 and active and reactive power
flows of line 82-200 and line 82-203. The second GUPFC is used to con-
trol the voltage at bus 126 and power flows of line 126-132, line 126-169,
line 126-127. The third GUPFC is for control the voltage at bus 142 and
power flows of lines 142-146, 142-141, and 140-170, respectively.

3.2.3.1 Initialization of the Power Flow with FACTS-Devices

Table 3.2 gives the number of iterations for cases 1-6. From the results, it can
be seen that in comparison with those cases of base power flow solutions the New-
ton power flow with the IPFC and GUPFC needs more iterations but can converge
within 9 iterations with the special initialization procedure. It can also be seen that
without the special initialization procedure for the FACTS controllers, the Newton
power flow may need more iterations or even diverge.

The convergence characteristics of case 5 without the FACTS controllers and
case 6 with the FACTS controllers on the 1000-bus system are shown in Fig. 3.8,
which demonstrate the quadratic convergence characteristics of the Newton power
flow algorithm when the algorithm is approaching the final solution.

Table 3.2. Iteration count of the test systems (Tolerance 1.0¢ ™" p.u.)

System IEEE 118 IEEE 300 Bus 1000 Bus
Bus
Base cases Case No. Case 1 Case 3 Case 5
Number of it- 4 5 6
erations
FACTS cases Case No. Case 2 Case 4 Case 6
without the spe- Number of it- 9 Diverge 11
cial initialization erations
FACTS cases Case No. Case 2 Case 4 Case 6
with the special Number of it- 8 8 9

initialization erations
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Max(|DP|,|DQ]) in P.U.

01 23 456 7 829
Number of iterations
—a&— Case 5 —®—Case 6

Fig. 3.8. Absolute power mismatches as function of number of iterations for the 1000 bus
system

3.2.3.2 Enforcement of Practical Constraints of FACTS

The practical current and active power exchange of the FACTS-devices of case 6
of the 1000-bus system without the constraint enforcement are shown in the first
column of Table 3.3. The second column of Table 3.3 shows the current and
power limits of the FACTS-devices, which will be used in the following exam-
ples.

Table 3.3. Current and power through the converter and their operating limits

Current and power Current and power limits Constraint
without constraint enforcement with constraint enforcement violation
percentage
Pseg, 599 =-0.37e-2 p.u. Psegy 50 = 5.00e-2 p.u. 27%
Iseyyn gy = 4.76 p.u. he;&‘)’fgz = 4.00 p.u. 19%
Pshg, = 8.44e-2 p.u. Pshgy™ = 6.00e-2 p.u. 40%
Ishg, = 4.39p.u. Ishgy™ = 4.00 p.u. 10%

3.2.3.3 Enforcement of Practical Constraints of Series Converters

Two examples based on case 6 are given here to show the enforcement of the two
practical functional inequality constraints of the series converter 82-200: the active
power exchange constraint and current constraint, respectively.
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In the first example, when only the active power exchange limit
Pseg; 500 =5.00e — 2 pu. is applied, the corresponding active power constraint is
violated. This constraint is enforced while the reactive power flow control con-
straint Qpn05, — Oy =0 is released. The Newton power flow can converge in

9 iterations.

In the second example, when only the current limit 75555, =4.0 pu. is applied,

the corresponding current constraint /,y,g, < I20g, 18 violated. Then the con-

straint is enforced while the reactive power flow control con-

straint Q0 g5 — Qarer =0 is released. The Newton power flow can converge in 9

iterations.

3.2.3.5 Enforcement of Practical Constraints of the Shunt Converter

There are two examples based on case 6 to show the enforcement of the current
and active power exchange constraints of the shunt converter of the GUPFC at bus
82.

In the first example here, when the active power exchange limit

Pshgy™ =6.0e —2 p.u. is applied, the corresponding active power exchange con-

straint is violated. Then the constraint is enforced while the active power flow

. Spec  __ .
control constraint Py g, — Pyygg, =0 is released. The Newton power flow can

converge in 9 iterations.

In the second example, when the current limit Ishgy . =4.0 pu. is applied, the

corresponding current constraint is violated. Then the constraint is enforced while
the voltage control constraint of bus 82 is released. The Newton power flow can
converge in 10 iterations.

3.2.3.6 Enforcement of Series and Shunt Converter Constraints

For case 6, when the active power exchange limit Pseg, 5, =5.00e —2 p.u. and

current limit Ishgy ™ =4.0 pu. are applied, the corresponding power and current

constraints are violated. Then they are enforced. The Newton power flow can con-
verge in 10 iterations.

max max

For case 6 when the voltage magnitude limit Vsegy 5o, and current limit Ishg)y

are applied, the corresponding voltage and current constraints are violated. Then
they are enforced. The Newton power flow can converge in 9 iterations.

In conclusion, this section has proposed mathematical models for the Interline
Power Flow Controller (IPFC) and Generalized Unified Power Flow Controller
(GUPEC). The implementation of these models in Newton power flow with the
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particular consideration of the practical functional inequality constraints, including
the current and active power limits of the series and shunt converters of the
FACTS-devices, has been reported. Furthermore, a special initialization procedure
for the FACTS models has been presented.

3.3 Multi-Terminal Voltage Source Converter Based HVDC

With the advance of voltage source converter (VSC) technologies, a number of
VSC based FACTS-devices such as the STATCOM, SSSC, UPFC, IPFC and
GUPFC [1]-[11] have been proposed. Among these VSC-FACTS-devices, the
IPFC and GUPFC [2]-[6], which have the ability to control active and reactive
power on two or more transmission lines, may be used in a major network substa-
tion in a power system to effectively control power flows on specified transmis-
sion paths.

Along with the success of application of VSC technologies in FACTS, applica-
tion of such technologies in HVDC transmission has gained great success. It was
reported recently that VSC based HVDC systems have been successfully installed
in several electric utilities in European Countries and U.S. [25]-[28]. However, it
should be pointed out that these HVDC systems are basically used for two-
terminal HVDC power transmission. Simultaneous power flow and voltage con-
trol serves for various applications such as back-to-back or cable installations.

In contrast to the traditional Thyristor based HVDC system, the VSC-HVDC
system has the following features: (a) it is very easy to make multiterminal con-
nections; (b) it has the ability to independently control active and reactive flows at
its terminals; (c) in addition, it has the option to control its terminal bus voltages
instead of reactive powers; (d) The costs for filtering of harmonics may be signifi-
cantly reduced if suitable PWM techniques are used; (e) construction and commis-
sioning of a VSC-HVDC system takes less time than that for a traditional Thyris-
tor based HVDC-system.

Beyond two terminal VSC-Back-to-Back-HVDC systems [25]-[28], there is the
option for multi-terminal VSC-HVDC (M-VSC-HVDC) [29] in electric transmis-
sion and distribution systems. Before the practical application of the M-VSC-
HVDC in electric power systems, extensive research and development need to be
carried out to understand the steady and dynamic characteristics of the M-VSC-
HVDC. In the light of this, the dynamic over-voltage problem of the M-VSC-
HVDC was investigated [30]. Due to the fact that power flow analysis is one of
the fundamental power system calculations for power system operation, control
and planning, in this section, the steady-state modeling of the M-VSC-HVDC for
power flow analysis [31] will be presented.
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3.3.1 Mathematical Model of M-VSC-HVDC with Converters Co-
located in the same Substation

3.3.1.1 Operating Principles of M-VSC-HVDC

A M-VSC-HVDC shown in Fig. 3.9. consists of three converters, which are con-
nected with three buses i, j, k via three coupling transformers. The three converters
are directly connected with a common DC link and co-located in a substation. Ba-
sically, the converters at bus j and k, which are considered as primary converters,
can provide independent active and reactive power flow control. Alternatively a
primary converter can also provide active power flow and voltage control. The
converter at bus i is considered as secondary converter, which can provide voltage
control at bus i and power exchange balance among the converters.

It should be pointed out that for simplifying the presentation, the M-VSC-
HVDC given in Fig. 3.9 consists of only three terminals. However, in principle,
the following mathematical derivation will be applicable to a M-VSC-HVDC with
any number of terminals.

Fig. 3.9. Schematic setup of M-VSC-HVDC

3.3.1.2 Power Flow Constraints of M-VSC-HVDC

Based on the operating principles shown in Fig. 3.9, the equivalent circuit of the
M-VSC-HVDC can be derived, which is given in Fig. 3.10.

In the derivation, we assume that (a) harmonics generated by the converters are
neglected and (b) the system as well as the VSC are three phase balanced. Then
each converter can be equivalently represented at the fundamental (power system)
frequency by voltage phasor Vsh,, =Vsh,,Z6sh,, (m =1, j, k).
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Fig. 3.10. M-VSC-HVDC equivalent circuit
According to the equivalent circuit of the M-VSC-HVDC shown in Fig. 3.9,
suppose the bus voltage phasoris V,, =V, £8,, , (m =i, j, k), then the AC termi-

m?

nal power flows of the M-VSC-HVDC may be given by:
Psh,, = V,,f gsh,,

—V, Vsh, (gsh,, cos(6, —6sh,)+bsh, sin(, —6sh,)) (3.73)
(m=1ij k)
Qsh,, =—V?bsh,,
, (3.74)
—V, Vsh, (gsh,, sin(@, —6sh, )—bsh, cos(8, —6sh,,))

(m =1, j, k)

where gsh,, + jbsh, =1/Zsh, . Zsh, is the impedance of the converter coupling
transformer, and may be given by Zsh,, = Rsh,, + jXsh,, . Rsh, and Xsh,, are the
resistance and reactance, respectively, of the coupling transformer.

3.3.1.3 Active Power Balance of M-VSC-HVDC

The active power exchange among the converters via the DC link should be bal-
anced at any instant, which is described by:

Pdcy = Pdc; + Pdc; + Pdc;. + Ploss =0 (3.75)

where Ploss represents losses in converter circuits. Each converter losses consist
of two terms. The first term is proportional to its AC terminal current squared, and
the second term is a constant. The former may be represented by an equivalent re-
sistance, and can be included into its coupling transformer impedance. The second
term may be represented by an equivalent resistance in parallel with the DC bus.
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However, Considering that there is no explicit DC network being represented in
the M-VSC-HVDC formulation here, the second terms of all the converters can be
combined and represented by Ploss which is included in the power balance equa-

tion (3). Pdc, (m = i, j, k) as shown in Fig. 3.10 is the power exchange of the
converter with the DC link and given by:

Pdc,, = Re(~Vsh,, Ish,)

=Vsh?2 gsh,, —VVsh,, (gsh,, cos(6; — 6sh,,) —bsh, sin(6, — 6sh,))  (3-76)
(m=1,j k)

3.3.1.4 Voltage and Power Flow Control of M-VSC-HVDC

Primary converters. Each primary converter has two control modes such as PQ
and PV, which are presented as follows.

Control mode 1: PQ control

In principle, the primary converters at buses j and k can be used to control the in-
dependent active and reactive power of terminals j and k, respectively. In the PQ
control mode, the independent active and reactive power control constraints are:

at bus J:

Psh; — Psh}"* =0 (3.77)

QOsh; —Qsh™ =0 (3.78)
at bus k:

Pshy — Pshi?* =0 (3.79)

QOshy, — Qshi’* =0 (3.80)

where Pshf" “, Qshfp ¢ are the specified active and reactive power control refer-

ences at bus j while Psh"*, Qshi’* are the specified active and reactive power

control references at bus k.

Control mode 2: PV control

In the PV control mode, alternatively, the primary converters at buses j and k may
control voltage rather than reactive power. In other words, the reactive control
constraints of (6) and (8) may be replaced by the following voltage control con-
straints, respectively:

at bus j:

V-V =0 (3.81)
at bus k:
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V, =V =0 (3.82)

where V jS”“ and V,7* are the bus voltage control references at buses j and k, re-

spectively. It should be pointed out that the voltage at a remote bus instead of a lo-
cal bus may be controlled.

Secondary converter. In operation of the M-VSC-HVDC, the secondary con-
verter at bus i can be used to control the voltage magnitude at its terminal bus i.
Such a control is given by:

V, V¥ =0 (3.83)

Spec

where V™" is the bus voltage control reference.

In addition to the voltage control constraint (3.83), the secondary converter is
also used to balance the active power exchange among the converters. Such an ac-
tive power balance constraint is given by (3.75).

3.3.1.5 Voltage and Current Constraints of M-VSC-HVDC
The voltage constraint of each converter is:
Vsh™ <Vsh, <Vsh™  (m=i, j, k) (3.84)

where Vsh™ is the voltage rating of the converter while Vsh™" is the minimal
limit for the injected VSC voltage. Vsh,, is the actual voltage of the converter.
The current through each VSC should be within its thermal capability:
Ish,, < Ishy™  (m=i, j, k) (3.85)

where Ish, " is the current rating of the VSC converter while Ish,, is the actual
current through the converter, which is given by:

m

Ish,, =V, +Vsh2 =2V, Vsh,, cos(8,, — 6sh,,) /| Rsh’, + Xsh’, (3.86)

3.3.1.6 Modeling of M-VSC-HVDC in Newton Power Flow

For the three-terminal VSC-HVDC shown in Fig. 3.10, the Newton equation in-
cluding power mismatches at buses Z, j and k and control mismatches may be writ-
ten as:

JAX =—AR (3.87)

where
AX - the incremental vector of state variables, and AX =[AX, AXZ]T
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AX, =[A6;,AV;,A8;,AV;,Al, ,AV, ' - the incremental vector of bus voltage

angles and magnitudes.
AX, =[Absh;,AVsh;,Absh;,AVsh j,AHShk,AVshk]T - the incremental vector of

state variables of the M-VSC-HVDC.
AR - the M-VSC-HVDC bus power mismatch and control mismatch vector, and

AR =[AR,,AR,]".
AR, =[AP,AQ;,AP;,AQ ;, AP, AQ, 1" - power mismatches.

AR, =[Pdcy .V, =V, Psh; — Pshi"*Qsh; — Qsh3"*, Psh, — Psh"*, Qsh, —Qsh"* 1"

control mismatches of the M-VSC-HVDC
JAR

J =—— - System Jacobian matrix

oX

In the above formulation, PQ control mode is applied to the primary converters
Jj and k. If however, PV control mode is applied to the primary converters, the re-
active power flow control mismatch equations such as (3.78) and (3.80) in
AR, should be replaced by the voltage control mismatch equations (3.81) and

(3.82), respectively. It can be found that in the Newton formulation of (3.87), the
implementation of PQ control mode for a primary converter has the same dimen-
sion and the similar Jacobian matrix structure as that of PV control mode for that
converter. In addition, handling of international voltage and current limits, as will
be discussed in the next, will not affect the dimension and basic structure of the
Jacobian matrix in (3.87). The above features are in particular desirable for incor-
poration of the M-VSC-HVDC in production grade program since the complexity
of such a multi-converter HVDC.

3.3.1.7 Handling of Internal Voltage and Current Limits of M-VSC-
HVDC

Primary converters. If the voltage or current limit of a primary converter is vio-
lated, the voltage or current is simply kept at the limit while the reactive power
control (for PQ control mode) or voltage control (for PV control mode) is released.

Secondary converter. If the voltage or current limit of a secondary converter is
violated, the voltage or current is simply kept at the limit while the voltage control
is released.

3.3.1.8 Comparison of M-VSC-HVDC and GUPFC

In principle, the M-VSC-HVDC with all converters being co-located in the same
substation can be used to replace a GUPFC for voltage and power flow control
purposes. Here we try to discuss the different characteristics of the M-VSC-
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HVDC and the GUPFC when they can be used interchangeably. Modeling of the
GUPFC for steady state voltage and power flow control is referred to [5], [6].

First, the power rating of a primary converter of the M-VSC-HVDC may be
higher than that of a corresponding series converter of the GUPFC since the volt-
age rating of the former is higher than that of the latter. Hence, the power rating of
the secondary converter of the M-VSC-HVDC may be higher than that of the
shunt converter of the GUPFC. It can be anticipated that the investment for the M-
VSC-HVDC is higher than that for the GUPFC.

Second, the GUPFC can be used to control bus voltage by its shunt converter,
and it can provide independent active and reactive power flows by its series con-
verters. The M-VSC-HVDC can control bus voltage by its secondary converter,
and it can provide independent active and reactive power flows by its primary
converters. In addition, the primary converters of the M-VSC-HVDC can alterna-
tively control bus voltages instead of reactive powers. In contrast, the series con-
verters of the GUPFC have relatively limited voltage control capability. Hence,
generally speaking, the M-VSC-HVDC may have stronger voltage control capa-
bility than that of the GUPFC.

3.3.2 Generalized M-VSC-HVDC Model with Incorporation of DC
Network Equation

3.3.2.1 Generalized M-VSC-HVDC

In section 3.3.1, the M-VSC-HVDC model is only applicable to situations when
the converters are co-located in a substation. In the mathematical model and the
Newton power flow algorithm, explicit representation of the DC link is not re-
quired. Instead, the active power balance equation (3.75) is applied to represent
the effect of the DC link. However, if the M-VSC-HVDC converters are not co-
located in a substation, then the DC network of the M-VSC-HVDC needs to be
explicitly represented.

For the sake of simplicity, we assume that the M-VSC-HVDC shown in Fig.
3.10 is extended to the generalized M-VSC-HVDC in Fig. 3.11. In Fig. 3.11, a DC
network is explicitly represented, which consists of three DC buses and three DC
lines. The VSC converters i, j, k are coupled with the DC buses i, j, k, respectively,
and the DC buses are interconnected via the DC lines. The DC bus voltages Vdc;,

Vdc ; and Vdc are state variables of the DC network.

A VSC converter may not be lossless. As has been discussed in section 3.3.1,
each VSC converter losses consist of two terms. The first term, which is propor-
tional to the AC terminal current squared, can be included into the transformer
impedance as an equivalent resistance. There are two approaches to represent the
losses of the second term. The first approach is that the second term of each con-
verter may be represented by an equivalent resistance in parallel with its DC cou-
pling capacitor.
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Fig. 3.11. Generalized M-VSC-HVDC with a DC network

The second approach is that the second term of each converter, which is almost

constant, may be represented by Ploss,, (m =i, j, k). Ploss, can be represented as

a power injection to the DC bus m and the direction of Ploss, is leaving the posi-

tive terminal of the DC bus m. It should be pointed out here that in the General-
ized M-VSC-HVDC model here, the equivalent resistance approach for represent-
ing the losses of the second terms is preferred since there is an explicit DC
network representation for the Generalized M-VSC-HVDC here and the equiva-
lent resistances can be directly included in the DC network equation that will be
introduced next.

3.3.3.1 DC Network Equation

Assuming that the DC lines can be represented by equivalent DC resistances, and
power losses are represented by equivalent resistances in parallel with the DC
buses, the voltage and current relationships of the DC network may be represented
by:

Yy Ve =lac (3.88)
where Y, is the DC network Y-bus matrix. V is the DC bus voltage vector,
given by V. =[Vdc,.Vdc;.Vdc,]" . 1,

. is the DC network bus current injection

vector, given by 1. =[—-Pdc; /Vdc;,—Pdc ;I Vdc ;,—Pdc, | Vdcy 1", Pdc, (m =i, j,

k), as defined in (3.76), is the power exchange of the VSC converter with the cou-
pling DC link.
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In AC power flow analysis, a slack bus should be selected and usually the volt-
age magnitude and angle at that bus should be kept constant. AC slack bus usually
serves two roles such as (a) keeping slack bus voltage constant; (b) providing the
balance between generation and load. In the Newton power mismatch equation of
power flow analysis, the relevant row and column of slack bus are usually re-
moved. Due to similar reasons, for the DC network voltage equation (3.88), a DC
slack bus should be selected and the DC bus voltage should be kept constant. The
selected DC slack bus also has two functions such as (a) providing DC voltage
control; (b) balancing the active power exchange among the converters via the DC
network. However, different from the handling technique for slack bus in AC
power flow analysis, here a DC bus is selected and the voltage of the DC bus is
kept constant and represented by an explicit voltage control equation. If DC bus i
is selected as the DC slack bus, we have the following voltage control equation:

Vdc, —Vdc"* =0 (3.89)

where Vdc* is the specified DC voltage control reference.

Equations (3.88) and (3.89) are the basic operating constraints of the DC net-
work. The DC network is mathematically coupled with the AC terminals of the M-
VSC-HVDC via the DC powers Pdc;, Pdc i Pdc, , respectively. Due to the fact

that the DC network is represented by the DC nodal voltage equation in (3.88),
any topologies of the DC network may be modeled without difficulty. In addition,
if an energy storage system is connected with the DC network, it can be included
into the DC network equation.

3.3.2.2 Incorporation of DC Network Equation into Newton Power
Flow

With incorporation of the DC network into the generalized M-VSC-HVDC model,
the Newton power flow equation (3.87) may be augmented as:

JAX=-AR (3.90)
where
AX - the incremental vector of state variables, and AX = [AXI,AXZ,AX3]T
AX, =[AG;,AV;,A6;,AV;,Ab,,AV, ' - the incremental vector of bus voltage
magnitudes and angles.
AX, =[Absh;,AVsh;,Absh;,AVsh ;,Abshy ,AVsh, 1" - the incremental vector of

the state variables of the M-VSC-HVDC.
AX; =[AVdc;,AVdc ;,AVdc, ]" - the incremental vector of DC state variables.

AR - the bus power mismatch and M-VSC-HVDC control mismatch vector, and
AR =[AR,,AR,,AR;]".

AR, = [APi,AQ,-,APj,AQ J-,APk,AQk ]T - bus power mismatch vector.
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AR, =[V, =V, Vdc; —Vdc"*, Psh; — Psh3"* ,Qsh; — Qsh?"*,

Pshy — Psh"*,Qshy, — Qsh"*1"
control mismatch vector of the M-VSC-HVDC
AR; =Yy V,. -1 - DC network bus mismatch vector

JAR
J=—— - System Jacobian matrix

X

3.3.3 Numerical Examples

Numerical results are presented on the IEEE 30-bus system, IEEE118-bus system
and IEEE 300-bus system. In the tests, a convergence tolerance of 1.0e-12 p.u. (or
1.0e-10 MW/MVAr) for maximum absolute bus power mismatches and power
flow control mismatches is used. In order to simplify the following presentation,
the M-VSC-HVDC model proposed in section 3.3.1 is referred to Model I while
the Generalized M-VSC-HVDC model with incorporation of the DC network in
section 3.3.2 is referred to Model II.

3.3.3.1 Comparison of the M-VSC-HVDC to the GUPFC

Three cases are given on the IEEE 30 bus systems to compare the M-VSC-HVDC
with the GUPFC:

Case I: A GUPFC is installed for control of the voltage at bus 12 and control of
active and reactive power flows in line 12-15 and line 12-16. Suppose
two FACTS buses 15 and 16 are created, and assume that the sending
ends of the two transmission lines 12-15 and 12-16 are now connected
with the FACTS buses 15 and 16, respectively while the series convert-
ers are installed between buses 12 and 15, and buses 12 and 16, respec-
tively. The active power flows transferred on the two transmission lines
are over 70% of their corresponding base case active power flows.

Case 2: A M-VSC-HVDC (Model 1) is used to replace the GUPFC in case 1
while the control settings for voltage and power flows are as the same as
that of case 1. This also means the two primary converters are using the
PQ control mode.

Case 3: This is similar to case 2. But the two primary VSC converters are using
the PV control mode.

In the above cases, the impedances of all the converter coupling transformers are
set to 0+ j0.025 p.u. The power flow solutions of cases 1, 2 and 3 are summa-
rized in Table 3.4. In Table 3.4, the actual power through a converter is defined as

the equivalent voltage of the converter times the current through the converter (i.e.
S=V .
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Table 3.4. Power flow solutions for the IEEE 30-bus system

Case FACTS-Type
No.

Control mode & converter

state variables

Actual power of
converter in p.u.

Iterations

1 GUPFC

Shunt converter:
(V control)

Vsh | =0.9950p.u.

&h _=-10.57°
12

Series converters:
(PQ control)

Vse =0.0737p.u.
12,15'

bse =-107.19°
12,15'

Vse =0.0558p.u.
12,16

Ese =-94.01°
12,16

Shunt converter:

Ssh12 =0.201p.u.

Series converters:

Sse =0.022 p.u.
12,15

Sse = 0.006 p.u.
12,16'

2 M-VSC-HVDC
(Model I)

Converter at bus 12:

(V control)
Vsh12 =0.9939p.u.

6sh =-11.15°
12
Converter at bus 15

(PQ control):
VShl5' =1.0111p.u.

Gsh _ =-6.42°
15'

Converter at bus 16
(PQ control):
VShlé. =0.9952p.u.

49sh1 =-7.38°

'

Converter at bus 12:

Ssh. =0.467p.u.
12

Converter at bus 15':

SShIS' =0.305p.u.

Converter at bus 16 :

Ssh=0.102p.u.
16'

3 M-VSC-HVDC
(Model T)

Converter at bus 12:

(V control)

Converter at bus 15':

(PV control)

Converter at bus 16 :

(PV control)
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From the results, it can be seen:

1.

The Newton power flow with incorporation of the M-VSC-HVDC converges in
5 iterations for cases 2 and 3 with a flat start. Special initialization of VSC state
variables for the M-VSC-HVDC is not needed. In contrast, the Newton power
flow with the incorporation of GUPFC converges in 7 iterations for case 1 with
a special initialization procedure for VSC state variables.

. The actual power of a VSC converter for the M-VSC-HVDC is much higher

than that of a corresponding VSC converter for the GUPFC. This supports the
observations made in section 3.3.1.

. It can be anticipated that the investment for the M-VSC-HVDC is higher than

that for the GUPFC. However, any VSC converter of the M-VSC-HVDC has
strong voltage control capability. In contrast, only the shunt converter of the
GUPFC has strong voltage control capability. This indicates that in terms of
control capability, the M-VSC-HVDC may be more powerful than the GUPFC.
In principle, the M-VSC-HVDC and the GUPFC may be used interchangeably.

3.3.3.2 Power Flow and Voltage Control by M-VSC-HVDC

The following test cases on the IEEE 118-bus system are presented:

Case 4: A three-terminal VSC-HVDC (Model 1) is installed at bus 45 and the

sending-ends of line 45-44 and line 45-46. Suppose two FACTS buses
44 and 46 are created, and assume that the sending ends of the two
transmission lines 45-44 and 45-46 are now connected with the FACTS
buses 44' and 46, respectively while the three AC terminals of the M-
VSC-HVDC are buses 45, 44' and 46. A four-terminal VSC-HVDC is
placed at bus 94 and the sending-ends of line 94-95, line 94-93 and line
94-100. For this four-terminal VSC-HVDC, the terminal buses are 94,
95, 93 and 100 are created. It is assumed that PQ control mode is ap-
plied to all the primary converters of the two M-VSC-HVDCs.

Case 5: Similar to case 4. But PV control mode is applied to all the primary con-

verters of the two M-VSC-HVDCs.

Case 7: A generalized three-terminal VSC-HVDC (Model 1I) is placed at bus 45,

bus 44 and bus 46 to replace the ac transmission line 45-44 and line 45-46.
A generalized four-terminal VSC-HVDC is placed at bus 94, bus 95, bus
93 and bus 100 to replace the transmission line 94-95, line 94-93 and line
94-100. PQ control mode is applied to all the primary converters.

Case 8: Similar to case 7, except that PV control mode is applied all the primary

converters.

Case 9: Similar to case 8, except that PQ control mode is applied to the primary

converter at bus 93.
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The test results of cases 4-9 are shown in Table 3.5 while the detailed power flow
solution for case 6 is given by Table 3.6. The tests have also been carried out on
the IEEE 300-bus system [31].

Table 3.5. Results on the IEEE 118-bus system

Case M-VSC- Control mode Number of
No. HVDC iterations
model

4 I PQ control for all primary converters 5

5 I PV control for all primary converters 4

6 I PV control for the primary converter at bus 44'; 5

PQ for the primary converter at bus 46

7 I PQ control for all primary converters 5

8 1I PV control for all primary converters 4

9 1I PV control for the primary converters at buses 5

95 and 100 ; PQ for the primary converter at
bus 93

Table 3.6. Power flow solution for case 6

Location of

Control mode & converter state variables

M-VSC-HVDC

The three-terminal M-VSC-HVDC

at bus 45

Secondary converter at bus 45 (V control):

Vsh45 =1.0095p.u.  @sh _=-13.65°

45

Primary converter at bus 44' (PV control):
Vsh44, =1.0000p.u. Osh = -9.74°

44'

Primary converter at bus 46 (PQ Control):
Vsh =0.96775p.u. 6&h =-16.99°
46' 46

The four-terminal M-VSC-HVDC

at bus 94

Vsh  =1.0077p.u. Gsh = 0.69°
94 94

Secondary converter at bus 94 (V control):

Primary converter at bus 95 (PV control):

Vsh__ =1.0064p.u. &h_ =0.53°
95' 95'

Primary converter at bus 93 (PQ Control):
Vsh” =0.9253p.u. Osh = -2.32°

93

Primary converter at bus 100 (PV Control):
Vsh  =1.0021p.u. &h =-544°
100" 100
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In conclusion, two M-VSC-HVDC models suitable for power flow analysis
have been proposed. The first M-VSC-HVDC model (Model I) assumes that all
converters of the M-VSC-HVDC are co-located in the same substation while the
second M-VSC-HVDC model (Model II) is a general one, in which a DC network
can be explicitly represented. For both the M-VSC-HVDC models proposed, the
primary converter can use either PQ or PV control mode while the secondary con-
verter can provide voltage control (V control). The Newton power flow algorithm
with incorporation of the M-VSC-HVDC models proposed performs well with a
flat start. Hence, unlike that for the GUPFC [5], [6], a special initialization proce-
dure for VSC state variables is not needed.

In principle, M-VSC-HVDC (Model I) and GUPFC can be used interchangea-
bly while the power ratings of converters of the former should be higher than that
of converters of the latter. This theoretic conclusion has been further confirmed by
numerical results. However, in comparison to the GUPFC, it has been found that
the M-VSC-HVDC has not only strong active and reactive power flow control ca-
pability (PQ control mode) but also strong voltage control capability (PV control
mode).

3.4 Handling of Small Impedances of FACTS in Power
Flow Analysis

3.4.1 Numerical Instability of Voltage Source Converter FACTS
Models

It has been found that: 1) the voltage source model for the IPFC and GUPFC may
not be numerically stable when the coupling transformer impedances are too
small; 2) the voltage source models have difficulties to be directly included in the
Newton power flow algorithm when the IPFC and GUPFC are transformer-less
devices [32]. For the former case, even with the advanced initialization procedure
for the IPFC and the GUPFC derived in previous sections, the Newton power flow
algorithm may not be able to converge. For the latter, the IPFC and GUPFC con-
verters will become pure voltage sources. As a matter of fact, dealing with pure
voltage sourced branches is extremely difficult in the Newton power flow calcula-
tions if not impossible. In a general power flow analysis tool, the above two situa-
tions need to be considered.

3.4.2 Impedance Compensation Model

In order to deal with the difficulties mentioned above, an impedance compensation
method will be introduced here. Suppose that the branch ij of the GUPFC shown
in Fig. 3.7 is depicted in Fig. 3.12 while the branch ij of the GUPFC with an im-
pedance compensation is shown in Fig. 3.13.
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Fig. 3.12. Original branch ij of the GUPFC in Fig. 3.7

Fig. 3.13. Branch ij of the GUPFC with an impedance compensation

In the equivalent circuit shown in Fig. 3.12, the GUPFC branch ij can be repre-
sented by a new equivalent voltage source Vse;]- in series with a new equivalent
impedance Zse;j.

The equivalent circuits in Fig. 3.12 and in Fig. 3.13 are mathematically identi-
cal if the following equations hold:

Zse; = Zse,; + jXc; (3.91)

Vse; =Vse, + jXc;1; (3.92)
where jXc; is the compensation impedance (precisely pure reactance). The

current I; in Fig.3.12 is:

I,=—1;,=(V,-V,;~Vse;)/ Zse, (3.93)
In the equivalent circuit shown in Fig.3.12, the active power exchange of the
series converter ij with the DC link is PEse; = Re (Vse;l j-i) . We can substitute

equation (3.93) into this equation, we get:

PEse; = Re (Vse;I

) =Re((Vse;; + jXc,;I,)I ;) = Re(Vse, I ;) (3.94)

Equation (3.94) indicates that the active power exchange can be represented

directly in terms of the new voltage source state variable Vse;j and the new series
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impedance Zse l/ . The conveter model in Fig. 3.12 can be equivalently represented

by the converter model shown in Fig.3.13 if we replace:

1. in the power equations (3.43)-(3.46), Vse; and Zse;; by the Vse;j and Zse;j, re-
spectively.
2. in the power balance equation (3.63) Vse; and Zse,; by the Vse;j and Zse,'-j, re-

spectively.
3. in the current and power inequalities (3.54) and (3.55), Vse; and Zse;; by the

Vse,»j and Zse i

respectively.
The simple voltage inequality constraint (3.53) now becomes the following func-
tional inequality constraint

Vsegli" AVse,; I< Vsej™ (3.95)

where Vse;; can be determined by (3.92).

It should be pointed out that the impedance compensation method is also appli-
cable to a shunt converter.

In this chapter the recent developments in modeling of multi-functional multi-
converter FACTS-devices in power flow analysis have been discussed. Not only
the two-converter shunt-series FACTS-device - UPFC, but also the latest multi-
line FACTS-devices such as IPFC, GUPFC, and HVDC-devices such as VSC
HVDC and M-VSC-HVDC in power flow analysis have been proposed. The con-
trol performance of different FACTS-devices have also been presented. In addi-
tion, handling of the small impedances of coupling transformers of FACTS-
devices in power flow analysis has also been discussed. Further work would in-
vestigate novel control modes and possible new configurations of FACTS-devices.
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4 Modeling of FACTS-Devices in Optimal Power
Flow Analysis

In recent years, energy, environment, deregulation of power utilities have delayed
the construction of both generation facilities and new transmission lines. Better
utilisation of existing power system capacities by installing new FACTS-devices
has become imperative. FACTS-devices are able to change, in a fast and effective
way, the network parameters in order to achieve a better system performance.
FACTS-devices, such as phase shifter, shunt or series compensation and the most
recent developed converter-based power electronic devices, make it possible to
control circuit impedance, voltage angle and power flow for optimal operation of
power systems, facilitate the development of competitive electric energy markets,
and stipulate the unbundling the power generation from transmission and mandate
open access to transmission services, etc.

However, in contrast to the practical applications of the STATCOM, SSSC and
UPFEC in power systems, very few publications have been focused on the mathe-
matical modeling of these converter based FACTS-devices in optimal power flow
analysis. This chapter covers

e Review of optimal power flow (OPF) solution techniques.

¢ Introduction of OPF solution by the nonlinear interior point methods.

e Mathematical modeling of FACTS-devices including STATCOM, SSSC,
UPFC, IPFC, GUPFC, and VSC HVDC.

e The detailed models of the multi-converter FACTS-devices GUPFC, and VSC
HVDC and their implementation into the nonlinear interior point OPF.

e Comparison of UPFC and VSC HVDC, and GUPFC and multiterminal VSC
HVDC.

e Numerical examples for demonstration of FACTS controls

4.1 Optimal Power Flow Analysis

4.1.1 Brief History of Optimal Power Flow

The Optimal Power Flow (OPF) problem was initiated by the desire to minimize
the operating cost of the supply of electric power when load is given [1][2]. In
1962 a generalized nonlinear programming formulation of the economic dispatch
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problem including voltage and other operating constraints was proposed by Car-
pentier [3]. The Optimal Power Flow (OPF) problem was defined in early 1960’s
as an expansion of conventional economic dispatch to determine the optimal set-
tings for control variables in a power network considering various operating and
control constraints [4]. The OPF method proposed in [4] has been known as the
reduced gradient method, which can be formulated by eliminating the dependent
variables based on a solved load flow. Since the concept of the reduced gradient
method for the solution of the OPF problem was proposed, continuous efforts in
the developments of new OPF methods have been found. Several review papers
were published [5]-[13]. Among the various OPF methods proposed, it has been
recognized that the main techniques for solving the OPF problems are the gradient
method [4], linear programming (LP) method [15][16], successive sparse quad-
ratic programming (QP) method [18], successive non-sparse quadratic program-
ming (QP) method [20], Newton’s method [21] and Interior Point Methods [27]-
[32]. Each method has its own advantages and disadvantages. These algorithms
have been employed with varied success.

4.1.2 Comparison of Optimal Power Flow Techniques

It has been well recognised that the OPF problems are very complex mathematical
programming problems. In the past, numerous papers on the numerical solution of
the OPF problems have been published [7][10][11][13]. In this section, a review
of several OPF methods is given.

4.1.2.1 Gradient Methods

The widely used gradient methods for the OPF problems include the reduced gra-
dient method [4] and the generalised gradient method [14]. Gradient methods ba-
sically exhibit slow convergence characteristics near the optimal solution. In addi-
tion, the methods are difficult to solve in the presence of inequality constraints.

4.1.2.2 Linear Programming Methods

LP methods have been widely used in the OPF problems. The main strengths of
LP based OPF methods are summarised as follows:

1. Efficient handling of inequalities and detection of infeasible solutions;
2. Dealing with local controls;
3. Incorporation of contingencies.

Noting the fact that it is quite common in the OPF problems, the nonlinear equali-
ties and inequalities and objective function need to be handled. In this situation, all
the nonlinear constraints and objective function should be linearized around the
current operating point such that LP methods can be applied to solve the linear op-
timal problems. For a typical LP based OPF, the solution can be found through the
iterations between load flow and linearized LP subproblem. The LP based OPF
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methods have been shown to be effective for problems where the objectives are
separable and convex. However, the LP based OPF methods may not be effective
where the objective functions are non-separable, for instance in the minimization
of transmission losses.

4.1.2.3 Quadratic Programming Methods

QP based OPF methods [17]-[20] are efficient for some OPF problems, especially
for the minimization of power network losses. In [20], the non-sparse implementa-
tion of the QP based OPF was proposed while in [17][18][19], the sparse imple-
mentation of the QP based OPF algorithm for large-scale power systems was pre-
sented. In [17][18], the successive QP based OPF problems are solved through a
sequence of linearly constrained subproblems using a quasi-Newton search direc-
tion. The QP formulation can always find a feasible solution by adding extra shunt
compensation. In [19], the QP method, which is a direct solution method, solves a
set of linear equations involving the Hessian matrix and the Jacobian matrix by
converting the inequality constrained quadratic program (IQP) into the equality
constrained quadratic program (EQP) with an initial guess at the correct active set.
The computational speed of the QP method in [19] has been much improved in
comparison to those in [17][18]. The QP methods in [17]-[19] are solved using
MINOS developed by Stanford University.

4.1.2.4 Newton’s Methods

The development of the OPF algorithm by Newton’s method [21]-[24], is based
on the success of the Newton’s method for the power flow calculations. Sparse
matrix techniques applied to the Newton power flow calculations are directly ap-
plicable to the Newton OPF calculations. The major idea is that the OPF problems
are solved by the sequence of the linearized Newton equations where inequalities
are being treated as equalities when they are binding. However, most critical as-
pect of the Newton’s algorithm is that the active inequalities are not known prior
to the solution and the efficient implementations of the Newton’s method usually
adopt the so-called trial iteration scheme where heuristic constraints enforce-
ment/release is iteratively performed until acceptable convergence is achieved. In
[22][25], alternative approaches using linear programming techniques have been
proposed to identify the active set efficiently in the Newton’s OPF.

In principle, the successive QP methods and Newton’s method both using the
second derivatives, which are considered as second order optimization method, are
theoretically equivalent.

4.1.2.5 Interior Point Methods

Since Karmarkar published his paper on an interior point method for linear pro-
gramming in 1984 [26], a great interest on the subject has arisen. Interior point
methods have proven to be a promising alternative for the solution of power sys-
tem optimization problems. In [27] and [28], a Security-Constrained Economic
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Dispatch (SCED) is solved by sequential linear programming and the IP Dual-
Affine Scaling (DAS). In [29], a modified IP DAS algorithm was proposed. In
[30], an interior point method was proposed for linear and convex quadratic pro-
gramming. It is used to solve power system optimization problems such as eco-
nomic dispatch and reactive power planning. In [31]-[36], nonlinear primal-dual
interior point methods for power system optimization problems were developed.
The nonlinear primal-dual methods proposed can be used to solve the nonlinear
power system OPF problems efficiently. The theory of nonlinear primal-dual inte-
rior point methods has been established based on three achievements: Fiacco &
McCormick’s barrier method for optimization with inequalities, Lagrange’s
method for optimization with equalities and Newton’s method for solving nonlin-
ear equations [37]. Experience with application of interior point methods to power
system optimization problems has been quite positive.

4.1.3 Overview of OPF-Formulation

The OPF problem may be formulated as follows:

Minimize: f(x,u) “4.1)
subject to:
g(x,u) =0 4.2)
hmin < h(X,ll) < hmax (43)
where

u - the set of control variables
x - the set of dependent variables
f(x,u) - a scalar objective function

g(x,u) - the power flow equations
h(x,u) - the limits of the control variables and operating limits of power system
components.

The objectives, controls and constraints of the OPF problems are summarized
in Table 4.1. The limits of the inequalities in Table 4.1 can be classified into two
categories: (a) physical limits of control variables; (b) operating limits of power
system. In principle, physical limits on control variables can not be violated while
operating limits representing security requirements can be violated or relaxed
temporarily.

In addition to the steady state power flow constraints, for the OPF formulation,
stability constraints, which are described by differential equations, may be consid-
ered and incorporated into the OPF. In recent years, stability constrained OPF
problems have been proposed [38]-[42].
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Table 4.1. Objectives, Constraints and Control Variables of the OPF Problems

Objectives

Minimum cost of generation and transactions
Minimum transmission losses

Minimum shift of controls

Minimum number of controls shifted
Mininum number of controls rescheduled
Minimum cost of VAr investment

Equalitiy constraints

Power flow constraints
Other balance constraints

Inequalitiy constraints

Limits on all control variables

Branch flow limits (amps, MVA, MW, MVAr)
Bus voltage variables

Transmission interface limits

Active/reactive power reserve limits

Controls

Real and reative power generation
Transformer taps

Generator voltage or reactive control settings
MW interchange transactions

HVDC link MW controls

FACTS voltage and power flow controls
Load shedding

4.2 Nonlinear Interior Point Optimal Power Flow Methods

4.2.1 Power Mismatch Equations

The power mismatch equations in rectangular coordinates at a bus are given by:

AP, =Pg; - Pd; - P, 4.4

AQ;=0g;-0d; - 0, 4.5)

where Pg; and Qg,; are real and reactive powers of generator at bus i, respec-

tively; Pd; and Qd; the real and reactive load powers, respectively; F; and O,

the power injections at the node and are given by:

N
P, =V, XV;(Gjjcos6; + By sin6;) (4.6)
j=1

N
0, =V, EIVJ- (G sinG; — B cos 6;;) 4.7
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where V; and 6, are the magnitude and angle of the voltage at bus i , respec-
tively; Y;; =Gy; + jBj; is the system admittance element while §; =6, —6;. N is

the total number of system buses.

4.2.2 Transmission Line Limits
The transmission MVA limit may be represented by:
(B +(0;)* <(S7)? 4.8)

where Sg“‘x is the MVA limit of the transmission line ij. F; and Q; are given
by:

__y2 -
P; ==V G, +V,V,(G;cos§; + By sin6;) 4.9)
Q; =V;’b; +V,V,;(G;sin6,; — B, cos ;) (4.10)
where b; =—Bj; +bc; /2. bc;is the shunt admittance of transmission line ij.

4.2.3 Formulation of the Nonlinear Interior Point OPF

Mathematically, as an example the objective function of an OPF may minimize
the total operating cost as follows:

Ng
Minimize f(x)= (&, ”‘Pgi2 +ﬂi *Pgi+7:) 4.11)

while being subject to the following constraints:
Nonlinear equality constraints:

AP(x) = Pg; ~ Pd; ~ P:(t,e, )= 0 (4.12)
AQ[ (X) =Qgi _le _Qi (t’e’f) =0 (413)

Nonlinear inequality constraints
R < hj(x) < AT (4.14)
where
x= [Pg, Qg 1,6 V1" is the vector of variables
a;, B, 7 coefficients of production cost functions of generator

AP(x) bus active power mismatch equations
AQ(x) bus reactive power mismatch equations
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h(x) functional inequality constraints including line flow and voltage

magnitude constraints, simple inequality constraints of vari-
ables such as generator active power, generator reactive power,
transformer tap ratio

Pg the vector of active power generation
Og the vector of reactive power generation
t the vector of transformer tap ratios

o the vector of bus voltage magnitude

Vv the vector of bus voltage angle

Ng the number of generators

By applying Fiacco and McCormick’s barrier method, the OPF problem equa-
tions (4.11)-(4.14) can be transformed into the following equivalent OPF problem:

M M
Objective: Min{ f (x)— 3 In(sl ;) — 3 In(su )} (4.15)
=l =

subject to the following constraints:

AP, =0 (4.16)

AQ; =0 (4.17)
hj—sl;—h!™ =0 (4.18)
hy+su;—h7™ =0 (4.19)

where sl >0and su>0.

Thus the Lagrangian function for equalities optimisation of equations (4.15)-
(4.19) is given by:

M M N N
L=f(x)- uZm(sl - /JZ]H(SM - leiAPi - ZiinQi
j=1 j=1 i=1 i=1
p T (4.20)
=l = sl =R =+ su = R
j=1 J=1

where Ap;, Aq;, wl, mu; are Langrage multipliers for the constraints of equations
(4.16)-(4.19), respectively. N represents the number of buses and M the number of
inequality constraints. Note that x>0. The Karush-Kuhn-Tucker (KKT) first order
conditions for the Lagrangian function shown in equation (4.20) are as follows:

VL, =Vf(x)=VAP  Ap-VAQ" Ag—Vh"nl - Vh" mi =0 4.21)

VpLy =—AP=0 (4.22)
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VL, =—A0=0 (4.23)
VL, =—{n-st—n"")=0 (4.24)
VL =—{h+su—h™>)=0 (4.25)

VgL, =p—SMi=0 (4.26)
VL, =+ Sullu=0 4.27)

where Sl = diag(slj) , Su= diag(suj) , [l = diag(idj) , Hu= diag(izuj) .

As suggested in [31], the above equations can be decomposed into the follow-
ing three sets of equations:

“tlst 0 -va 0 [Ad| | -VgL,-TU'VgL,
0  Tu'Su -Vh 0 |Am| |-VL,-Tu'Vg,L,
-vi'  —va' B g7 | Ax -V.L, (4.28)
0 0 -J 0 | A1 -V,L,
-1
Asl =111 (Vle,u - SlAﬂi) (429)
Asu=Tlu""(-V L, — SuAmu) (4.30)

where H (x, A, 7, mu1) =sz(x)—ZﬂVZg(x)—Z(ﬂi+ﬂu)Vz h(x) ,

_[9AP(x) 9AQ(x) AP A
J(x)—{ o ox :l, g(x)—{AQ(x)},and i_{lj'

The elements corresponding to the slack variables s/ and su have been elimi-
nated from equation (4.28) using analytical Gaussian elimination. By solving
equation (4.28), Awl, Amu, Ax, AA can be obtained, then by solving equations
(4.29) and (4.30), respectively, Asl, Asu can be obtained. With AT/, ATu, Ax, AA,
Asl, Asu known, the OPF solution can be updated using the following equations:

st = 51 ®) 4+ o Asl 431
su (k+1) _ su(k) +0'OtpAsu (4.32)

K = W) 4 oo Ax (4.33)
A% = 1 ®) 4 6o Am (4.34)
) = 7, () +oa, Am (4.35)
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) = 2 ®) 4 o, A (4.36)

Al 2 20 4 6o a2 (4.37)

where k is the iteration count, parameter o € [0.995 - 0.99995] and «a,, and a, are
the primal and dual step-length parameters, respectively. The step-lengths are de-
termined as follows:

sl su
o, = mi i ,mi ,1.00 4,
» nnn{rmn( Al ) nnn( Ao j } (4.38)
/) T
«, =min| min ,min ,1.00 43
d { (— A ] (— Amu ] } (4.39)

for those sl<0, Asu<0, Aml<0 and A7u>0.
The barrier parameter 4 can be evaluated by:

_ BxCgap

4.40
2XM ( )

where f € [0.01-0.2] and Cgap is the complementary gap for the nonlinear interior
point OPF and can be determined using:

M
Cgap = .Zl(” = su ) (4.41)
J=

4.2.4 Implementation of the Nonlinear Interior Point OPF

Equations (4.28)-(4.30) are the basic formulation of the nonlinear interior point
OPF that has been well reported in [31][51]. Equation (4.28) is the reduced equa-
tion with respect to the original OPF problem. However, equation (4.28) can be
further reduced by eliminating all the dual variables of the inequalities, generator
output variables and transformer tap ratios. The elimination will result in new fill-
in elements. For example, eliminating a transformer tap ratio will result in sixteen
new elements in the reduced Newton equation. Such a significant reduction means
that the reduced Newton equation only involves the state variables of 8,, V;, Ap;,

Agq; . The details will be discussed in the next section.

4.2.4.1 Eliminating Dual Variables 71, Tu of the Inequalities

In order to obtain the final reduced Newton equation consisting of only the vari-
ables 6, V, Ap, Aq, the following Gaussian elimination steps can be applied.
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The dimension of the Newton equation (4.28) can be reduced using analytical
Gaussian elimination techniques. Basically, the dual variables 7/, T« in equation
(4.28) can be eliminated to obtain:

HAx—J{Ap—J5AAq ==V Ly (4.42)
—JpAp ==V, L, (4.43)
~JoAdg ==V L, (4.44)
HAx—J[Ap—J ;Mg ==V Ly (4.45)
where:
H' = H + Vi VA({[usI™ - Tusu™) (4.46)

V. Ly=VL,-Vh'SI"'(V L, +TUV 4L,)

_ (4.47)
+ VA UV, L, + TV 4 L,,)
JAP
J, =280 (4.48)
ox
0AQ(x)
Jy=—""7"" 4.49
0 . (4.49)
The equations (4.42)-(4.45) can be written as the following compact form:
H —Jp" —Jg" | [Ax] |-V, Ly
-Jp 0 0 |.|Adp|= -Vl (4.50)
-Jg 0 0 AMg| |- \Fn»

By solving equation (4.50), Ax can be obtained, then the dual variables Az and
Az can be found by solving the following equations:

Azl =-TNSI (VhAX =V 4, L,))+ SI”'V gL, (4.51)
Amu=TIuSu™ (VhAx =V 4,L,) = Su™'V gL, (4.52)

Up to now, equation (4.28) has been reduced to three lower dimension equa-
tions (4.50), (4.51) and (4.52). In (4.50), all inequalities have been eliminated,
while equations (4.51) and (4.52) are relatively simple to solve.
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4.2.4.2 Eliminating Generator Variables P, and Q,

In equation (4.50), generator variables Pg, Qg can be further eliminated. The
equation (4.50) may be written in the following form, in which only the relevant

major diagonal block of bus i is displayed:

[HPgPg 0 0 0 -1 0 |[apg
0  HQgQg 0 o o0 -1 AQg
0 0 HO8 HOV, —Ip.6 —Jq.6| | A%
0 0 HOV, HVY, -Jp.V, —Jg.v; | | &,
-l 0 ~Jp.6 =IpV; 0 0 | |Mp
L 0 L |-Jq.6 —Jg.V; 0 0 | Mg

~VpLu
_VQgL”
~VoLu
~Vy Ly
~VuLu

__VMLA!_

Eliminating APg; and AQg, from the above equation, we have:

~V,Lu
|-V Lu

HO6, HOV, —Jp.b —Jg.6;| A6,
HV,6, HVV, —Jp.V; —Jg.V; | AV,
—JIp.6; —Ip.V; —JAp, 0 A
~Jg.6. —Jg.V, 0 —-JAg; | Mg,

Vi Lu
—Vig Lu

where:
JAp; = (H Pg;Pg;)”"
-M"L' = (H'Qgngi)_l

Vp Lu=V 4, L, +(H PgPg;) 'V, Lu
, . Lo
Vg Lu =V 3, L, +(H 08,08))"' Vg, Lu

(4.53)

(4.54)

By solving equation (4.54), AAdp; and Adg, can be obtained, then APg; and

AQg, can be found by the following equations:

APg; = (H Pg,Pg;,)” (Adp; =V p, Ly)

AQg; = (H 08,08 (Adg; ~V g, Lu)

(4.55)

(4.56)

Similarly, the elements corresponding to the transformer tap ratio can be elimi-
nated using the same principle resulting in a reduced Newton equation consisting
of only the variables 8, V , Ap and Aq . Since the reduced Newton equation has
the similar structure as that of (4.54), in the next discussions the final reduced
Newton equation (without considering FACTYS) is still referred to (4.54). How-
ever, it should be pointed out that the elimination of the transformer tap ratio will
affect the sparsity of the matrix because new fill in elements are resulting.
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4.2.5 Solution Procedure for the Nonlinear Interior Point OPF

The solution of the nonlinear interior point OPF may be summarised as follows:
Step 0:  Formulation of equation (4.28)

Step 1:  Forward substitution
(a) Eliminating the dual variables wl/, wmu of the inequalities from
equation (4.28), obtain equation (4.50);
(b) Eliminating generator variables Pg, Qg from equation (4.50), ob-
tain equation (4.54);
(©) Eliminating the transformer tap ratio ¢ from equation (4.54), ob-
tain highly reduced Newton matrix equation.

Step 2:  Solution of the final highly reduced Newton equation by sparse matrix
techniques
(a) The highly reduced system matrix has a dimension of 4N where
N is the total number of buses.
(b) Having been grouped into 4 by 4 blocks, solution to the final ma-
trix is produced by sparse matrix techniques.

Step 3. Back substitution
(a) First substitution for transformer tap ratio. After solving the final
matrix equation, A@, AV Aldp and Aldg are known, then At

can be found by back substitution.
(b) Second substitution for generator output variables: APg and

AQg can be found from equations (4.55) and (4.56);

(©) Third substitution for all the dual variables of the inequalities:
The dual variables wl, mu of the inequalities can be found by
equation (4.51) and equation (4.52);

(d) Fourth substitution for all slack variables: All slack variables can
be found by equations (4.29) and (4.30).

4.3 Modeling of FACTS in OPF Analysis

Very few publications have been focused on the mathematical modeling of
FACTS-devices in optimal power flow analysis. In [44][45], a UPFC model has
been proposed, and the model has been implemented in a Successive QP. In [46],
mathematical models for TCSC, IPC and UPFC have been established, and the
OPF problem with these FACTS-devices is solved by Newton’s method. In [47], a
versatile model for UPFC in OPF analysis has been proposed and the model has
been implemented into the nonlinear interior point methods. In this model, explicit
controls such local voltage and power flow controls can be explicitly represented.
Furthermore, in this model, global controls of UPFC can be achieved without ex-
plicit controls. In [48], the modeling techniques in [47] have been extended to
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general mathematical models for the converter based FACTS-devices such as
STATCOM, SSSC, and UPFC suitable for optimal power flow analysis. Applying
the techniques in chapter 3, the Thyristor controlled FACTS-devices such as SVC
and TCSC can be modeled in OPF analysis. The detailed models of STATCOM,
SSSC, UPEC are referred to [47][48]. In the next sections, novel models for IPFC,
GUPFC, multi-terminal VSC HVDC will be discussed, the modeling techniques
of which are applicable to STATCOM, SSSC and UPFC.

4.3.1 IPFC and GUPFC in Optimal Voltage and Power Flow Control

An innovative approach to utilization of FACTS-devices providing a multifunc-
tional power flow management device was proposed in [43]. There are several
possibilities of operating configurations by combing two or more converter blocks
with flexibility. Among them, there are two novel operating configurations,
namely the Interline Power Flow Controller (IPFC) and the Generalized Unified
Power Flow Controller (GUPFC) [43][49][50], which are significantly extended to
control power flows of multi-lines or a sub-network rather than controlling the
power flow of a single line by a UPFC or SSSC.

In contrast to the practical applications of the GUPFC in power systems, very
few publications have been focused on the mathematical modeling of this new
FACTS-device in power system analysis. A fundamental frequency model of the
GUPFC consisting of one shunt converter and two series converters for EMTP
study was proposed quite recently in [50]. The modeling of IPFC and GUPFC in
power flow and optimal power flow (OPF) analysis has been reported [S1][52]. In
the next, novel model for GUPFC will be proposed, which are very convenient to
consider various control constraints and control modes. The model for IPFC can
be very easily derived once the model for GUPFC has been established.

4.3.2 Operating and Control Constraints of GUPFC

As discussed in chapter 3, the GUPFC combining three or more converters work-
ing together extends the concepts of voltage and power flow control beyond what
is achievable with the known two-converter UPFC. The simplest GUPFC consists
of three converters, one connected in shunt and the other two in series with two
transmission lines in a substation. It can control total five power system quantities
such as a bus voltage and independent active and reactive power flows of two
lines. The equivalent circuit of such a GUPFC, which is shown in Fig. 4.1, is used
to show the basic operation principle for the sake of simplicity. However, the
mathematical derivation is applicable to a GUPFC with an arbitrary number of se-
ries converters.

In the steady state operation, the main objective of the GUPFC is to control
voltage and power flow. Real power can be exchanged among these shunt and se-
ries converters via the common DC link. The sum of the real power exchange
should be zero if we neglect the losses of the converter circuits.
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Busi B, -+ jO, Zse, Vse, p i +JO i Busj

Bus &

By +jO, Zsey Vsey  Py+jOy

Fig. 4.1. The equivalent circuit of the GUPFC

For the GUPFC shown in Fig. 4.1, it has total 5 degrees of control freedom, that
means it can control five power system quantities such as one bus voltage, and 4
active and reactive power flows of two lines. It can be seen that with more series
converters included within the GUPFC, more degrees of control freedom can be
introduced and hence more control objectives can be achieved.

In Fig. 4.1 Zsh; and Zse,, are the shunt and series transformer impedances,
respectively. Vsh; =Vsh,Z0sh; and Vse,, = Vse;, Z0se;, (n = j, k) are the control-

lable injected shunt and series voltage sources. PEsh; and PEse;, are the power

exchange of the shunt converter and series converter, respectively, via the com-
mon DC link.

4.3.2.1 Power Flow Constraints of GUPFC

The power flow constraints of the GUPFC are summarized as follows:

Shunt power flows:
Psh; = V;* gsh, —V.Vsh,;(gsh; cos(8; — Osh;) + bsh, sin( 8; — 6sh;)) (4.57)
Qsh; = —V;*bsh; — V,Vsh;(gsh; sin(8; — Osh,) — bsh; cos(8; — Osh;)) (4.58)
Series power flows:
Pin =Vizgin _ViVn (gin COSQI-n +bin Singin) (459)
-V Vse,, (g;, cos(6; — bse;, ) +b;, sin(6; — Ose;,))
Qin = _Vlzbin _Vivn (gin sin 0in _bin cos gin)
(4.60)

—VVse,, (g;,sin(8; — bse;,) —b,, cos(8; — Ese;,))
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Pni = Vnzgin _ViVn (gin COS(en - 91) +bin Sin(gﬂ - 91' ))

(4.61)
+V, Vse,, (g;, cos(6, —bse,;,)+Db,, sin(6, —bse,,))
Qni = _Vnzbnn _Vivn (gin Sin(en - 01) _bin COS(QH - 91)) (462)

+V,Vse,, (g;, sin(@, — bse;, ) —b,, cos(6, —bse;,))

where g;, =Re(/Zse,), b, =Im(l/Zse,) . P, , Q,, (n=j, k) are the active and
reactive power flows of two GUPFC series branches leaving bus i while P, ,
Q,; (n =j, k) are the active and reactive power flows of the GUPFC series branch
n-i leaving bus n (n = j, k), respectively. Since two transmission lines are series
connected with the FACTS branches i-j, i-k via the GUPFC buses j and k, respec-
tively, P,;, Q,; (n = j, k) are equal to the active and reactive power flows at the
sending-end of the transmission lines, respectively.

The operating constraint representing the active power exchange among con-
verters via the common DC link is:

PEx = PEsh; —Y PEse;,, — P, =0 (4.63)
where n =j, k. P, is the power loss of the DC circuit of the GUPFC. PEsh; and

PEse;, satisfy the following equalities:

PEsh, - Re(Vsh,Ish, ) =0 (4.64)

*

PEse;, - Re (Vse;,I,;) =0 (4.65)

in® ni

4.3.2.2 Operating Control Equalities of GUPFC

The GUPFC shown in Fig. 4.1 can control both active and reactive power flows of
the two transmission lines. The active and reactive power flow control constraints
of the GUPFC are given by (3.50) and (3.51)

The GUPFC has additional capability to control the voltage magnitude of bus i:

V=V =0 VI —e <V VI g (4.66)

Spec -

where V; is the voltage magnitude at bus i. V,’*is the specified bus voltage con-

l
trol reference at bus i. In the point of view of the implementation, the inequality is
preferred since incorporation of the simple variable inequality is very easy.

4.3.2.3 Operating Inequalities of GUPFC

For the operation of the GUPFC, the injected voltage sources should be within
their operating ratings while the currents through the converters should be within
the current ratings:
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Shunt converter

Gsh™™ < 6sh; < Osh™ (4.67)
Vsh™™ < Vsh; < Vsh™™ (4.68)
— PEsh™ < PEsh; < PEsh™™ (4.69)
Ish; < Ish™™ (4.70)
Series converter
Gse™™ < Gse,, < Gsel™ (4.71)
Vse™ < Vse,, <Vsem™ (4.72)
— PEse;,™ < PEse;, < PEsej,™ (4.73)
1, <Im™ (4.74)

where n = j, k. PEsh™ is the maximum limit of the power exchange of the shunt

converter with the DC link. Ish™ is the current rating. PEse;,"* is the maximum

m

limit of the power exchange of the series converter with the DC link ( n = j, k).
) e

is the current rating of the series converter.

4.3.3 Incorporation of GUPFC into Nonlinear Interior Point OPF

4.3.3.1 Constraints of GUPFC

The GUPFC consists of the power flow constraints (4.57)-(4.62), the internal
power exchange balance constraint (4.63), the operating inequality constraints
(4.67)-(4.74), and the power flow control constraints and voltage control con-
straint (4.66). In the formulation of the nonlinear interior point OPF algorithm, the
power flow constraints (4.57)-(4.62) can be directly incorporated into the power
mismatch equations at bus i, j and k. By introducing slack variables and barrier
parameter, the inequalities (4.67)-(4.74) can be converted into equalities. Then all
the transformed equalities of the GUPFC can be incorporated into the Lagrangian
function of the OPF problem.

4.3.3.2 Variables of GUPFC

The state variables of the GUPFC are &h;, Vsh;, PEsh;, 6se;,, Vse;,, PEse,, .
With incorporation of PEsh;, PEse,, into the state variables of the GUPFC, the

formulation of the Newton OPF equation and the implementation of multi-control
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functional model become simple and straightforward. In addition to the state vari-
ables, dual variables should be introduced for all the equalities and inequalities
while slack variables should be introduced for all the inequalities. In the imple-
mentation, the angle constraints (4.67) and (4.71) are optional since they are usu-

ally allowed to move around 360° . For the simplicity of presentation, the angle
constraints (4.67) and (4.71) are not discussed here.
The dual variables of the GUPFC inequality constraints are defined as follows:

Vsh; :

uVsh; :

7PEsh, :

7uPEsh; :

mulsh; :
Vse;,

mVse,, :

7PEse,, :

7uPEse;, :

mulse,,; :

Vsh; —Vsh™™ — SIVsh; =0

Vsh; —Vsh™ + SuVsh, =0

PEsh, — PEsh™" — SIPEsh; =0

PEsh; — PEsh;"™ + SuPEsh; =0

Ish; — Ish{™ + Sulsh; =0

Vse,, —Vse™™ —SIVse, =0

max
Vse;, —Vse;,

+SuVse,;,, =0

PEse,, — PEse™ — SIPEse,, =0

PEse; — PEse;"™ + SuPEse; =0

max
Ise,; —Ise,;

+ Sulse,; =0

(4.75)
(4.76)
(4.77)
(4.78)
(4.79)
(4.80)
(4.81)
(4.82)
(4.83)

(4.84)

In the above equations, all the variables that start with ‘S’ are slack variables
and they are positive values while all the variables that start with ‘ 7’ are dual

variables.

The dual variables of the equalities of the GUPFC are defined as follows:
PEx = PEsh; +3 PEse;, =0

APEx:
APEsh; :
APEse;,
AP,

/lQni :

/1[7 m:

PEsh, —Re(Vsh,Ish; ) =0
PEse, —Re(Vse, I, )=0
APm' =Pni _Pnfpec =0

AQ, =0, —0)“ =0

m

=0

(m =i, jk)

(4.85)
(4.86)
(4.87)
(4.88)
(4.89)

(4.90)
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A4, : AQ, =0 (m =1, j,k) (4.91)

where AP, and AQ,, are power mismatch equations at bus m.

4.3.3.3 Augmented Lagrangian Function of GUPFC in Nonlinear
Interior OPF

The augmented Lagrangian function of the equalities (4.75) -(4.84) is as follows:
7 * equality— ¢ In(S) (4.92)

The augmented Lagrangian function of the equalities (4.85)-(4.91) is defined as
follows:

— APEx(PEsh, — ¥ PEse,,)— APEsh, (PEsh, —Re(Vsh,Ish ))
n=j.k }

— APEse,, (PEse,, —Re(Vse,, Ise;,))

= AP, (P = P*) = 20,:(Q, = Q")

_lpmAPm _MmAQpn

nm=jkm=1ij k)

(4.93)

4.3.3.4 Newton Equation of Nonlinear Interior OPF with GUPFC

With the incorporation of the augmented Lagrangian functions above into the OPF
problem in section 4.2, a reduced Newton equation can be derived:

A | C|Ax* | |a
< | B | A b (4.94)
where

AXEPF =[AX G AXEPC, AXEPF T - the incremental vector of the GUPFC
variables, and

AXEPF = [Amulse AAPse,;,AlQse,;1* - the
incremental vector of the variables of the GUPFC series branch in.

AX P = [Amulsh;, AOsh;, AVsh;, APEsh;, AAPEsh,, AAPEx]" - the incremental
vector of the variables of the GUPFC shunt branch i.

AX™ =[AXY, AX, AX‘,?’S]T - the incremental vector of the variables of the sys-

AOse;

n?d

APEse.

m?

AVse;

n?d

APEse:

ni’ in? nio

tem buses.
a=[a;,a; ,a,-]T - the right hand vector of the GUPFC.

AX?* =[AB,,,AV, ,Adp, ,Adqg, 1" (m =i, j, k) - the incremental vector of the

variables of system bus m.
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In (4.94), all the slack and dual variables of the simple variable inequalities
have been eliminated from the formulation. B and b are the system matrix and
right hand vector, which have similar structure to the system matrix and right hand
of (4.54), respectively except that in calculating the former, the contributions from
the GUPFC should be considered. a;, and a; are given by

-1
- Vﬂulsem L/t - (ﬂulsein) VSulse,-n L,u

- V@se L,u

PCin

~Vse, Ly + 11 SIVse;,, —1/ SuVse;,)
a;, =|—=Vopg, L, +u/SIPEse;, —1/ SuPEse;,) | (n =j, k) (4.95)
=V apgse, Ly
=V pse, Lu

—Vigse, Lu

-1
- Vﬂulshi L,u - (WIS]’Z,) VSulsh,- L,u

— Vo, Ly
= Vya L, +u@/SlVsh; =1/ SuVsh;)
a = vt o T H (4.96)
=V pgg, Ly ++#(1/ SIPEsh; —1/ SuPEsh; )
- VleEsh, Ly
L - V/'LPExL/t |
In (4.54), A and C are given by:
o°L
o°L
C= [W} (4.98)
where D is given by:
D = Diagld,;,d, ,d, ] (4.99)

0,0, (2 Vse,, | SVse,, — muVse,, | SuVse,,) }

d;, = Diag {(m'PEsem !/ SIPEse;, — muPEse,, | SuPEse;,),0,0,0 (4.100)

(n=jk)
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4.101)

d, = Diag[o’o’ (7dVse; | SlVse; — muVse, | SuVse;) }

(7dPEse; | SIPEse; — ruPEse; | SuPEse;),0,0

Some of the first and second terms of the Newton equation of the nonlinear in-
terior point OPF are given in the Appendix of this chapter.

4.3.3.5 Implementation of Multi-Configurations and Multi-Control
Functions of GUPFC

Multi-configurations of GUPFC. The GUPFC may have the configurations or
topologies such as GUPFC or SSSCs plus STATCOM.

For the GUPFC configuration, the operation of GUPFC is mainly constrained
by its voltage and current ratings of the converters and the active power exchange
of the converters with the DC link. For the SSSCs plus STATCOM configuration
the series converters are operated as SSSCs while the shunt converter is operated
as a STATCOM, there is active power exchange between the SSSCs and
STATCOM. The control configuration is simulated by setting the power exchange
limits to zero.

Multi-control functions of GUPFC. As discussed in chapter 3, there are a num-
ber of control objectives that can be achieved by the series and shunt control. For
instance, in the implementation of other series control functions other than the ac-
tive and reactive power flow control, the latter can be simply replaced by the new
control equations. For the case of power flow control, the following control modes
may be adopted:

1. Active and reactive power flow control.

2. Active power flow control only.

3. Reactive power flow control only.

4. Without explicit active and reactive power control objectives.

For the implementation of 1, the dual variable of the reactive power flow control
constraint should be dummied in the Newton equation of (4.94). Similarly by
dummying the relevant dual variable in the Newton equation, the corresponding
control equation can be removed from the equation.

Noting the fact that an OPF is to optimize the system globally, the control mode
4. is more practical and useful. However, for power flow analysis, the active and
reactive power flow control equations must be retained.

4.3.3.6 Initialization of GUPFC Variables in Nonlinear Interior OPF

If the GUPFC has explicit series control objectives, then the initialization of the
series converters can be done in the same way as discussed in chapter 3 for the
GUPFC in power flow calculations. However, if there are no explicit objectives
applied, then the injected series voltage magnitude may be set to a value, say
Vse;, =0.1p.u. (n=j, k) while Vsh; is given by:
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Vsh; = (Vsh™™ +Vsh™™)/2 or Vsh, =V (4.102)

4.3.4 Modeling of IPFC in Nonlinear Interior Point OPF

In comparison to the GUPFC, the IPFC has no shunt converter and the associated
control. For the IPFC shown in Fig. 3.4 and Fig. 3.5, the primary series converter
i-j has two control degrees of freedom while the secondary series converter i-k has
one control degree of freedom since another control degree of freedom of the con-
verter is used to balance the active power exchange between the two series con-
verters. Very similar to that for the GUPFC, A reduced Newton equation for the
IPFC can be derived as follows:

A | C | AxsF a
c’ | B | Ax™ = B (4.103)
where

AXPIe = [AXg’fb,AXﬁifc 17 - the incremental vector of the IPFC variables, and

AXZ?fC =[Amulse ;,Abse;,AVse; , APEse; ,AZPEsel-j,A/lPseﬁ,AﬂQseﬁ]T - the

incremental vector of the variables of the IPFC primary series branch ij.
AXPF =[Amulse, ,AOse, ,AVse, ,APEse; ,AAPEse; ,AAPse,;,AAPEx]" - the

incremental vector of the variables of the IPFC secondary series branch ik.
AX™ =[AXP,AX*, AX 1" - the incremental vector of the variables of the sys-

tem buses.
a=[a;,a; 1" - the right hand vector of the IPFC

AXDS =[AB,,,AV, ,Adp, ,Adq, 1" (m =i, j, k) - the incremental vector of the

m

variables of system bus m.

In (4.103), all the slack and dual variables of the simple variable inequalities
have been eliminated from the formulation. B and b are the system matrix and
right hand vector, which have similar structure to the system matrix and right hand
of (4.54), respectively except that in calculating the former, the contributions from
the IPFC should be considered. a; and a; are given by:



122 4 Modeling of FACTS-Devices in Optimal Power Flow Analysis

Similar to that of

L, — (ulse) ™'V sz, Ly
~Vae,Lu
—VV“,’_] L, +u(/SlVse; —1/ SuVse;;)

— VPE% L, + u(l/ SIPEse; —1/ SuPEse;;)

mulse;

- VﬂPEse,-/ L,u
- V/U’se"» L,u
- VﬁQreﬂ» L/l

-V — (mulsey )™ Vsu,sekL

mulse, ,u ‘“

N Vgse[k Lﬂ

Vwek #+,u(l/Slee —1/SuVse;,)

=V pe, Ly + 1(1/ SIPEse;, — 1/ SuPEse;,)

- V/{PEse[k L/t
- V/{Psek,- L,Ll

-V APEx L,u

the GUPFC, A and C are given by:

9’L
A= |:axipfcaxipfc :| +D

2
c=|_9oL
OXTOX

where D is given by

d; = Dia {

d; = Diag[

D=Diagldij,d,-kJ

0,0, (mVse; | SlVse; — muVse; | SuVse;;)

0,0, (7dVse,, I SlVse,,

(ﬂiPEse / SlPEse —7zuPEse / SuPEse )OOO

—muVsey | SuVse,, )
(7PEse;. | SIPEse;, — muPEse;. | SuPEse;, ),0,0,0

(4.104)

(4.105)

(4.106)

(4.107)

(4.108)

(4.109)

(4.110)
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4.4 Modeling of Multi-Terminal VSC-HVDC in OPF

4.4.1 Multi-Terminal VSC-HVDC in Optimal Voltage and Power Flow

The multi-terminal VSC-HVDC models for power flow analysis have been pre-
sented in chapter 3. A multi-terminal VSC-HVDC model suitable for optimal
power flow analysis will be discussed here. The multi-terminal VSC-HVDC has
not only power flow but also voltage control capability. It is useful to compare the
GUPFC with the M-VSC-HVDC and investigate different control capabilities of
these two FACTS-devices.

The equivalent circuit of the multi-terminal VSC-HVDC (M-VSC-HVDC) is
shown in Fig. 4.2. In this figure, for the sake of simplicity, the VSC HVDC con-
sists of three terminals. However, the derivation is applicable to a M-VSC-HVDC
with any number of terminals.

As discussed in chapter 3, the M-VSC-HVDC combining three or more con-
verters working together extends the concepts of voltage and power flow control
beyond what is achievable with the known two-converter VSC-HVDC-device.
The simplest M-VSC-HVDC consists of three converters connected in shunt with
two buses in a substation. It can control total five power system quantities such as
a bus voltage of the secondary converter and independent active and reactive
power flows of two lines, which are connected with the primary converters.

In the steady state operation, the main objective of the M-VSC-HVDC is to
control voltage and power flow. Real power can be exchanged among these con-
verters via the common DC link. The sum of the real power exchange should be
zero if we neglect the losses of the converter circuits. For the M-VSC-HVDC
shown in Fig. 4.2, if explicit controls are applied, it has total 5 degrees of control
freedom, that means it can control five power system quantities such as one bus
voltage, and 4 active and reactive power flows of two lines. It can be seen that
with more converters included within the M-VSC-HVDC, more degrees of control
freedom can be introduced and hence more control objectives can be achieved.

4.4.2 Operating and Control Constraints of the M-VSC-HVDC

In Fig. 4.2, the AC power flow constraints of the M-VSC-HVDC at buses i, j, k
can be explicitly incorporated into the power mismatch equations at these AC
buses.

The active power exchange among the converters via the DC link should be
balanced at any instant, which is described by:

PEx = Pdc; + Pdc; + Pdc; + Ploss =0 (4.111)

where Ploss represents losses in converter circuits. The handling of Ploss has
been discussed in chapter 3.
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Fig. 4.2. The equivalent circuit of the multi-terminal VSC HVDC

Pdc, (m =1, j, k) as shown in Fig. 4.2 is the power exchange of the converter with
the DC link and can be described by the following equalities:

Pd, - Re(-Vsh,Ish,)=0 m=ij k 4.112)

where
Re(-Vsh, Ish,, ) = Vsh?

gsh,, —V.Vsh, (gsh,, cos(6; — 6sh,,) — bsh,, sin(6; — 6sh,,)) .

Voltage and power flow control constraints of the M-VSC-HVDC consists of
explicit PQ or PV control of primary converters as given by (3.79)-(3.82) and
voltage control of secondary converter. In the implementation of the voltage con-
trol, the equality is simply replaced by an inequality of bus voltage constraint
since the implementation of the simple variable inequality constraint is very sim-
ple and straightforward.

In addition to the above equality constraints, voltage and current inequality
constraints of the M-VSC-HVDC as shown in (3.84) and (3.85) should be consid-

ered.

4.4.3 Modeling of M-VSC-HVDC in the Nonlinear Interior Point OPF

Following the similar procedure in the derivation of Nonlinear Interior Point OPF
with incorporation of the GUPFC, a reduced Newton equation can be obtained:

With the incorporation of the augmented Lagrangian functions above into the
OPF problem in section 4.2, a reduced Newton equation can be derived:

A | C |Axmc | [a
| B ax> | |b (4.113)

where
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AXVPE — [AX VP C,AX?VD C,AXYPEIT _ the incremental vector of the M-

VSC-HVDC variables, and

AXFVYPC = [Anulsh;, AOsh;, AVsh,, APEsh;, AAPEsh;, AAPEx]" - the incremental
vector of the variables of the M-VSC-HVDC branch i.

AX"VPC =[Amulsh;,AOsh;,AVsh;,APEsh;,AAPEsh;, AAPEsh;, AQEsh;1" - the
incremental vector of the variables of the M-VSC-HVDC branch ;.

AXYPC =[Amulshy ,AOsh, ,AVsh, , APEsh, ,AAPEsh, , AAPEsh,, AQEsh,]*  the
incremental vector of the variables of the M-VSC-HVDC branch k.

AXY = [AXfyS,AXj-yS ,AXG” 1F - the incremental vector of the variables of the Sys-
tem buses.

a=[a;,a;,a, 1" - the right hand vector of the M-VSC-HVDC.

AXDS =[AB,,,AV, ,Adp, ,Adq, 1" (m =i, j, k) - the incremental vector of the

variables of system bus m.

In (4.113), all the slack and dual variables of the simple variable inequalities
have been eliminated from the formulation. B and b are the system matrix and
right hand vector have similar structure to the system matrix and right hand of
(4.54), respectively except that in calculating the former, the contributions from
the M-VSC-HVDC should be considered. a; and a,, are given by:

=V st Ly = (audshy) ™'V g0 L,

mudsh,
~Va Ly
=V Ly + 11/ SIVsh; —1/ SuVsh;)
% VPES,‘:_ IZ,, i (17 SIPEsh, —1/ SuPEsh;) @.114)
= Vores, Lu
L - V/U)EXL# ]
=V s, Ly = (ulsh, ) "'V g Ly,
~Vae, L
~ Vg Ly + (1 SIVsh,, —1/ SuVsh,,)
a,, =| =V L, +p(/SIPEsh, —1/SuPEsh,,) | (m =], k) 4.115)
- V/lPEshm L/l
= Vopa, Lu
L = Vagsn, Lu |
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In (4.113), A and C are given by:

o0°L

A =|:aXHVDCaXHVDc:|+D (4.116)

_ o°L
| xFeaxe @117)

where D is given by:
D = Diagld,,d ;,d, | (4.118)
_ 11 0,0,(Vsh; | SIVsh; — uVsh; | SuVsh,)
d; = Diag [(;dPEsh,. / SIPEsh, — muPEsh, | SuPEsh, ),0,0} (4.119)
d = Digg| 00.(aVsh,, I SIVsh, —meVsh, | SuVsh,)

m (7PEsh,), /SlPEsh —7zuPEsh /SuPEsh ),0,0,0 (4.120)

(m = j,k)

4.5 Comparison of FACTS-Devices with VSC-HVDC

The test cases in this section are carried out on the IEEE 30 bus system and
IEEE118-bus system. The IEEE 30-bus system has 6 generators, 4 OLTC trans-
formers and 37 transmission lines. The IEEE 118-bus system has 18 controllable
active power generation, 54 controllable reactive power generation, 9 OLTC trans-
formers, 177 transmission lines. For all cases in this section, the convergence tol-
erances are 5.0e-4 for complementary gap and 1.0e-4 (0.01MW/Mvar) for maxi-
mal absolute bus power mismatch, respectively.

4.5.1 Comparison of UPFC with BTB-VSC-HVDC

As a special case, Back-to-Back (BTB) VSC-HVDC should have similar a control
capability as UPFC. Cases, which are used to show the control performance of
both BTB-VSC-HVDC and UPFC, are presented. Four cases are given on the
IEEE 30-bus system:

Case 1: A UPFC is installed for control of the voltage at bus 12 and control of ac-
tive and reactive power flows in line 12-15. Suppose the FACTS bus 15
is created, and assume that the sending end of the transmission line 12-15
is now connected with the FACTS buses 15 while the series converter is
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installed between buses 12 and 15.

Case 2: Similar to case 1, but no explicit UPFC control is applied.

Case 3: A BTB VSC-HVDC is used to replace the UPFC in case 1 while the con-
trol settings for voltage and power flows are as the same as that of case 1.
This also means the two primary converters are using the PQ control
mode.

Case 4: Similar to case 3, but no BTB-VSC-HVDC is applied.

The transformer impedance is 0+ j0.025p.u. The active power flow settings on the

transmission line 12-15 are 25 MW and 10 MVar, respectively, for active and re-
active power flows while voltage control setting is 1.0 p.u.

For cases 1 and 2 and cases 3 and 4, the results have been obtained for two dif-
ferent situations: (a) there are explicit voltage and power flow control objectives;
(b) there are no explicit voltage and power flow control objectives. For the second
situation, global optimization of control settings of voltage and power flows of the
FACTS-devices is expected. Table 4.2 and Table 4.3 show the test results.

From Table 4.2, it can be seen that the OPF solution with UPFC needs more it-
erations in comparison to that with BTB-VSC-HVDC. Furthermore, UPFC cases
without explicit control will need more iterations than that with explicit control. In
contrast, it has been found that the OPF algorithm with BTB-VSC-HVDC is not
sensitive to the initial point and can converge more quickly.

Table 4.2. Optimal power flow results for the IEEE 30-bus system with UPFC or BTB
VSC HVDC

Case No. Case 1 Case 2 Case 3 Case 4

Control type With explicit ~ Without explicit ~ With explicit ~ Without explicit
FACTS FACTS control FACTS FACTS control
control control

Objective 8.0413e+002  8.0344e+002 8.0413e+002  8.0344e+002

function

Active power 9.97 MW 9.76 MW 9.97 MW 9.76 MW

loss

Total active 293.37 MW 293.16 MW 293.37 MW 293.16 MW

power genera-

tion

Total reactive 127.84 MVar  112.52 Mvar 129.78 MVar  112.08 MVar

power genera-
tion

Number of it-
erations

11

17
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Table 4.3. The OPF solution of UPFC or BTB VSC HVDC for the IEEE 30-bus system

Case Case 1 Case 2 Case 3 Case 4
No.
Control With explicit Without explicit With explicit Without explicit
type FACTS control FACTS control FACTS control FACTS control
FACTS UPFC: UPFC: BTB HVDC: BTB HVDC:
solution - _ — -
VSth,]S’ =0.0435p.u. VSh]Z,]S’ =0.00549 p.u. Vshls' 1.034 p.u. VShIS' 1.046 p.u.
= o 8 —_ o &sh _ =-10.15° Gsh =-11.45°
&?612’15‘ 151.94 9“12,15' 147.35 s is'
Vsh,, =1.002p.u. Vsh , =1.048p.u. VShlz =1.000p.u. Vshy, = 1.047p.u.
951112 =11.70° &thz —_1121° 9sh12 =-12.07 Hshlz =-11.01
FACTS UPFC: UPFC: BTB HVDC: BTB HVDC:
converter  Series converter: Series converter: Primary conv.: Primary conv..
max. 1.1 MVA 0.1 MVA 27 MVA 19 MVA
power Shunt converter: Shunt converter: Secondary conv.:  Secondary conv.:
5.4 MVA 19 MVA 26 MVA 22 MVA

From Table 4.3, it can be seen that using UPFC and BTB VSC HVDC can
achieve the similar control purposes. However, ratings of the converters are quite
different. In the studies, it has been found that the rating of the series converter of

a UPFC is very small. This means a reduced investment in comparison to a BTB
VSCHVDC.

4.5.2 Comparison of GUPFC with M-VSC-HVDC

Case studies are carried out on the IEEE 118-bus system with GUPFC installed.
Five cases are presented as follows:

Case 5:
Case 6:

The base case of the IEEE 118-bus system.

There is a GUPFC installed for control of voltage at bus 45 and active
and reactive power flow of line 45-44 and line 45-46. The control setting
of the bus voltage is 1.0p.u. The control settings for active and reactive
power flow of line 45-44 and line 45-46 are 40MW +j7Mvar and -
50MW-j7Muvar, respectively. There is second GUPFC further installed
for control voltage of bus 94 and power flow of line 94-95, line 94-93,
line 94-100. The voltage control objective is 1.0 p.u. The control settings
for active and reactive power flow of line 94-95, line 94-93, line 94-100
are SOMW +j5Mvar, -50MW-j20Mvar and -35MW —jl10Muvar, respec-
tively. There is third GUPFC further installed for control voltage of bus
12 and power flow of line 12-3 and line 12-11. The control settings for
active and reactive power flow of line 12-3, line 12-11 are
15SMW +j4Mvar and —40 MW + j15Mvar, respectively.
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Case 7: This is similar to case 6 except that there are no explicit FACTS controls
applied.

The following cases are carried out on the IEEE 118-bus system with M-VSC-
HVDC installed:

Case 8: This is similar to case 6 except that all GUPFC-devices are replaced by
M-VSC-HVDCs.

Case 9: This is similar to case 8 except that there are no explicit M-VSC-HVDC
controls applied.

Test results based on the cases 5-9 are summarized in Table 4.4. In these cases, ac-
tive power flow settings are over 125% of their corresponding base case active
power flows.

The power flow solutions of case 6 and case 8 for the GUPFCs and M-VSC-
HVDCs are shown in Table 4.5. As expected, multi-terminal VSC HVDCs have
similar steady state control capability as that of GUPFCs. However, it has been
found that the actual power of a converter of GUPFC is much less than that of a
converter of M-VSC-HVDC.

Table 4.4. Test results of the IEEE 118-bus system

Case 5 Case 6 Case 7 Case 8 Case 9
FACTS type None GUPFC GUPFC  M-VSC- M-VSC-
HVDC HVDC
Control type None Withex-  Without  With ex- Without ex-
plicit explicit plicit con- plicit control
control control trol
Number of devices None 3 3 3 3
Total number of ac- None 7P Flow 0 7P Flow 0
tive and reactive
power flow control 7Q Flow 7Q Flow
Total number of None 3 0 3 0
voltage control
Number of itera- 12 14 21 12 12

tions
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Table 4.5. FACTS-solutions of case 6 and case 8

Case 6 Case 8
FACTS type GUPFC M-VSC-HVDC
Control type With explicit control With explicit control
Number of devices 3 3
Maximum power of GUPFC at bus 12 M-VSC-HVDC at bus 12

Tt
converter Series converter: 0.6 MVA Primary converter: 21.2 MVA

Series converter : 0.01 MVA Primary converter: 25.1 MVA
Shunt converter: 19.7 MVA Secondary converter: 20.9 MVA
GUPEC at bus 45 M-VSC-HVDC at bus 45

Series converter 1: 2.4 MVA Primary converter 1: 40.6 MVA
Series converter 2: 2.6 MVA Primary converter 2: 50.2 MVA
Shunt converter: 10 MVA Secondary converter: 25.2 MVA
GUPFC at bus 94 M-VSC-HVDC at bus 94
Series converter 1: 0.4 MVA Primary converter 1: 50.3 MVA
Series converter 2: 2.9 MVA Primary converter 2: 53.6 MVA
Series converter 3: 2.9 MVA Primary converter 3: 36.3 MVA
Shunt converter: 49.7 MVA Secondary converter: 52.9 MVA

From these results on the IEEE 30-bus and 118-bus systems, it can be seen:

1.

2.

Numerical results demonstrate the feasibility as well as the effectiveness of the
FACTS and VSC-HVDC models established and the OPF method proposed.
The GUPFC and the M-VSC-HVDC are quite flexible and powerful FACTS-
device. Both of them can control bus voltage and active and reactive power
flows of several lines simultaneously. They may be installed in some central
substations to manage power flows of multi-lines or a group of lines and pro-
vide voltage support as well.

. The OPF with global coordinating capability is a very useful tool to minimize
(or maximize) an objective while satisfying power flow constraints, thermal
constraints, as well as the operating and control constraints of the GUPFC de-
vices.

. The flexibility of the GUPFC and the M-VSC-HVDC with controlling bus

voltage and multi-line active and reactive power flows offers a great potential

in solving many of the problems facing the electric utilities in a competitive en-
vironment.
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5. The power rating of a primary converter of the M-VSC-HVDC may be higher
than that of a corresponding series converter of the GUPFC since the voltage
rating of the former is higher that of the latter. Hence, the power rating of the
secondary converter of the M-VSC-HVDC may be higher than that of the shunt

converter of the GUPFC.

6. VSC-HVDC and UPFC, and M-VSC-HVDC and GUPFC may be used inter-
changeably. However, the investment of the former may be higher than that of

the latter.

4.6 Appendix: Derivatives of Nonlinear Interior Point OPF

with GUPFC

The power mismatches at bus m are AP,,, AQ,, .

APm:Pgm_Pdm_Pm

AQm = ng _Qdm _Qm

4.121)

(4.122)

where P, and Q,, are the sum of the active power flow and reactive power flow

at bus m, respectively.

4.6.1 First Derivatives of Nonlinear Interior Point OPF

oP.
L _=V.Vse.(g; sin(@; —6Ose.)—b.. cos(8. —6bse;.
2o, i (8 sin(6; i) —Dby; cos(6, i)
op V.( (0. —6se;. )+ b, sin(8; —bse;.))
=-V. .. cos(@. — Bse-.. .. s1in(@. —Bse ..
Vse, (8 i ij ij i ij
op V.Vsh. (gsh; sin(6. — 6sh;)—bsh (6; —6sh,))
———=—-V.Vsh.(gsh. sin(@. — .)—bsh; cos(8. —6Gsh.
aeshl 1 1 g 1 1 1 1 1 1
oP, .
—— =-V,(gsh; cos(8; —6sh;) +bsh; sin(8; — 6sh,))
dVish;
90, =V.Vse..(g. cos(8; —6se..)+b, sin(g;, —bse;.))
aﬂseij i i \8i i ij ij i ij
Wi _ v, (g, sin(B, e, )~ by cos(6; e,
—_—=-V. . s1n(@. —6Gse..)—b.. cos(@. —Bse..
aVseij i\ ! Y Y ! v
00

—=L_ = V.Vsh,(gsh. cos(8; —Bsh.)+bsh. sin(6; — sh.
aesh 1 l(g 1 ( 1 l) 1 ( 1 l))

L

(4.123)

(4.124)

(4.125)

(4.126)

4.127)

(4.128)

(4.129)



132 4 Modeling of FACTS-Devices in Optimal Power Flow Analysis
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4.6.2 Second Derivatives of Nonlinear Interior Point OPF
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5 Modeling of FACTS in Three-Phase Power Flow
and Three-Phase OPF Analysis

Three-phase power flow calculations are important tools to compute the realistic
system operation states and evaluate the control performance of various control
devices such as transformer, synchronous machines and FACTS-devices, particu-
larly because (a) there are unbalances of three-phase transmission lines in high
voltage transmission networks; (b) there are unbalanced three-phase loads; (c) in
addition, there are one-phase or two-phase lines in some distribution networks,
etc. Under these unbalanced operating conditions, three-phase power flow studies
are needed to assess the realistic operating conditions of the systems and analyze
the behavior and control performance of power system components including
FACTS-devices.

A number of three-phase power flow methods such as Bus-Impedance Method
[1], Newton-Raphson Method [2][3], Fast-Decoupled Method [4][6], Gauss-Seidel
Method [5], Hybrid Method [7], A Newton approach combining representation of
linear elements using linear nodal voltage equation and representation of nonlinear
elements using injected currents and associated equality constraints [8], Implicit
Bus-Impedance Method [9], Decoupling-Compensation Bus-Admittance Method
[9], Fast Three-phase Load Flow Methods [10], and Newton power flow in current
injection form [12] etc. have been proposed since 1960s. The Newton method
proposed in [8] is in particular interfaced with EMTP (Electro-Magnetic Tran-
sients Program) and can be used to initialize the simulations. The Fast Three-
phase Load Flow Methods proposed in [10] have been further implemented on a
parallel processor [11].

In addition to the above three-phase power flow solution methods, specialized
three-phase power flow techniques [13]-[21] for distribution networks have also
been proposed with various success where the special structure of distribution
networks is exploited and computational efficiency is improved. Modeling of
power system components can be found in [22][23][6].

An Optimal Power Flow (OPF) program can be used to determine the optimal
operation state of a power system by optimizing a particular objective while satis-
fying specified physical and operating constraints. Because of its capability of in-
tegrating the economic and secure aspects of the system into one mathematical
model, the OPF can be applied not only in three-phase power system planning, but
also in real time operation optimisation of three-phase power systems. With the
incorporation of FACTS-devices into power systems, a three-phase optimal power
flow will be required. In contrast to the research in three-phase power flow solu-
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tion techniques, the research in optimal three-phase power flow methods has been
very limited.

With the increasing installation of FACTS in power systems, modeling of
FACTS-devices into three-phase power flow and optimal three-phase power flow
analysis will be of great interest. In recent years, three-phase FACTS models have
been investigated for three-phase power flow analysis [24][25]. Positive sequence
models for FACTS-devices have been discussed in chapters 2, 3 and 4. However,
three-phase FACTS models are more complex than those positive sequence ones
since unbalanced conditions need to be considered. This chapter introduces the
following aspects:

e review of three-phase power flow solution techniques;

e three-phase Newton power flow solution methods in polar and rectangular co-
ordinates;

e three-phase FACTS models for SSSC and UPFC and their incorporation in
three-phase power flow analysis;

¢ formulation of optimal three-phase power flow problems.

5.1 Three-Phase Newton Power Flow Methods in
Rectangular Coordinates

Modeling of power system components such as transmission lines, loads, etc. have
been discussed in [23][6]. In the following, the formulation of three-phase Newton
power flow in rectangular coordinates will be presented where the modeling of
synchronous generator is discussed in detail.

5.1.1 Classification of Buses

In three-phase power flow calculations, all buses may be classified into the fol-
lowing categories:

Slack bus. Similar to that in single-phase positive-sequence power flow calcula-
tions, a slack bus, which is usually one of the generator terminal buses, should be
selected for three-phase power flow calculations. At the slack bus, the positive-
sequence voltage angle and magnitude are specified while the active and reactive
power injections at the generator terminal are unknown. The voltage angle of the
slack bus is taken as the reference for the angles of all other buses. Usually there is
only one slack bus in a system. However, in some production grade programs, it
may be possible to include more than one bus as distributed slack buses.

PV Buses. PV buses in three-phase power flow calculations are usually generator
terminal buses. For these buses, the total active power injections and positive-
sequence voltage magnitudes are specified.
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PQ Buses. PQ buses are usually load buses in the network. For these buses, the
active and reactive power injections of their three-phases are specified.

5.1.2 Representation of Synchronous Machines

A synchronous machine may be represented by a set of three-phase balanced volt-
age sources in series with a 3 by 3 impedance matrix. Such a synchronous ma-
chine model is shown in Fig. 5.1. The impedance matrix Zg; may be determined
by positive-, negative-, and zero-sequence impedance parameters of a synchro-
nous machine. Zg; is defined in Appendix A of this chapter.

)
-
e

11

Eb

_®_|7
()IEr

£g;

Fig. 5.1. A synchronous machine

It is assumed that the synchronous generator in Fig. 5.1 has a round rotor struc-
ture, and saturation of the synchronous generator is not considered in the present
model. However, in principle, there is no difficulty to take into account the satura-
tion.

In Fig. 5.1, V= Ef + jE*, V' = E! + jF', V = Ef + jF¢, which are the
three-phase voltages at the generator terminal bus, are expressed in phasors in rec-
tangular coordinates. Similarly, the voltages at the generator internal bus may be

given by Ef = Eg® + jFg®, E! = Eg’ + jFg?, Ef = Egf + jEg’ . In fact the
voltages at the generator internal bus are balanced, that is:

E! =Efe 7?1 (5.1)

Ef =Efel*™? (5.2)

In the three-phase power flow equations of the generator, Eg; and Fg; can be
considered as independent state variables of the internal generator bus while ng’

and Fg?,and Eg{ and Eg{ are dependent state variables and can be represented

by Eg{ and Eg;.We have:
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Eg’ =L g +£nga (5.3)
2 2
Fg? :_ﬁEgiu L pge (5.4)
2 2
1 V3
Eof =——Eg% - Y~ Fo¢ (5.5)
gl 2 gl 2 1
. A3 1
Fot =—" Fo% — _ Fg" (5.6)
g 5 Esi — 5 Fsi

5.1.3 Power and Voltage Mismatch Equations in Rectangular
Coordinates

5.1.3.1 Power Mismatch Equations at Network Buses

The network buses include all buses of the network except the internal buses of
generators. The power mismatch equations of phase p at the network bus i are
given by:

AR? =—Pd} - YIE} (G{"E} - B["F]")+ F"(G}"F]" + B"E])]
Jei

5.7
AQP =-Qd}l - S F(G/"ET —Bi"F/")~ El (G["F[" + B{"E")] (5.8)
jei ’ ’
where p = a, b, ¢. PdP and Qd} are the active and reactive loads of phase p at
bus i.

5.1.3.2 Power and Voltage Mismatch Equations of Synchronous
Machines

PQ Machines. For a PQ machine, the total three-phase active and reactive powers
at the terminal bus of the machine are specified:

APg, =Py
_ Z Z[E’p(GglpﬂlElIn _Bgl[)valn’L)+Fvl]7(Ggll7inF'lln +Bglpl’l‘lEln’L)]
p=a,b,c m=a,b,c (59)

+ X X [E/(Gg/"Eg"-Bg!"Fg!")+F"(Ggl"Fg +Bg/"Eg])]

p=a,b,c m=a,b,c

AQg; =-Qg;"
_ z Z Fip (Ggime[m _ Bgipmﬂm) _ Eip (Gglme;m + Bgimeim)]
p=a,b,c m=a,b,c (510)

+ X > F’(Gg!"Eg, —Bg{"Fg!")-El(Gg/"Fg;" + Bg/"Eg[")]

p=a,b,c m=a,b,c
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where Pg5P¢

Srec and Qg7 are the specified active and reactive powers of the gen-

erator at bus /, which are in the direction of terminal bus i.
PV Machines. For a PV machine, the total three-phase active power flow and the
positive sequence voltage magnitude at its terminal bus i are specified. The active

power flow mismatch equation is given by (5.9) while the voltage mismatch equa-
tion at bus i is given by:

AVg, :ViSpec_Vil :ViSpec_ ’(6‘3)2 +(f[1)2 (511)

where V,-1 is the positive-sequence voltage magnitude voltage at the generator

terminal bus i. eil and fi1 are the real and imaginary parts of the positive-sequence
voltage phasor at bus i and they are given by:

el =Re(V +V} e 4y eei?0y )3 (5.12)

fl=ImV +vre™ v ey 3 (5.13)

where V*, Vib and V,° are the phase a, phase b and phase ¢ voltages at bus i, re-

spectively.

Slack Machine. At the terminal bus of the Slack machine, the positive-sequence
voltage magnitude is specified and the positive-sequence voltage angle is taken as
the system reference. We have:

Abg; = f'=0 (5.14)

AVgi =ViSpec _Vil :ViSpec _ ’(811)2 +(fil)2 (515)

SPec js the specified positive-sequence voltage at the terminal bus of the

where V,

slack machine. ei1 and fil are the real and imaginary parts of the positive-

sequence voltage at the terminal bus of the Slack machine, and they are defined in
(5.11) and (5.12).

5.1.4 Formulation of Newton Equations in Rectangular Coordinates

Combining the power mismatch equations of network buses and generator active
power and voltage control constraints for the case of PV machines, the following
Newton equation in rectangular coordinates can be obtained:

JAX = -F(X) (5.16)

where AX =[AX,,,AX]"

sys
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AX,,, =[AEg], AFg/'1"

AX, =[AE{, AF AE} AF? AEf AFf AE¢, AF{ AE" AF} AES AFf1"
F(X)=[F,,,.F,,1"

Foon = feen - Foen]'

F,, =[APY, AQ, AP, AQ, APS, AQf , AP{, AQY, AP?, AQ", APf, AQST"

_IFX)

1 oX

The Jacobian elements of the network block are defined as:

_(Gij?mEip +Bi]meip) (j#i,orm# p)
p
—aAP’ = pm pm pm pm pP g p pp P (517)
aE;n —z zb (Glj Ej _BU FJ )_Gii Et _Bii F;
jei m=a,b,c
(j=i,m=p)
Bimeip—Gif-’mFip (j#i,orm# p)
p
aAR — pm p-m pm m PP P pp P (518)
oF™ |mX X (GjUF+B"E})+B;"El —-G;"F,;
J jei m=a,b,c ( ) . )
Jj=i,m=p
BI"El -GI"F? (j#i,orm# p)
P
aAQi_: Gmem Bmem BPPEP GPPFP (519)
JE™ -2 > (G F +B;"Ej)+B;"Ef —G;" F;
J jei m=a,b,c ( . )
J = l,m = p
G/"E! + BI"FF (j#i,orm# p)
0AQ/
e S-S X (GI"ED—BI"F™)+GE] +BI'FY 620
J jei m=a,b,c
(j=i,m=p)

In addition, we can find the following partial differentials with respect to gen-
erator internal variables Eg;", Fg!" (m =a, b, ¢):

g~ G&!EL + Bel"ED) (521)

BAP-” m m
aFglm‘ =-Bg/"E} + Gg["'F (5.22)
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P
9O ey +Gelm Y (5.23)
aEglrn 1 1 1 1
»
Q" GermEr _pgrmpr (5.24)
aFgln,l 1 1 1 l

Assuming Pg/ and Qg/ are the active and reactive generator output of phase

p at the terminal bus i, we have Pg, = Y Pg/ and Qg;, = > Qg/ . Following
p=a,b,c p=a,b,c

OE™ ~ OEM™  9Eg™ ' OEg™ ' OE"

l 1

the above formulas, we can find

bl

0AQg!  JAQg!  JAQg/
OE"  OEg" ' OEg"

1

. The differentials of the synchronous machine

power mismatches with respect to the internal voltage variables Eg!", Fg!" (m =

a, b, c¢) are given by:

0APg; J0APgl
gl p— Z gl

= 5.25
aEglm p=a,b,c BEglm ( )
J0APg; 0APg! (5.26)
8Fgl’" p=a,b,c 8Fgl’” ’
0APg; 0APg! (527)

aElm p=a,b,c E)Ei’" '

J0APg; 0APg?

—t= — 5.28
aFim p:%:b,c aE;11 ( )
aEglm p=a,b,c aEgl’" ’
0AQg. JdAQg?

9A0s; _ 5 080s) (5.30)
aFg, p=a,b,c BFg,
0AQg; dAQg/

— = X —* 5.31
8E,-m p=a,b,c aElm ( )
0AQg. JdAQg?

0si _ 5 0gi (5.32)

aFim p=a,b,c BF,'”

where m = a, b, c.
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As mentioned, actually in the three-phase power flow equations of the genera-
tor, Eg/and Fg; can be considered as independent state variables of the internal

generator bus while Eg” and Fg’, and Eg{ and Egf are dependent state vari-

ables and can be represented by Eg; and Eg; . We have:

0APg; _ dAPg/
oEg/ _p=a,b,c OEg]
JAPg! OEg/ IAPg? IFg?
p-ahe JEG? OEg®  p—abc OFg’ OEg® (5.33)
OAPg OEg; OAPg! OFg!
p-She OB’ OEg"  peve OFgt OEgt
0APg; _ dAPg/
oFg/ - p=ab,c OFg!
OAPg) OEg; dAPg! dFg!
p—abc OEg? OFg®  p—abc OFg’ 9Fg" (5.34)
JAPg/" OEg; APg! OFg
p=abc O0Eg; OFg{ p=abc OFg; OFg!
0AQg; _ 0AQg/
oEg] _P=a,b,c oEg!
0AQg! OEg] AQg! 3Fg! 535
p-abe OEg] OEg! p-abc OFg] OEg| :
0AQgf dEg; 0AQg/! oFg;
p=ab.c aEgl‘ aEgia p=a,b,c aFgf aEg;‘
aAQgi _ aAle.P
oFg{ " peabe JFg|
9AQg) OEg) - 3AQg! OFg) 536
p=ab.c OEg’ OFg{ p=ab.c OFg’ OFg’
o80s) OEg! s 9n0s s

p=a,b,c ang BFgl“

p=a,b,c aFgf aFgl”
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Using the relationships in (5.3)-(5.6), (5.25)-(5.36) can be simplified as:

dAPg; _ JAPg/
8ng p=a,b,c aEgla
1 9APgl W3S aapg) (5:37)
2 p=a,b,c aEglb 2 p=a,b.c athb .
B AAPg! 3 APg/
2 p=a,b,c ang 2 p=a,b,c angL
8APg, _ aAPgtp
aFgla p=a,b,c 8Fgl”
V3 dAPg! 1 0APg?
sy e 1 Rk 18 (5.38)
2 p=a,b,c BEgl 2 p=a,b,c aFgl
~ ﬁ dAPg! 1 0APg?
2 p=a,b,c aEg; 2 p=a,b,c aFglL
0AQg; 0AQg/
aEgl“ p=a,b,c aEgla
1 9Agel N3 0AQs! (5.39)
2 p=a,b,c aEg,b 2 p=ab,c aFglb .
_L oy 9a0e! 3 0Agsl
2 p=a,b,c aEgl‘ 2 p=a,b,c aEg,‘
8Ale _ aAQgtp
aFglfl p=a,b.c 8ng”
3 IAOe? 1 0AQg?
3 Qgi 1 9AQg;” (5.40)

sza,b,c aEglb 2p=a,b,c aFglh
V3 s 0AQg! 1 0AQg!

2 p=a,b,c aEglC 2p=a,b,c 8Fg,c
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Similarly, if Eg{ and Fg/ can be considered as independent state variables of
the internal generator bus while ng’ and Fgf’ ,and Eg; and Eg; are dependent

state variables and can be represented by Eg{ and Eg;, then we have

P
Eg
[ V3
5 (G8!"E + Bg"F") = —~(-Bg["E[ + Gg["F") (5.41)
- %(G&PCEZP +Bg/“F") _g(_Bgi[)CEip +Gg/“F")
Y
gAPl =-Bg/“El +Gg/["F/
Fgi
3 ) 1 .
T(GgiIbEip + Bgiprip) _E(_Bgiprip + GgiIbFip) (5.42)
V3 pepp peppy_ L pepp pepp
_T(Ggi E” +Bg; F, )—5(—33,' Ef +Gg/ F")
P
8i
1 , V3 :
- (-Bg! "EF +Ggl"F) - (=G EP —Bg!"FP) (5.43)
—%(—Bgichip +Ggl°FP) —%(—Ggf ‘Ef —Bg[“F")
P
aaAi =-Gg!"E} - Bg/"F/
Fg/
NE) 1
+ 7(—Bgipr,~p + Ggipr,-p) - E(_Ggiprip - Bgiprip) (5.44)
V3 pepp peppy_ 1 pepp pepp
_T(_Bgi El +Gg/"F; )_5(_Ggi Ef —Bg;"F")
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5.2 Three-Phase Newton Power Flow Methods in Polar
Coordinates

5.2.1 Representation of Generators

In Fig. 5.1, V* =V 26", V) =V 26/, VE =V 26 , which are the three-phase
voltages at the generator terminal bus, are expressed in phasors in rectangular co-
ordinates. Similarly, the voltages at the generator internal bus may be given by

Ef =E'/68, E? =E' 2687, Ef = Ef Z5° . In fact the voltages at the generator
internal bus are balanced, that is:

E} =Efe 7?3 (5.45)

Ef =Efe/*™" (5.46)

In the three-phase power flow equations of the generator, E; and & can be

considered as independent state variables of the internal generator bus while Eib

and 5,-}’ ,and Ef and & are dependent state variables and can be represented by

E{ and J. We have:

E! =Ef (5.47)

=502 (5.48)
3

Ef = Ef (5.49)

5 =6} +277[ (5.50)

5.2.2 Power and Voltage Mismatch Equations in Polar Coordinates

5.2.2.1 Power Mismatch Equations at Network Buses

The network buses include all buses of the network except the internal buses of
generators. The power mismatch equation of phase p at the network bus i are
given by:

ARP ==Pdl -V/'Y ¥ V"(GI"cos@™ +Bf" sin /™) (5.51)

jei m=a,b,c
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AQF =-Qdl VY X V(G sin@!" - Bl cos6F™) (5.52)

jei m=a,b,c

where p = a, b, c. PdP and Qd/ are the active and reactive loads of phase p at
bus i.

5.2.2.2 Power and Voltage Mismatch Equations of Synchronous
Machines

PQ Machines. For a PQ machine, the total three-phase active and reactive powers
at the terminal bus of the machine are specified:

APg; = —Pg’r«
- VPV (GgF™" cos 6 + Bg!"™ sin 67™)
p=a,b,c m=a,b,c (553)

+ % SIVPE (Gl cos(6! ~ &)+ B! sin(6) ~ 5")

i
p=a,b,c m=a,b,c

AQg; =—Qg;"*
- X YAV (GgF™ sin 67" — Bg!™ cos 67™)

p=a,b,c m=a,b,c (554)
+ X YIVPEF (Ggl" sin(8F — 8")— Bg}™ cos(6 — 5))

p=a,b,c m=a,b,c

where Pg 7 and Qg:7* are the specified active and reactive powers of the gen-

erator at bus /, which are in the direction of into terminal bus i.

PV Machines. For a PV machine, the total three-phase active power flow and the
positive sequence voltage magnitude at its terminal bus i are specified. The active
power flow mismatch equation is given by (5.9) while the voltage mismatch equa-
tion at bus i is given by:

AVg,» :Vispec_vil :ViSpec_ I(el})2+(ﬂ1)2 (555)

where Vil is the positive-sequence voltage magnitude voltage at the generator
1

terminal bus i. e¢; and fi1 are the real and imaginary parts of the positive-sequence

voltage phasor at bus i and they are given by (5.11) and (5.12)

Slack Machine. At the terminal bus of the Slack machine, the positive-sequence
voltage magnitude is specified and the positive-sequence voltage angle is taken as
the system reference. We have:

Abg; = f!=0 (5.56)
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AVg, :ViSpec _le :ViSpec _ ’(ell)Z + (f[l)z (557)

SPec s the specified positive-sequence voltage at the terminal bus of the

where V,

slack machine. el-l and f[] are the real and imaginary parts of the positive-

sequence voltage at the terminal bus of the Slack machine, and they are defined in
(5.11) and (5.12).

5.2.3 Formulation of Newton Equations in Polar Coordinates

Combining the power mismatch equations of network buses and generator active
power and voltage control constraints for the case of PV machines, the following
Newton equation in polar coordinates can be obtained:

JAX = -F(X) (5.58)
where AX =[AX, ,AX_ ]

gen> sys
AX,,, =[AS] AE]"
AX,, =[A6], AV, AB AV A6 AV AG), AV AB] AV] A6, AVST
F(X)=[F,,.F,,1"

gen> = sys
el 2 4T
Fgen - [fgen ’ fgen]
F,, =[AP", AQ!, AP, AQ}, AP, AQf , AP{', AQY, AP!, AQ%, APS, AQS1"
_ OF(X)

1 oX

The Jacobian elements are defined as:

JAPP =VPVI(GE" singf™ — B cos§™) (j#i,m# p)
L= 5.59
067 5 .. 53
of +V/) Bf¥ (j=im=p)
=V (GE™ cos @™ + B sin 6™) (j#i,m#p)
JAPP i i i j
L = (5.60)

vy VB —BP IV (j=im=p)
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VIVI(GS™ cos 6" +B™ sin@f™) (j#i,m#p)
AAQ? '
— = (5.61)
007 5
PP+ (V)G (j=im=p)
A0 VP (GE™ sin @™ — Bf™ cos ™) (j#i,m#p)
T A . (5.62)
an V"B =0 1V, (j=i,m=p)

5.3 SSSC Modeling in Three-Phase Power Flow in
Rectangular Coordinates

With the recent practical applications of converter based FACTS-devices such as
the Static Synchronous Compensator (STATCOM) [26], Static Synchronous Se-
ries Compensator (SSSC) [27] and Unified Power Flow Controller (UPFC) [28],
modeling and analysis of these FACTS-devices in power system operation and
control is of great interest. In [24] mathematical models of the SSSC suitable for
three-phase power flow analysis have been investigated.

In comparison to positive sequence model of SSSC, the three-phase SSSC

models should consider:

The differences between three-phase and positive sequence SSSC models. The
three-phase SSSC models are basically different from the positive sequence
SSSC models, which are able to give realistic results of power system operation
with presence of unbalances of networks and loads while the positive sequence
SSSC models can provide meaningful results only if both networks and loads
are balanced.

The transformer connection types. In the three-phase SSSC models, it is neces-
sary to consider how the SSSC is connected with the transformer while, in the
positive sequence SSSC models for conventional power flow calculations, such
considerations are not needed.

The similarity between three-phase models and positive sequence models. In
principle, the three-phase models should be identical to the positive sequence
models when both networks and loads are balanced.
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5.3.1 Three-Phase SSSC Model with Delta/Wye Connected
Transformer

5.3.1.1 Basic Operation Principles

Fig. 5.2 shows the basic operation principles of a three-phase SSSC. The SSSC
consists of three converters, which are series connected with a three-phase trans-
mission line via three single-phase transformers with Delta/Wye connections. The
primary sides of the three single-phase transformers are delta-connected. It is as-
sumed here that the transmission line is series connected with the SSSC bus j.
With such an assumption, the active and reactive power flows entering the bus j
are equal to the sending-end active and reactive power flows of the transmission
line, respectively. In principle, the SSSC can generate and insert three-phase series
voltage sources, which can be regulated to change the three-phase impedances
(more precisely reactance) of the transmission line. In this way, the power of the
transmission line, which the SSSC is connected with, can be controlled.

Fig. 5.2. Operating principles of three-phase SSSC with a Delta/Wye transformer

5.3.1.2 Equivalent Circuit of Three-Phase SSSC

The equivalent circuit of the three-phase SSSC is given in Fig. 5.3. The SSSC is

represented by an ideal fundamental frequency three-phase voltage source vector

abc

abe 7% yepresents the impedance

V¢ in series with an impedance matrix Z
matrix of the three series transformers. The switching losses of SSSC may be in-

cluded directly in Z“*° .

se
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Fig. 5.3. Equivalent circuit of three-phase SSSC

Ve = M‘;,VSIZ,VXZ]T is the injected voltage vector. V! (p=a,b,c) is the
voltage phasor of phase p, which can be further represented by real and imaginary
partsVL = EP + jFD .

In the practical operation of the SSSC, the equivalent injected voltage magni-
tude of each phase should be within a specific voltage limit. We define:

0<VLP <Vmax?, (5.63)

where p=a,b,c. VP =\[(E2)? +(FF)* . Vmax?, is the voltage limit of phase
p.
T T
In the equivalent circuit, Vi”bc = ﬁ/,.“,v,.b ,Vf] , Vj“bc = [VJF‘,V}’ ,V]? ] , and
T
v e :B/”,ka ,V,f] are the voltage vectors at buses i, j, k, respectively.

Pc]T d Qabc _ [Qa Qb Qc T ti d t fl
ii an o= i Yij are active and reactive power rlow

abc _ a b
P~ =1Fj . B i i

g

.. : . abc‘_[ a b C]T abc_[ a b c |7
vectors of branch ij leaving bus i. P;” = |P;,P;,P;| and Q53 =10%.05.05
are active and reactive power flow vectors of branch ij leaving bus j.

5.3.1.3 Power Equations of the Three-Phase SSSC

Assume that V) = EP + jFP (m=ijk and p=a,b,c), the following power equa-

tions of the SSSC branch are derived according to the equivalent circuit shown in

Fig. 5.3:
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pr =g slerEr e )+ EroslGrmEr + BIED)

m=a,b,c

m=a,b,c
vEP S (e B EN )+ EP s (GIEP BIEY) (564
=a,b.c =a,b,c '
Epm a L(Gmem Bmem) Fpm a L(Gmem Bmem)
+ i Z if se — Djj se + i Z ij se + ij se
m=a,b,c m=a,b,c

of =-E Z(GifmFim "‘Bimeim)"' Fr Z(Gl{"mElm _BifmFim)

m=a,b,c m=a,b,c

-Ef Zb (G,f’”F}" +Bl§”"E;")+ F? Zb (G;’”E;’ —B,-j»’ijf") (5.65)
m=a,b,c m=a,b,c

i
m=a,b,c m=a,b,c

~Er x (oprEresrrEr)eFr s lGprEn -BrTED)

PP = Ej’mzazbc(G;}”’E;” ~BIE )+ Fj’mgbc(G;}’"F;” +BIET)
+EP Y (G;;”’E['"—Bj’-}mFi'”)+ij’ Y (G;’imﬂ’"+3;’i’”E{”) (5.66)
m=a,b,c m=a,b,c
vEP 3y (GrmEn—BrEr e Fr s (GomEr B2 ED)

m=a,b,c m=a,b,c

ol =-£r 5 (GrFr+BrE)+FP ¥ (GIET - BIFY)

m=a,b,c m=a,b,c

-El ¥ (G,’}’”Er"+Bﬁ’"E,-’”)+F,P > (G,’»?’”E,-’"—B,’%"'R"‘) (5.67)

m=a,b,c m=a,b,c
_ P pm m pm -m P pmpm _ ppmypm
Ej Z (GU Fse +Bjj Ese)+Fi Z (ij Ese Bj/' Fse)
m=a,b,c m=a,b,c

where p=a,b,c.
The power exchange of the three converters of the SSSC with the common DC
link should be zero, which is as follows:

z_ _
APse - prg =0 (5.68)

p=a,b,c

where PP is given by:

K
m=a,b,c m=a,b,c

pr=£r s (GrmEm - BUEM )+ FY z GomFm + grEn)
R o L RS o) YD)
m=a,b,c m=a,b,c
vE2 Y (GrEr —BIE )+ 2 s (GrnE 4 BIEY)

m=a,b,c m=a,b,c
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pm . P _ Pl s pm pm pm ppm _ . pm
where G +JjB; =Gy +jBy =-ys . G +jBi =y,

G+ jBY" =yy" (p=a, b candm = a, b, c). Here y!" is given by:

yaroyw oy e 0o
b, b bb b be |~ bb
Y=y Ve Ve =[Z§_,”] =l 0 ¥ o0 (5.70)
b
Ve Ve Vs 0 0 zg

where 7%, z" and 7% are the impedances of the three series transformers, re-
spectively, in Fig. 5.2.

In the following, three models for the SSSC in Fig. 5.2 will be presented.
They are the three-phase SSSC model with independent phase power control,
three-phase SSSC model with total three-phase power control and three-phase
SSSC model with symmetrical injected voltage control.

5.3.1.4 Three-Phase SSSC Model with Independent Phase Power
Control

In the operation of the three-phase SSSC, the active power exchange of the three
converters with the DC link should be zero. Such a constraint is described by
(5.68). Besides, due to the fact that the SSSC is delta-connected with the three
single-phase series transformers, the zero sequence component of the equivalent
injected voltage vector VA.Z”C should be zero. In other words, the following con-

straints should hold,

> _ Py — P —

AExe - Re( p:azb‘ise ) - p:azblise =0 (571)
z_ Py — P _

A= Im(pz%b‘::“) B pz%bfm -° (5:72)

Since the SSSC steady model has six state variables such
as E&, F4 EL  FL ES FS

ws FosEg s Foo  Eg, . Fy,, it still has three control degrees of freedom. Here
assuming that the three three-phase transmission line phase power flows can be

controlled, we have:

APﬁ.’ = Pj’,-’ — Pspecfi =0
(5.73)

P _ P _ P _
A i =05 Qspecﬁ—O

where p=a, b, c. Pspecﬁ, Qspecﬁ- are the control references of the active and re-

active power flows, respectively, of phase p.
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Combining the six operation and control constraint equations (5.68), (5.71)-
(5.73) and six power mismatch equations at buses i, j together, the Newton power
flow equation including the SSSC in rectangular coordinates may be given by:

JAX = -F(X) (5.74)
where
AX =[AX . AX 1
AXSSSC = [AE.?E > AFYZ > AEsbe 2 AFS’; > AE;E 2 AFSZ ]T
AX,, =[AE{, AF, AE}  AF AE{ AFf AE¢, AF{,AE} AF) AES, AFf 1"
F(X)=[F,..F1"
Fsssc = [AP&ze: ’ AEsZe’AFA‘E’AP]{; ’AP]{;’AP]‘?]T

F,, =[AR", AQ, AP”, AQ}, APS, AQf , AP}, AQY, AP, AQT, APf , AQST

_ OF(X)
= X

5.3.1.5 Three-Phase SSSC Model with Total Three-Phase Power
Control

Assume, for the SSSC in Fig. 5.2, that (a) the three equivalent injected voltages
ViV

respectively; (b) the total three-phase power is controlled, then:

V., are perpendicular to the line currents of phase a, phase b, and phase c,

P2 =0 (5.75)
and

2 2
AP; = % ij — Pspecs; =0
p=a,b,c

(5.76)

or AQ‘% = ZQﬁ —Qspec% =0
p=a,b,c

where p=a,b,c. PSpec% and QSpec% are the specified total three-phase active

and reactive power flow control references, respectively.

Combining the six operation and control constraint equations (5.71), (5.72),
(5.75) and (5.76) and six power mismatch equations at buses i, j together, the
Newton power flow equation including the SSSC in rectangular coordinates may
be given by:

JAX = -F(X) (5.77)
where

AX =[AX

sssc

T
AX sys ]
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AX sssC = [AE:JC' ’ AF.SIZ‘ ’ AEfe ’ AFJZ > AEXCC' > AFSCC‘ ]T
AX,, =[AE{, AF, AE} , AF AEf, AFfS AEY, AF{ AE" AF? AES, AFf1"
F(X) = [F,,.. Fy, 1"
a b c > > 1T

Fsssc = [Pse > Pse ’ Pse ’ AEse ’AFse ’ APji ]
F,, =[AP", AQ!, AP", AQ), AP, AQf , AP{, AQY, AP?, AQY, APS, AQST"

oF (X
52 FX)

oX

5.3.1.6 Three-Phase SSSC Model with Symmetrical Injected Voltage
Control

If we assume the series injected three-phase voltage sources of the three-phase
SSSC are balanced or symmetrical, then we have the following control constraint
equations:

VE =V Sy e (5.78)

A set of symmetrical or balanced three-phase voltage phasors are equal in mag-
nitude while their phase angles have 120° displacement among them. For the sake
of computation, equation (5.78) may be replaced by the following four equations
in real and imaginary parts:

AV}, =Re(VE —V92e )= g2 +%E§; +§F;; =0 (5.79)
AV) =Im(Ve -VDe! )= E9 —%Eﬁ’e +%F£ =0 (5.80)
AVZ =Re(VE -VEel™ )= EC +%E§e —%Fé =0 (5.81)
AV2, =Im(VS -VEel™ )= F8 +§E§e +%F; =0 (5.82)

When (5.79)-(5.82) hold, equations (5.71) and (5.72) will be satisfied. Further-
more, the active power exchange constraint (5.68) should be balanced at any in-
stant. So the SSSC with symmetrical control has only one control degree of free-
dom. Assuming that the total active power or reactive power of the three-phase
transmission line is controlled, we have the following power flow control con-
straint:

APE = ZP}; —Pspecz =0
p=abe (5.83)
or Aszi = 204 —Qspec% =0

p=a,b,c
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where p=a,b,c. PSpec% and QSpec% are the specified total three-phase active

and reactive power flow control references, respectively.

The SSSC model with symmetrical voltage control has six operation and con-
trol constraint equations (5.68), (5.79)-(5.82). Combining the six operation and
control constraint equations (5.68), (5.79)-(5.82) and six power mismatch equa-
tions at buses i, j together, the Newton power flow equation including the SSSC in
rectangular coordinates may be given by:

JAX = -F(X) (5.84)

where AX =[AX ., AX 17

S85C °
AXSSSC = [AE;?’ AFS‘;’AEﬁ)B’ AFS?’,’ AE;E’ AFS’;’ ]T
b b b b T
AX =[AE!, AF, AE;, AF ,AE] , AF ,AE, AF}',AE], AF} ,AE, AF ;']

F._ 1"

§88C > SyS

z 1 1 2 2
AP. AVRe s AVIm , AVRe , AVIm s AP/[Z ]T

sssC :[ se

F(X)=[F
F
F,, =[AP*, AQ", AP, AQ! , APS, AQS , AP}, AQ§, AP}, AQ7, AP}, AQS T

_ IF(X)

1 oX

5.3.2 Single-Phase/Three-Phase SSSC Models with Separate Single
Phase Transformers

5.3.2.1 Basic Operating Principles of Single Phase SSSC

In Fig 5.4, three single-phase SSSCs are series connected with phase a, b, ¢ of a
transmission line, respectively. The three SSSCs have neither electrical nor mag-
netic connections between them. Each single phase SSSC is series-connected with
the transmission line via a single-phase transformer. Each can independently con-
trol the phase power flow of the transmission line. The single-phase SSSC is at-
tractive and practical when there are unbalanced loads and one or two phase lines
existing in the systems.

5.3.2.2 Equivalent Circuit of Single Phase SSSC

Due to the fact that there are no electrical and magnetic couplings between the
three single-phase SSSCs, each SSSC branch can be represented by an equivalent
circuit shown in Fig. 5.5. Such an equivalent circuit is exactly the same to that of
the SSSC for the positive sequence power flow calculations. However, the physi-
cal meaning of the single-phase equivalent circuit here is quite different from that
of the positive sequence SSSC in the positive sequence power flow calculations.
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Fig. 5.4. Operation principle of single phase SSSC for three-phase power flow analysis

Bf +jOF Ve zZir Py +JQ%
J s + - J oS
If Nt ¥

Ve v

Y Y

Fig. 5.5. Equivalent circuit of single phase SSSC for three-phase power flow analysis

5.3.2.3 Single-Phase SSSC

The power flow equations (5.64)-(5.67) for the three-phase SSSC are still applica-
ble to the system with the three separate single-phase SSSCs installed on phase a,
b, c of the transmission line in Fig. 5.4, respectively.

Since each single phase SSSC can neither generate nor absorb active power, the
power exchange of each SSSC with the system should be zero. Mathematically,
such a constraint may be represented by:
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Pl =0 (5.85)

where p=a, b, c. Pl , which is given by (5.69), is the active power exchange of

SSSC with the DC link or the system.

Assuming that each SSSC independently controls the phase active or reactive
power flow of the transmission line, the power flow control constraint may be rep-
resented by:

Pj; = Pspec; =0 or Qf —Qspec; =0 (5.86)
P
JU
flow control references of phase p, respectively.

Combining the six operation and control equations (5.85) and (5.86) of the
three single phase SSSCs and six power mismatch equations of buses i and j, the
three-phase Newton equation may be given by:

where p=a, b, c. Pspec’; and Qspecj’fi are the specified active and reactive power

JAX = -F(X) (5.87)

where AX = [AX ., AX 1"
AX, =[AE%, AFS AE®  AFD, AES, AFS 1T
AX =[AE{, AF, AE} AF AE{ AFf AE¢, AF{ AE} AF) AES, AF;]"
F(X)=[F,, .F,, 1"
Fo. =[Pq . Po Py AP AP APST
F,, =[AP‘, AQ{, AP, AQ}, AP, AQ , AP}, AQY, AP}, AQY, AP, AQS T
L0

oX

5.3.2.4 Three-Phase SSSC Model with Three Separate Single Phase
Transformers

If we assume (a) a three-phase SSSC is connected with a three-phase transmission
line via three separate single phase transformers; (b) the three injected voltages
Ve, VP Ve of the SSSC are perpendicular to the line currents of phase a, phase b,
and phase c of the transmission line, respectively; (c) the three single phase power
flows can be controlled, then the three-phase SSSC will have similar constraint
equations of (5.85) and (5.86). Subsequently, for the three-phase SSSC, we have

the similar Newton equation as given by (5.87).
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5.3.3 Numerical Examples

A 5-bus system and the IEEE 118 bus system have been used to test the three-
phase Newton power flow algorithm with modeling of the SSSC. The 5 bus three-
phase system is shown in Fig. 5.8 in the Appendix of this chapter while the system
parameters are listed in Table 5.11 - Table 5.14. In the tests, a convergence toler-
ance of 1.0e-12 p.u. is used. For the sake of convenience, the three-phase SSSC
model with independent phase power control, three-phase SSSC model with total
three-phase power control and three-phase SSSC model with symmetrical injected
voltage control in Section 2 are denoted as Model 1, Model 2 and Model 3, re-
spectively, while the three-phase and single phase SSSC models in Section 3 are
referred to Model 4 and Model 5, respectively.

5.3.3.1 Test Results for the 5-Bus System

Based on the 5-bus system, tests under the following conditions have been carried
out:

Case 1: Well transposed transmission lines and the whole system with balanced
load.

Case 2: Non-transposed transmission lines and unbalanced load at bus 3 as given
by Table 5.13 and Table 5.14.

Case 3: As for case 1, but a SSSC is installed at the sending-end of the transmis-
sion line 1-3.

Case 4: As for case 2, but a SSSC is installed at the sending-end of the transmis-
sion line 1-3.

Case 5: As for case 3, but the whole system is represented by the positive se-
quence network only.

The number of iterations of the three-phase power flow algorithm on cases 1-4 are
summarized in Table 5.1. For cases 3 and 4, the control references of the SSSC

Models 1, 4 and 5 are Pspec’; = Pspecfi = Pspec’; = 7.0 p.u. while the control ref-

erence for the SSSC Models 2 and 3 is Pspec% =21.0p.u. In order to verify the

validity of the three-phase power flow algorithm and the SSSC models, case 5 has
been carried out, in which the whole system is represented only by the positive se-
quence network since the system is balanced. The power flow solution of case 5 is
obtained by a positive sequence power flow program. The detailed power flow so-
lutions of case 3 and case 5 are given by Table 5.2.
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Table 5.1. Number of iterations of three-phase power flow algorithm for the 5-bus system

Total power ~ Number
Case Base case power flows / . .
. flow in- of itera-
No. SSSC power flow solutions .
crease (%) tions

| RS =Ph =Py =494pu 0 =0] =0}, =201pu ] 6

Py =14.82pu. Q) = 6.03pu.

Py =496pu. P’ =5.17 pu. By = 4.69pu. - 6
2 0 =196pu. O, =1.46pu. Qf, =233p.u.

Pr =14.82pu. Q5 =5.75pu.

SSSC Model 1: 2% 6
3 V=V _vE=01933pu.

6! =283.83 6 =163.83 6. =43.83

SSSC Model 2: 42% 6

VO=v!_ovE=01933pu

6° =283.83° 6 =163.83 6" =43.83

SSSC Model 3: V* =V’ -V’ =0.1933pu. 42% 6

6 =283.83 6 =163.83 4 =43.83

SSSC Models 4 and 5: 42% 6

V=V =v=01933pu.

6° =283.83 6. =163.83 6 =43.83

SSSC Model 1: 42% 6
4 VY =0.1781pa. V. =0.1400pa. V5 =0.2301pac.

6! =26568" 6. =171.55 6° =4822

SSSC Model 2: 42% 6

V! =0.1437pu. V! =0.1836pu. VS = 0.1663puu.

6 =288.49° 6 =16808 6. =36.25

SSSC Model 3: 42% 6

V=V =vS=0.1661pu.

6 =28396" 6 =16395 6. =43.95

SSSC Models 4 and 5: 42% 6

se 5

0° =284.64" 6" =16536 6 =41.53

Ve =01730pu. V2 =0.1100pu. V. =0.2443pu.
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Table 5.2. Power flow solutions for the 5 bus system by three-phase and single-phase
power flow algorithms

Case 3 Case 5
Bus No. Ve 0" Bus No. 4 ¢
(p-u.) (deg.) (p-u.) (deg.)
1 1.0183 27.35 1 1.0183 -2.65
2 1.0238 28.64 2 1.0238 -1.36
3 1.0101 30.47 3 1.0101 0.47
4 1.0450 0.00 4 1.0450 0.00
5 1.0610 2.70 5 1.0610 2.70
SSSC V' =01933 0" =28383 SSSC V. =0.1933 6 =25383

From Table 5.1 and Table 5.2, it can be seen,

1.

2.

The three-phase power flow algorithm with incorporation of the SSSC models
can converge in only 6 iterations.

In case 3, the power flow solutions with the different SSSC models are the
same when the system is balanced. Such a coincidence of computation results
implies the validity of the SSSC models proposed.

. Comparison of power flow solutions of case 3 and case 5 in Table 5.2 indicates

that two sets of solutions by the conventional positive sequence power flow al-
gorithm and three-phase power flow algorithm proposed are almost identical.
The only difference is that there is 30 degree angle shift in the three-phase
power flow results which is caused by the Delta/Wye transformers. The com-
parison of the two power flow solutions again illustrates the validity of the
three-phase power flow algorithm and the SSSC models. It can be anticipated
that if Wye/Wye transformers rather than Delta/Wye transformers are used, the
power flow solutions by the conventional positive sequence power flow and the
three-phase power flow computations should be the same, and the 30 degree
shift should disappear. This theoretical analysis has been confirmed by power
flow calculations. Due to the limitation of space, the power flow calculation re-
sults are not presented herein.

. Case 4 in Table 5.1 shows that the different SSSC models will have different

power flow solutions when the system is unbalanced. This implies that the ap-
propriate modeling of the SSSC in three-phase power flow calculations is very
important.

5.3.3.2 Test Results for the IEEE 118-Bus System

Further tests have been carried out on the IEEE 118-bus system, which are as fol-
lows:

Case 6: Well-transposed transmission lines and the whole system with balanced

load.
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Case 7: Well-transposed transmission lines and the system with unbalanced load
at bus 78 with 0.51+,0.26 p.u., 0.71+j0.26 p.u., 0.91+/0.26 p.u. for phase
a, b, ¢ loading, respectively.

Case 8: As for case 6, there are two SSSCs installed on the transmission lines 30-
38 and 68-81.

Case 9: As for case 7, there are two SSSCs installed on the transmission lines 30-
38 and 68-81.

In cases 8 and 9, the control references of the SSSCs are 140% of the base case
power flows, respectively. The test results are given by Table 5.3. The conver-
gence characteristics of case 7 and case 9 are shown in Fig. 5.6, from which it can
be seen that the power flow algorithm exhibits excellent quadratic convergence
characteristics.

Table 5.3. Test results on the IEEE 118-bus system

Case No. SSSC models Number of iterations
6 None 6
7 None 6
8 The SSSC on line 30-38: Model 1 6
The SSSC on line 68-81: Model 3 6
9 The SSSC on line 30-38: Model 3 6
The SSSC on line 68-81: Model 4 6

Max(|DP],|DQY) in P.U

1.E14 T T T T T
0 1 2 3 4 5 6

Num ber of iterations

—+—Case7 ---A---Case9

Fig. 5.6. Power mismatches as function of number of iterations on the IEEE 118-bus three-
phase system
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5.4 UPFC Modeling in Three-Phase Newton Power Flow in
Polar Coordinates

In section 5.3, the mathematical models of SSSC for three-phase power flow
analysis have been proposed. The UPFC combining two three-phase converters
has been considered as one of the most powerful converter based FACTS-devices
and can be used to control power flows and bus voltages. It has been recognized
that due to the relative simplicity of the SSSC transformers, the transformer con-
nection types are just implicitly represented.

However, due to the complicated combinations of the converter topologies and
transformer connection types, for the modeling of the UPFC in three-phase power
flow analysis, the implicit representation of the converter transformers cannot be
considered adequate and may have modeling limitations. Hence, the representa-
tion of transformer connection types and UPFC control constraints becomes essen-
tial [25]. In this section, the mathematical models of UPFC, in polar coordinates,
for three-phase power flow analysis are discussed. With the UPFC models de-
rived, three-phase STATCOM models can be easily derived by eliminating the se-
ries part constraints from the equations.

5.4.1 Operation Principles of the Three-Phase UPFC

Fig. 5.7 shows the basic operating principles of a three-phase UPFC. The UPFC
consists of series converter and shunt converter. The series converter is series
connected with a three-phase transmission line via three single-phase transform-
ers. The shunt-converter is coupled with the ac bus via a three-phase Wye-G/Delta
transformer. It should be pointed out that Fig. 5.7 is just used to show one of the
topologies and the related transformer connection types of the three-phase UPFC.
However, in addition to the Wye-G/Delta connection, the UPFC may have other
kinds of seires and shunt transformer connection types, which will be considered
in the following derivation.

In Fig. 5.7, it is assumed that the transmission line is series connected with the
UPFC bus j. With such an assumption, the active and reactive power flows enter-
ing bus j are equal to the sending-end active and reactive power flows of the
transmission line, respectively. In principle, the series converter may be used to
control the active and reactive power flows of the transmission line while the
shunt converter can be used to control the voltages of the shunt bus.
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I§ PBf+igf ve P§+j04%
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Fig. 5.7. Schematic description of a three-phase UPFC

5.4.2 Three-Phase Converter Transformer Models

In single-phase positive-sequence power flow analysis, it is usually sufficient to
represent a three-phase transformer as a positive-sequence impedance in series
with an ideal transformer. However, in three-phase power flow analysis where un-
balanced operating conditions of network and load are considered, such a trans-
former model can no longer be considered appropriate. In principle, the three-
phase transformer should be described in three-phase coordinates and the connec-
tion type of the transformer should also be fully represented. The admittance
transformer models of various connections in three-phase coordinates were de-
rived [23]. A two winding three-phase transformer may be represented by:

I;l)bc Yahc Yabc Vabc
Izbc Yubc abL V abc

where 1% and 1% are the current vectors of the primary and secondary wind-

(5.88)

ings, respectively while V&% and V& are the voltage vectors of the primary

and secondary windings, respectively. Ypas', Y52, Ype¢ and Y&o© are 3 by 3
submatrices and they are given by Table 5.4 based on transformer connection
types.
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Table 5.4. Submatrices of three-phase transformers with different connection types

Type Transformer connec- Self admittance Mutual admittance
No. ti be be be be
ot g YE Y i Y
1 Wye-G  Wye-G Y, Y, -Y, =Y,
2 Wye-G Wye Y, Yy Y, Yy
3 Wye-G Delta Y, Y, Y, Y1€1
4 Wye Wye Yy, Y, T O
5 Wye Delta Y, Y, Y, Y1€1
6 Delta Delta Y, Y, -Y, -Y,
7 Wye Wye-G Yy Yy, =Y, =Y,
8 Delta Wye-G Y, Y, Y;I Y,
9 Delta Wye Y, Y, Y;I Y,
In Table 5.4, Y,, Y; and Y,;, are defined by:
y, 0 O
Y, =0 y, O (5.89)
0 0 vy
2y, =y =¥
1
Yy=3|=% 20 —% (5.90)
Y~V 2y
| -V W 0
Yyy=—0 0 -y » (5.91)
V3
Vi 0 -y

where y, is the per unit leakage admittance.

If the transformer has off-nominal tap ratios @ and S of the primary and sec-

ondary windings, respectively, then the self and mutual matrices need to be modi-

fied by:

abc

1. dividing the primary self admittance matrix Ypp by a*;

2. dividing the secondary self admittance matrix Y& by B2;

3. dividing the mutual admittance matrices Yo and Y& by o .



5.4 UPFC Modeling in Three-Phase Newton Power Flow in Polar Coordinates 169

5.4.3 Power Flow Constraints of the Three-Phase UPFC

5.4.3.1 Power Flow Constraints of the Shunt Converter

Based on the operating principles shown in Fig. 5.6, the bus voltage equation of
the three-phase shunt converter transformer of the UPFC may be given by:

Iqbc Y habc Y habc quc
{ ii }:[ SApp SApg i (5.92)

abc abc abc abc
L, Yshgp  Yshgs™ | Vg,

where 127 and 1% are the current vectors of the primary and secondary wind-

ings of the shunt converter transformer and given by:

1 =g, 12, 1:" (5.93)
I =105 05,.151 (5.94)
The voltage vectors are:
Viabc :[Via’vib’vic]T (595)
Vi = Vvl (5.96)

The active and reactive power flows of the primary side of the shunt converter
transformer are:

P} =Re[V/ ()]

= SVV(Gshlr cos(6 — 6" )+ Bshly sin(0” —6!"))

m=a,b,c (597)
+ VPV (Gshhg' cos(8F —6.,) + Bshpg' sin(6) —6,;))
m=a,b,c
7 =ImV," ()]
= YV V™ (Gshbp sin(6f —6/")— Bshhy cos(67 —6"))
m=a,b,c (598)
+ Y VIV (Gshhg' sin(6F —6;,)— Bshkg' cos(8F —63,))
m=a,b,c
where p, m = a b ¢ Gshhy + jBshh) € Ysh,’il,’f , and

Gshl + jBshle € Ysepn

Similarly, the active and reactive power flows at the secondary side of the shunt
converter transformer are given by:
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PP =Re[V (Ih)"]

sh

= XVIVI(GshIS cos(8) —04,) + Bsh " sin(8] —6))

m=a,b,c i (599)

+ XVIV(GshE cos(8f —6")+ Bshly' sin(8] —0"))

m=a,b,c
Gy =1mlV a5

= mj%b\isﬁvs',? (Gsh " sin(@], —0.,) — Bshl" cos(8 —0;)) (5.100)

+ XVIV™(Gshl sin(6) —6")— Bshl cos(8) —6"))

m=a,b,c

5.4.3.2 Power Flow Constraints of the Series Converter

Based on the operating principles shown in Fig. 5.7, the bus voltage equation of
the series converter transformer may be generally given by:

b abc abc be be
IZ ¢ _ YS@PP YSEPS Via _V]a 5 101
I abc Yseggc YSE;};C A, abc ( . )

where the series transformer may consist of three separate single-phase units or
three single-phase units with the secondary sides being delta-connected. For the
former, the submatrices are similar to type 1 transformer in Table 5.4 while for the

later, the submatrices are similar to type 3 transformer in Table 5.4. Il-“jbc and 1%

are the current vectors of the primary and secondary windings of the series con-
verter transformer, respectively and given by:

I?jbcz[lﬁ,lg,li;]r (5.102)
1 =118, 10,151 (5.103)

The voltage vectors Vj’-lb“ and V2 are:
abc _ a b cqT
Ve = vevhve (5.104)

Ve = ve vl (5.105)

The active and reactive power flows of the primary side of the series converter
transformer leaving bus i are:
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P/ =RelV,"(})']
Y VPV (Gsebp cos(8F —0")+ Bsebyp sin(6F —6"))

m=a,b,c
= SVIV(Gselyy cos(8 =0} )+ Bely! sin(6] ~0]") (5.106)
+ VIV (Gsebs' cos(8) —6,,) + Bsebg' sin(6 - 6;,))
m=a,b,c
L =ImV,"(IE)"]
= VPV (Gsebp sin(6F —0")— Bsebp cos(6 —6{"))
m=a,b,c
- mg ng”V;” (Gsepy, sin(6) —0]") — Bseby cos(6) —67") (5.107)
+ VIV (Gshpg' sin(8 —6,,) — Bshjg' cos(6) —6;,))
m=a,b,c

where p, m = a, b, c. Gsebhp + jBsehp € Yse;il;f ,and Gsepg' + jBsehs € Ysef,gc .
The active and reactive power flows of the primary side of the series converter

transformer leaving bus j are:
P} =RelV/ ()]

Y VIV (Gsepp cos(8] —67')+ Bsepp sin(8] —67"))
m=a,b,c
- Py (Gsel™ P _gm P Gin(@? — " (5.108)
> ViV (Gsepp 005(9/ 6" )+ Bsepp s1n(91 8m"))

m=a,b,c
- X V/VZ(Gsels cos(8F —65)+ Bsels sin(0] —65))

m=a,b,c

QO =Im[V/(I%)]
= 3 V/V/"(Gsepy sin(@F —07")—Bseby, cos(8? — 7))
m=a,b,c
(5.109)

— % VIV(Gsepysin@! —0!")~ Bsely cos(87 —0!")

m=a,b,c
— X VIVI(Gshy sin(@ —6.1) ~ Bshiy cos(87 —61))

m=a,b,c

Similarly, the active and reactive power flows at the secondary side of the se-

ries converter transformer are given by:
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PP =Re[V,(I2)]

SVIVI (Gsell cos(82 —6™) + Bse " sin(62, — ™))

se " se s se e
m=a,b,c
5.110
+ Zl)‘/sé"/i’" (Gsely cos(8F — 6" )+ Bsel}' sin(6F, —6")) ( )
m=a,b,c
- mZEng{,’ij (Gselp' cos(88, —67") + Bsefy' sin(67, - 67"))
0l =Im[Vi(If)"]
SVLIVI (Gse Il sin(07 —0") — Bse Il cos(67, — "))
m=a,b,c
(5.111)

+ XVLV"(Gselp sin(8) —0")— Bsely cos(6) —6"))

m=a,b,c

— XVZIV/"(Gsegp sin(8y, —87")— Bsegp cos(8), —67"))

m=a,b,c

5.4.3.3 Active Power Balance of the UPFC

The active power exchange among the converters via the DC link should be bal-
anced at any instant, which is described by:

PZ: ZRZ'F ZPS£+PZOSS:O (5112)
p=a,b,c p=ab.c :

where P and Pl are defined by (5.99) and (5.110), respectively. Ploss repre-

sents losses in converter circuits. Each converter losses consist of two terms. The
first term is proportional to its ac terminal current squared, and the second term is
a constant. The former may be represented by an equivalent resistance, and can be
included into its coupling transformer impedance. The latter of all the converters
can be combined and represented by Ploss.

5.4.4 Symmetrical Components Control Model for Three-Phase UPFC

The symmetrical components control assumes that both the three-phase shunt and
series converter injects three-phase balanced voltages. Basically such a control is
applicable to a three-phase UPFC with any series and shunt transformer connec-
tion types. In principle, the control is identical to that of the positive-sequence
control of the UPFC in conventional positive-sequence power flow analysis when
the three-phase network and loads are balanced.
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5.4.4.1 PQ Flow Control by the Series Converter

The injected three-phase series voltages ng (p=a, b, c¢) should be balanced, this
means that the three-phase voltages are identical in magnitude while their phase

angles have 120° displacement between them. The balanced three-phase voltages
may be represented by the constraints as follows:

AVsek, =Re(Ve -V2e ) =0 (5.113)
AVsel =Im(VE -vhe/2 ) =0 (5.114)
AVse2, =Re(VE -V el ) =0 (5.115)
AVse2 =Im(VE -VEiel)=0 (5.116)

For the three-phase UPFC, the series converter can be used to control the total
three-phase active and reactive power flows of the transmission line. The control
constraints are given by:

PX — Pspec =0 (5.117)
0% —Qspeck =0 (5.118)
where Pspecjzi and Qspec% are the specified total three-phase active and reactive

power flow control references, respectively. PE and szi are the actual total

three-phase active and reactive power flows, respectively and given by:

Pi= 3 Pf
e (5.119)
7= ¥ 0}
Ji perbie Ji (5.120)

where Pﬁ? and Qﬁ- are defined by (5.108) and (5.109), respectively.

5.4.4.2 Voltage Control by the Shunt Converter

For the symmetrical components control model, it is assumed that the injected
three-phase shunt voltages VJZ (p=a, b, c¢) should be balanced. The balanced

three-phase voltages may be represented by the following constraints:

AVshk, =Re(VE -VEe/ )y =0 (5.121)

AVshl, =Im(V3% -v5be/ )y =0 (5.122)

AVsh2, =Re(Ve -V e/ ) =0 (5.123)
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AVsh2, =Im(VE -V ey =0 (5.124)

For the three-phase UPFC, it may be used to control the positive-sequence volt-
age at bus i

V! —Vspec! =0 (5.125)
where Vi] is the actual positive-sequence voltage at bus i and can be represented

by phase voltages V,, Vl-b and V; while Vspeci1 is the positive-sequence voltage

control reference.

5.4.4.3 Transformer Models

For this control model of the UPFC, the shunt converter transformer may be of
any of the connection types shown in Table 5.4 while the secondary sides of the
three single-phase transformers may be delta-connected or may be separated as
shown in Fig. 5.7.

5.4.4.4 Modeling of Three-Phase UPFC in Newton Power Flow

Basically, the three-phase UPFC has twelve operating and control constraints
(5.112) - (5.125). In addition, the state variables such as V./ and V may be con-
strained by the converter voltage ratings, and the currents through the converter
should be within its current ratings.

For the symmetrical components control model of the UPFC, the Newton equa-
tion including six power mismatches at buses i, j and twelve operating and control
mismatches may be written as:

JAX = —F(X) (5.126)

where

AX . 1"

AX - the incremental vector of state variables, and AX =[AX .., AX

AX =[A8],AV,” A7, AV ] 1" - the incremental vector of bus voltage angles

1

and magnitudes.

AX,,. =[A0%,AV A0 ,AV 21" - the incremental vector of the UPFC state
variables .

F(X)= [Fupr,FsyS ]T - bus power and the UPFC operating and control mismatch
vector.

F,, =[AR",AQ/ AP/ ,AQ7 1" - power mismatch vector.

F,.= [PZ,Vi1 —Vsped , AVsh,,AVshy, . AVshz,, AVsh;, .

- the UPFC operating and
PE - Pspec%,szi - Qspec% , AVseIl%, AVse}m,AVse,%g,AVvelzm]T

control mismatches
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J= IFX) . System Jacobian matrix.

X

5.4.5 General Three-Phase Control Model for Three-Phase UPFC

For the general control model of the three-phase UPFC, the series converter can be
used to control the six independent active and reactive power flows of the trans-
mission line while the shunt converter can be used to control the three-phase volt-
ages at the shunt bus.

5.4.5.1 PQ Flow Control by the Series Converter

The six independent active and reactive power control constraints of the series
control of the UPFC are:

P} —Pspect; =0 (p=a,b,c) (5.127)

i —Qspect; =0 (p=a b, o) (5.128)

p

where Pspecfl- , Ospec’; are the specified active and reactive power flow control

references of phase p.

5.4.5.2 Voltage Control by the Shunt Converter

For the general control model of the three-phase UPFC, it may be used to control
three-phase voltages at bus i. The control constraints are given by:

V' —Vspecl =0 (p=a b, c) (5.129)
where V.7 is the actual phase voltage at bus i while Vspec/ is the phase voltage
control reference.
5.4.5.3 Operating Constraints of the Shunt Transformer

In this control model, it is assumed that the zero-sequence voltage component at
the secondary side of the shunt transformer is zero:

Re(p:az’b"/gﬁ) = p:az’bx’/gz cos8) =0 (5.130)
Im( YV[/)= XVhsing} =0 (5.131)

p=a,b,c p=a,b,c
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5.4.5.4 Transformer Models

For this control model of the UPFC, the shunt converter transformer may be of
any of the connection types as shown in Table 5.4 while the series converter is
connected with the system via three separate single-phase transformers where the
secondary sides of the transformers are not connected.

5.4.5.5 Modeling of Three-Phase UPFC in Newton Power Flow

For the general three-phase control model of the UPFC, the Newton equation in-
cluding six power mismatches at buses 7, j and twelve operating and control mis-
matches (5.112), (5.127)—(5.131) may be written as:

JAX = -F(X) (5.132)

where

AX - the incremental vector of state variables, and AX =[AX AX 1"

upfe>
AX s = [A87 , AV A0 jp ,AV jp 1" - the incremental vector of bus voltage angles
and magnitudes.

AX . =[AO5 AV ,A02 AV 21T - the incremental vector of the UPFC state
variables .

F(X) =[F,,.. Fy 1" - bus power and the UPFC operating and control mismatch
vector.

F. =[AP",AQ/ AP/ ,AQY 1" - power mismatch vector.

F i =[P, V" =Vspec, Pj; = Pspec’;, Q% —Qspec’;,Re( XV 1), Im( XV 1"

i 0T ji Ji? Ji° sh

p=a,b,c p=a,b,c
- the UPFC operating and control mismatches
JF(X . .
J= % - System Jacobian matrix.

5.4.6 Hybrid Control Model for Three-Phase UPFC

In contrast to the general control model presented in the previous section, the hy-
brid control model assumes:

¢ the positive-sequence voltage at bus i and the active and reactive power flows
of each phase of the transmission line are controlled,;
e the shunt converter injects three-phase balanced voltages only.
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5.4.6.1 PQ Flow Control by the Series Converter

For the hybrid control model, the phase series voltages V.. (p=a, b, ¢) is injected

to control the active and reactive power flows of that phase. The control con-
straints are given by:

ij —Pspecfi =0 (5.133)

QF —Ospecl; =0 (5.134)

where Pspec f, and Qspec ﬁ (p=a, b, c) are the specified phase active and reactive

: p P (e
power flow control references, respectively. Pj; and Q3 (p=a, b, ¢) are the actual

phase active and reactive power flows, respectively.

5.4.6.2 Voltage Control by the Shunt Converter

For the hybrid control model, the injected three-phase shunt voltages V) (p=a, b,
¢) should be balanced. We have:

AVshk, =Re(VS —-V5e/2 ) =0 (5.135)
AVsh! =Im(Ve -v!Ee/20)=0 (5.136)

AVsh2, =Re(V4 -V ey =0 (5.137)

sh

AVshi, =Im(V S -V &/ ) =0 (5.138)

Assuming that the shunt converter is used to control the positive-sequence volt-
age at bus i, the control constraint is given by:

V' —Vspec; =0 (5.139)

where Vi1 is the actual positive-sequence voltage at bus i while Vspeci1 is the

positive-sequence voltage control reference.

5.4.6.3 Transformer Models

For this control model of the UPFC, the shunt converter transformer may be of
any of the connection types as shown in Table 5.4 while the series converter is
connected with the system via three separate single-phase transformers where the
secondary sides of the transformers are not connected.

5.4.6.4 Modeling of Three-Phase UPFC in the Newton Power Flow

Basically, the hybrid UPFC control model has eleven control constraints given by
(5.133)-(5.139), and the power balance constraint given by (5.112).
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For the hybrid UPFC control model, the Newton equation including six power
mismatches at buses i, j and twelve operating and control mismatches may be
written as:

JAX = -F(X) (5.140)

where

AX - the incremental vector of state variables, and AX =[AX AX 1"

upfc
AX s = [A8 ,AV.” ,AO jp ,AV jp 1" - the incremental vector of bus voltage angles

and magnitudes.
AX,,. =[A85 ,AVD, A8

L AVE, sh,AVs’;]T - the incremental vector of the UPFC state
variables .

F(X) =[F,,.. Fy 1" - bus power and the UPFC operating and control mismatch
vector.
F., =[AP",AQ/ AP/ ,AQY 1" - power mismatch vector.
F,. = [PZ,Vil —Vspec!,AVshy,,AVsh), ,AVshz,,AVsh}, . Pl — Pspec’;, Qf; — Ospect;, v -
the UPFC operating and control mismatches

JF(X . .
J= IFX) - System Jacobian matrix

oX

5.4.7 Numerical Examples

In this section, numerical results are presented for a 5-bus system and the IEEE
118-bus system. The 5 bus three-phase system is shown in Fig. 5.8 in the Appen-
dix of this chapter, while the system parameters are listed in Table 5.11 - Table
5.14. In order to make simulations on the IEEE 118-bus system realistic, a
Delta/Wye-G transformer is inserted between each generator and its terminal bus.

In the following tests, a convergence tolerance of 1.0e-12 p.u. (or 1.0e-10
MW/MV Ar) for maximal absolute bus power mismatches and power flow control
mismatches is used. In order to simplify the following presentation, the Symmetri-
cal Components Control Model proposed in section 5.4.4 is referred to Model I,
the General Control Model in section 5.4.5 is referred to Model II while the Hy-
brid Control Model proposed in section 5.4.6 is referred to Model III.

5.4.7.1 Results for the 5-Bus System

In order to validate the three-phase control models of the UPFC, two cases are car-
ried out under the balanced network and load condition:

Case 1: Well transposed transmission lines and the whole system with balanced
load. A UPFC is inserted between the receiving end of line 1-3 and bus 3.
Suppose the receiving end bus of line 1-3 is now referred to bus 3'. The
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whole system is represented only by the positive-sequence network and
load. The power flow is solved by the single-phase positive-sequence
power flow.

Case 2: Well transposed transmission lines and the whole system with balanced
load. A UPFC is inserted between the receiving end of line 1-3 and bus 3.
The power flow is solved by the three-phase power flow.

The single-phase power flow control reference of the UPFC is 7.04j1.6 p.u. while
the total three-phase power flow control reference is 21.0+j4.8 p.u. The voltage
control reference is 1.0 p.u. The power flow solutions of case 1 and case 2 are
shown in Table 5.5 and Table 5.6

Table 5.5. Power flow solutions for the balanced 5 bus system by single-phase and three-
phase power flow algorithms

Case 1 Case 2

a a

Bus No. Vi 91' Bus No. Vi ‘9,'
(p-u.) (deg) (p-u.) (deg)
1 1.0107 -3.02 1 1.0107 26.98
2 1.0196 -1.43 2 1.0196 28.57
3 1.0000 0.56 3 1.0000 30.56
4 1.0450 0.00 4 1.0450 0.00
5 1.0610 2.33 5 1.0610 2.33

Table 5.6. UPFC solutions on the 5 bus system by single-phase and three-phase power flow
algorithms

Case 1 Case 2
Shunt Series Control Shunt Shunt Series
converter converter models converter converter converter
trans-
former
types
o o a o a °
0y, =066 O, =678 LILOT 1,2,4,6,7 8 =30.66 O, =9178
a
V, = 0.9886pu. V,, = 02982p.u. VS‘Z = 09886 pu. Ve =02982pu.
a o a o
LIL I 3,5 0, =066 6, =978
a a
V., =09886pu. Vi =02982pu.
a o a o
LI, I 8,9 6, =6066 0, = 9778
a a
Vg, =09886pu. Vi =02982pu.
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From Table 5.5, it can be found that the bus voltages of the two cases are iden-
tical except the 30 degree angle shifting of the voltage angles from the three-phase
power flow solution caused by the Wye-G/Delta transformers. For case 2, with the
different UPFC models and the different UPFC shunt transformer types, the power
flow solutions shown in Table 5.5 are the same except that some of the UPFC in-
jected voltages in Table 5.6 have 30 or 60 degree shifting caused by the
Wye/Delta and Delta/Wye transformers. The computation results indicate the va-
lidity of the UPFC models proposed. The test results shown in Table 5.5 and Table
5.6 imply that positive-sequence representation of a power system is normally suf-
ficient when the system is balanced.

In order to investigate the behavior and control performance of the three UPFC
control models proposed, case studies are carried out for the 5-bus system when
the network is unbalanced and there is unbalanced load at bus 3. The power flow
and voltage control references of the UPFC are the same to those of the balanced
case. The system data are given by Appendix while the test results are given by
Table 5.7 to Table 5.9. From these tables it can be found:

1. The power flow solutions with the different UPFC control models are not the
same when the system is unbalanced. This implies that under unbalanced con-
ditions, three-phase modeling of the system is needed and proper modeling of
three-phase UPFC and its controls should be considered.

2. The power flow solutions with the same UPFC control model and the different
shunt converter transformer connection types are not the same when the system
is unbalanced. This indicates that appropriate modeling of UPFC transformers
is needed when the system is unbalanced.

Table 5.7. Power flow solutions for the unbalanced 5 bus system with UPFC Model I

Case No. 3 4
Shunt converter 3 8
transformer type

a a o a a o
v =099%61 6" =3035 =0. =29,
Shunt bus 3 3 Vy = 09994 93 29-39
b b o b b o
v’ =1.0106 6. =-89.82 V. =1.0253 6] = -89.71
3 3 3 3
c c ° c c o
V. =09933 6 =15017 VS =09854 8 =150.78
ve =094 6° =03° v =09915 ¢ =6030°
Shunt converter SZ Abh sh sh
vP o094 6" = 11968 v’; = 0.9915 ebh =-59.70°
h sh S
ve =09914 ¢ =12032 ° VS =09915 6° =180.30 °
sh sh sh sh
. Ve =02667 6% =9945° v =02067 69 =9937°
Series converter e . se se
v’ =0.2667 Bse’ = -20.55 v? Z 02667 87 = —20.63°
se se se se
Ve =02667 67 =-14055 " y© Z 02667 0° = 14063 °
se se

Number of iterations 6 6
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Table 5.8. Power flow solutions for the unbalanced 5 bus system with UPFC Model II

Case No. 5 6
Shunt converter 3 8
transformer type
a a o a a o
= = v =1.0000 6% =3221
Shunt bus V. =1.0000 87 = 3054 : .
b b _ b o
v = 1.0000 9;’ = 90.03° v, =1.0000 6] =-9156
. o c _ C _ o
vy =1.0000 6] = 15048 v, =1.0000 &/ =150.54
a a o a a o
v =09871 esh® =0.19 =1.009 6% =60.82
Shunt converter sh o sh sh
o b b o
vP 09873 67 =-119.32 v’ =09850 6° =-60.68
sh sh sh sh
v 209945 6° =12041° € =09750 0 =18134 °
sh sh sh sh
. v¢ =03029 6° =93.93° v =03261 09 =96.57°
Series converter se se se se
v? = 0302 6 = -823° v? = 01885 67 = -8.99°
se se se se
Ve 203029 6° =—-14483° v; = 0.3193 ‘9: = -145.09 °
se se
Number of iterations 6 7

Table 5.9. Power flow solutions

for the unbalanced 5 bus system with UPFC Model 111

Case No. 7 8
Shunt converter 3 8
transformer type
a a ° a a o
vV =1.0038 6 = 30.58 V' =009848 0 = 3147
Shunt bus 3b 3b 3 3
V' =09978 9 = -90.18 vl 09921 6% = —9153°
3 3 3 3
VS =09984 0° =150.69 VS =1.0240 0° =15126°
3 3 3 3
a a o a a °
V4 =09896 6° =046 v 209894 6 =60.52
Shunt converter sh sh sh sh
o b b o
v —09896 6° =-119.54 vP 09804 67 = -5948
sh sh sh sh
¢ —12046° V¢ =09894 e”h =180.52°
S

Series converter

Number of iterations

V¢ =0989%6 6
sh

v =03048 6 =93.44°

se se
vl 02117 6% = -787°
se se
v =0318 6° = -14433 °
se o

6

sh

v =03108 8¢ =97.83°
St se

-7.21°

vP = o0.1885 6°
se

VS =03388 0° =-14739 °
se

7
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5.4.7.2 Results for the Modified IEEE 118-Bus System

Further tests are carried out on the modified IEEE 118-bus system, which are as

follows:

Case 9:

Case 10:

Case 11:
Case 12:
Case 13:

Case 14.

Case 15:

Case 16:

Case 17:

Case 18:

Well-transposed transmission lines and the system with unbalanced load
at bus 45 with 0.73+;0.22 p.u., 0.53+0.22 p.u., 0.23470.22 p.u. for
phase a, b, ¢ loading, respectively, and unbalanced load at bus 78 with
0.51+50.26 p.u., 0.714j0.26 p.u., 0.91+j0.26 p.u. for phase a, b, c load-
ing, respectively.

As for case 9, there are two UPFCs installed on the transmission lines
30-38 and 68-81. The control model I is used for the two UPFC.

Similar to case 10, but the control model II is used for the two UPFC.
Similar to case 10, but the control model III is used for the two UPFC.

Similar to case 10, but the control model I is used for the UPFC on line
30-38 and the control model II is used for the UPFC on line 68-81.

Similar to case 10, but the control model I is used for the UPFC on line
30-38 and the control model III is used for the UPFC on line 68-81.

Similar to case 10, but the control model II is used for the UPFC on line
30-38 and the control model I is used for the UPFC on line 68-81.

Similar to case 10, but the control model II is used for the UPFC on line
30-38 and the control model III is used for the UPFC on line 68-81.

Similar to case 10, but the control model III is used for the UPFC on line
30-38 and the control model I is used for the UPFC on line 68-81.

Similar to case 10, but the control model III is used for the UPFC on line
30-38 and the control model II is used for the UPFC on line 68-81.

In cases 9 - 18, the active power control references of the UPFC are 140% of the
base case power flows, respectively. It is assumed that (a) three separate series
transformer units are used for each UPFC; (b) the shunt transformer of the UPFC
on line 30-38 is a Wye-G/Delta three-phase transformer while the shunt trans-
former of the UPFC on line 68-81 is a Delta/Delta three-phase transformer. The
test results are shown in Table 5.10. For all the cases above for the modified IEEE
118-bus system, the power flow algorithm can converge within 8 iterations.

Table 5.10. Results for the modified IEEE 118-bus system

Case No. Number of iterations

9 6
10-18 8
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5.5 Three-Phase Newton OPF in Polar Coordinates

Mathematically, as an example the objective function of a three-phase OPF may
be minimizing the total operating cost as follows:

Ng
Minimize f(x)= Y (; * Pg? + B, * Pg; + ¥, (5.141)
while subject to the following constraints:

Nonlinear equality constraints:

APP =—Pdl -VP'S X VI"(G]"cos6l™ + Bl sin6)™)
jei m=a,b,c (5142)

(p=a b, candi=1,2,...,N)

AQF =-Qdl -v'Yy ¥ V;“ (G;’” sin 9;’“ - Bifm cos Hifm)
jei m=a,b,c ° ’ (5.143)

(p=a b candi=1,2,...,N)

APg; =—-Pg;
- X YIVPV(Ggl™ cos 8™ + Bg ™ sin 67™)

p=a,b,c m=a,b,c
LS S[VPEP(Ggl"cos(8” — 8"+ Bg sin@? —smy O 1)

p=a,b,c m=a,b,c

(i=1,2, ..., Ng)
AQg; =-0g;
- > VIV (Ggl™ sin 7™ — Bg/™ cos 67™)
p=a,b,c m=a,b,c ) (5145)

+ X SIVPEP (Ggl™ sin(@ — 8")— Bg!™ cos(6F —8™))

i
p=a,b,c m=a,b,c

(i=1.2, ..., Ng)
Inequality constraints:
(BP)?+@f) < (57™)? (5.146)
PMM < pg, <P™*  (i=1,2, Ng) (5.147)
O™ <Qg;<Q™  (i=1,2,Ng) (5.148)
(< <MY (i=1,2, Ni) (5.149)
VIR <y <y (i=1,2,N) (5.150)

where
a;, B, v; coefficients of production cost functions of generator
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APl.p bus active power mismatch equations
AQ/ bus reactive power mismatch equations
Py active line power flow
,-5’ Reactive line power flow
Pg the vector of active power generation
Og the vector of reactive power generation
Gg the vector of generator internal bus voltage angle
Vg the vector of generator internal bus voltage magnitude
o the vector of bus voltage angle
Vv the vector of bus voltage magnitude
t the vector of transformer tap ratios
x= [Pg, Qg,0g, Vg, 1,6 V]T is the vector of variables
N the number of system buses excluding the generator internal
buses
Ng the number of generators
Nt the number of transformers

The power flows P/ and Q/ are given by:

pr =Vl~”m=§bCij(Gi§’m cos @™ +Bi"sin@/™)  (p=a, b, c) (5.151)
[jg :Vipm=§b Cij(G[ij siné’,-fm —Bij?m COSHUPm) (p =da, b, C) (5152)
In the three-phase OPF problem of (5.141)-(5.150), the SSSC and UPFC mod-
els with the extra equalities and inequalities, which have been presented in previ-
ous sections, can be included. The three-phase OPF problem may be solved by the
nonlinear interior point methods that have been applied to the conventional OPF
problems. With the integration of distributed generation into power networks, a
three-phase OPF tool will be required in the operation, control and planning of
power networks to ensure the security and reliability.
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5.6 Appendix A - Definition of Yg;

Zg; is the impedance matrix of a synchronous machine, which is given by:

21 0 0
2g; =T |0 z 0 [Ty
0 0 20

2 2 5.153
ptz1t+ 2, Zgtaz taz, zpta z;+az, ( )

2 2
=§ Zpta z taz, otz t+ 2 Zptaz ta z,
2 2
Zgptaz+az, zpta zp+az, ot 1+ 2

where Talbzc0 and Tl‘g(’f are the transformation matrix of symmetrical components

and its inverse matrix, respectively. z;, z,and z, are the positive-, negative-, and

zero-sequence impedances of a synchronous machine. a = e’ 2ml3

Yg,is the admittance matrix of a synchronous machine, which is given by:

Yg, =(Zg)™ (5.154)

5.7 Appendix B - 5-Bus Test System

The 5 bus three-phase system is shown in Fig. 5.8. The system parameters are
listed in Table 5.11 to Table 5.14.

Fig. 5.8. 5-bus test system
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Table 5.11. Generator data in p.u.

Generator Bus Sequence reactance Power Voltage
name No. Xo X, X, P \
Gl 5 0.02 0.20 0.04 21.0 1.061
G2 4 0.02 0.20 0.04 slack 1.045

Table 5.12. Transformer data in p.u.

Transformer Tl & T2
Connection Wye-G/Delta
Leakage impedance 0.0016+j0.015
Primary tap 1.0
Secondary tap 1.0

Table 5.13. Unbalanced line data for line 1-2, line 1-3 and line 2-3
Series impedance matrix (p.u.)

Phase a Phase b Phase ¢
0.0066 + j 0.0560 0.0017 +j 0.0270 0.0012 +j 0.0210
0.0045 +j 0.0470 0.0014 + j 0.0220

0.0062 +j 0.0610
Shunt admittance matrix (p.u.)

Phase a Phase b Phase ¢
j 0.150 -70.030 -j0.010
j0.250 -3 0.020

j0.125

Table 5.14. Load data of the 5-bus system

Phase a Phase b Phase ¢
Bus 1 0.6+j0.3 06+j0.3 0.6+j0.3
Bus 2 20+j0.8 20+j0.8 20+j0.8
Bus 3 6.0+j3.0 6.3+j2.7 5.7+j3.3

References

[1] El-Abiad AH, Tarsi DC (1967) Load flow study of untransposed EHV networks. In
Proceedings of the IEEE Power Industry Computer Application (PICA) Conference,
Pittsburgh, USA, pp 337-384

[2] Wasley RG, Shlash MA (1974) Newton-Raphson algorithm for three phase load flow.
IEE Proceedings, vol 121, pp 631-638

[3] Birt KA, Graf JJ, McDonald JD, El-Abiad AH (1976) Three phase power flow pro-
gram. IEEE Transactions on PAS, vol 95, pp 59-65

[4] Arrillaga J, Harker BJ (1978) Fast-decoupled three phase load flow. IEE Proceedings,
vol 125, pp 734-740



References 187

(5]

(6]
(7]
(8]

9]

(10]

(11]

[12]

[13]

[14]

[15]

[16]

[17]

(18]

[19]

[20]

(21]

[22]

Laughton MA, Saleh AOM (1980) Unified phase coordinate load flow and fault
analysis of polyphase networks. International Journal of Electrical Power and Energy
Systems, vol 2, pp 181-192

Arrillaga J, Arnold CP (1983) Computer Modelling of Electrical Power Systems, John
Wiley & Sons

Chen BK, Chen MS, Shoults RR, Liang CC (1990) Hybrid three phase load flow.
Proc. IEE, pt C, vol 137, 177-185

Allemong, Bennon RJ, Selent PW (1993) Multiphase power flow solutions using
EMTP and Newton’s method. IEEE Transactions on Power Systems, vol 8, no 4, pp
1455-1462

Zhang XP, Chen H (1994) Asymmetrical three phase load flow study based on sym-
metrical component theory. IEE Proceedings— Generation, Transmission & Distribu-
tion, vol 143, no 3, pp 248-252

Zhang XP (1996) Fast three phase load flow methods. IEEE Transactions on Power
Systems, vol 11, no 3, pp 1547-1554

Zhang XP, Chu W, Chen H (1996) Decoupled Asymmetrical Three Phase Load Flow
Study by Parallel Processing. IEE Proceedings— Generation, Transmission & Distri-
bution, vol 143, no 1, pp 61-65

Garcia PAN, Pereira JLR, Carneiro S, da Costa VM, Martins N (2000) Three phase
power flow calculations using current injection method. IEEE Transactions on Power
Systems, vol 15, no 2, pp 508-514

Sun DI, Abe S, Shoults RR, Chen MS, Eichenberger P, Farris D (1980) Calculation of
energy losses in distribution system. IEEE Transactions on PAS, vol 90, no 4, pp
1347-1356

Luo GX, Semlyen A (1990) A compensation based power flow method for weakly
meshed distribution and transmission networks. IEEE Transactions on Power Sys-
tems, vol 5, no 4, pp 1309-1316

Cheng CS, Shirmohammadi D (1995) A three phase power flow method for real-time
distribution system analysis. IEEE Transactions on Power Systems, vol 10, no 2, pp
671-679

Zhang F, Cheng CS (1997) A modified Newton method for radial distribution system
power flow analysis. IEEE Transactions on Power Systems, vol 12, no 1, pp 389-397
Chen TH, Chen MS, Hwang K-J, Kotas P, Chebli EA (1991) Distribution system
power flow analysis — a rigid approach. IEEE Transactions on Power Delivery, vol 6,
no 3, pp 1547-1554

Zimmerman RD, Chiang HD (1995) Fast decoupled power flow for unbalanced radial
distribution systems. IEEE Transactions on Power Systems, vol 10, no 4, pp 2045-
2052

Exposito GA, Ramos ER (1999) Reliable load flow technique for radial distribution
networks. IEEE Transactions on Power Systems, vol 14, no 3, pp 1063-1069

Lin W-M, Su Y-S, Chin H-C, Teng JH (1999) Three phase unbalanced distribution
with minimal data preparation. IEEE Transactions on Power Systems, vol 14, no 3, pp
1178-1183

Teng JH (2002) A modified Gauss-Seidel algorithm of three phase power flow analy-
sis in distribution networks. International Journal of Electrical Power and Energy Sys-
tems, vol 24, pp 97-102

Dillon WE, Chen MS (1972) Transformer modeling in unbalanced three-phase net-
works. Proceedings of IEEE Summer Meeting, Vancouver, Canada, July 1972



188

5 Modeling of FACTS in Three-Phase Power Flow and Three-Phase OPF Analysis

(23]

(24]

(25]

(26]

(27]

(28]

Chen MS, Dillon WE (1974) Power system modeling. Proceedings of the IEEE, vol
62, no 7, pp 901-915

Zhang XP, Xue CF, Godfrey KR (2004) Modelling of the static synchronous series
compensator (SSSC) in three phase Newton power flow. IEE Proceedings— Genera-
tion, Transmission & Distribution, vol 151, no 4, pp 486-494

Zhang XP (2005) The unified power flow controller models for three-phase power
flow analysis. Electrical Engineering, doi: 10.1007/s00202-004-0283-x, online ver-
sion available, to appear in 2005

Schauder C, Gernhardt M, Stacey E, Lemak T, Gyugyi L, Cease TW, Edris A (1995)
Development of a +100MVar Static Condenser for voltage control of transmission
systems. IEEE Transactions on Power Delivery, vol 10, no 3, pp 1486-1493

Gyugyi L, Shauder CD, Sen KK (1997) Static synchronous series compensator: a
solid-state approach to the series compensation of transmission lines. IEEE Transac-
tions on Power Delivery, vol 12, no 1, pp 406-413

Gyugyi L, Shauder CD, Williams SL, Rietman TR, Torgerson DR, Edris A (1995)
The unified power flow controller: a new approach to power transmission control.
IEEE Transactions on Power Delivery, vol 10, no 2, pp 1085-1093



6 Steady State Power System Voltage Stability
Analysis and Control with FACTS

Voltage stability analysis and control become increasingly important as the sys-
tems are being operated closer to their stability limits including voltage stability
limits. This is due to the fact that there is lack of network investments and there
are large amounts of power transactions across regions for economical reasons in
electricity market environments. It has been recognized that a number of the sys-
tem blackouts including the recent blackouts that happened in North America and
Europe are related to voltage instabilities of the systems.

For voltage stability analysis, a number of special techniques such as power
flow based methods and dynamic simulations methods have been proposed and
have been used in electric utilities [1]-[4]. Power flow based methods, which are
considered as steady state analysis methods, include the standard power flow
methods [5], continuation power flow methods [6]-[11], optimization methods
[18]-[22], modal methods [2], singular decomposition methods [1], etc.

This chapter focuses on the methods for steady state power system voltage sta-
bility analysis and control with FACTS. The objectives of this chapter are summa-
rized as follows:

1. to discuss steady state power system voltage stability analysis using continua-
tion power flow techniques,

2. to formulate steady state power system voltage stability problem as an OPF
problem,

3. to investigate FACTS control in steady state power system voltage stability
analysis,

4. to discuss the transfer capability calculations using continuation power flow
and optimal power flow methods,

5. to discuss security constrained OPF for transfer capability limit determination.

6.1 Continuation Power Flow Methods for Steady State
Voltage Stability Analysis

6.1.1 Formulation of Continuation Power Flow

Predictor Step. To simulate load change, Pd;and Qd;, may be represented by:
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Pd; = Pd)(1+ A* KPd,) (6.1)

Qd} =Qd (1+ 2% KQd,) (6.2)

where Pd,-0 and Qd IQ are the base case active and reactive load powers of phase p
at busi. A is the loading factor, which characterize the change of the load. The ra-
tioof KPd! /KQd/! is constant to maintain a constant power factor.

Similarly, to simulate generation change, Pg, and Qg,, are represented as
functions of A and given by:

Pg; = Pg{(1+ A*KPg,) (6.3)

Qg; = 0g] (1+ A*KQg)) (6.4)

where Pg’and Qg! are the total active and reactive powers of the generator of
the base case. The ratio of KPg;/ KQg, is constant to maintain constant power

factor for a PQ machine. For a PV machine, equation (6.4) is not required. For a
PQ machine, when the reactive limit is violated, Qg; should be kept at the limit
and equation (6.4) is also not required.

The nonlinear power flow equations are augmented by an extra variable A as
follows:

fx,)=0 6.5)

where f(x,A) represents the whole set of power flow mismatch equations.

The predictor step is used to provide an approximate point of the next solution.
A prediction of the next solution is made by taking an appropriately sized step in
the direction tangent to the solution path.

To solve (6.5), the continuation algorithm with predictor and corrector steps
can be used. Linearizing (6.5), we have:

df (x,2) = fodx + f,dA=0 (6.6)

In order to solve (6.6), one more equation is needed. If we choose a non-zero
magnitude for one of the tangent vector and keep its change as *1, one extra
equation can be obtained:

t =1 (6.7)

where 1, is a non-zero element of the tangent vector dx .

Combining (6.6) and (6.7), we can get a set of equations where the tangent vec-
tordx and dA are unknown variables:



6.1 Continuation Power Flow Methods for Steady State Voltage Stability Analysis 191

iRk o

where ¢ is a row vector with all elements zero except for K", which equals one. In
(6.8), whether +1 or —1 is used depends on how the K" state variable is changing
as the solution is being traced. After solving (6.8), the prediction of the next solu-

tion may be given by:
x| _| x|, fdx ¢
AR EIEY ©9)

where * denotes the estimated solution of the next step while ¢ is a scalar, which
represents the step size.

Corrector Step. The corrector step is to solve the augmented Newton power flow
equation with the predicted solution in (6.9) as the initial point. In the augmented
Newton power flow algorithm an extra equation is included and A is taken as a
variable. The augmented Newton power flow equation may be given by:

A 0
{f_(f__z__} - H (6.10)
X, —n 0

where 7, which is determined by (6.10), is the predicted value of the continuation
parameter x, . The determination of the continuation parameter is shown in the

following solution procedure.
The corrector equation (6.10), which consists of a set of augmented nonlinear
equations, can be solved iteratively by Newton’s approach as follows:

fo Sa)tx\_ | SA
e rakey o

6.1.2 Modeling of Operating Limits of Synchronous Machines

Normally a generator terminal bus is considered as a PV bus, at which the voltage
magnitude is specified while the rotor, stator currents and reactive power limits
are being monitored according to the capability curve of the generator. The operat-
ing limits of a generator that should be satisfied are as follows:

I, <M 6.12)

IP<I,<If™ or Ef™ <E, <EP™ (6.13)
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Pg™M < pg < pg™™ (6.14)
Qg™" (Pg) < Qg < Qg™ (Pg) (6.15)
where [;* is the current limit of the generator stator winding. /¥ and I_;?i"

are the maximum and minimum current limits of the generator rotor winding, re-
spectively, while E;™ and Ej‘}“i“ are the corresponding excitation voltage limits.

Pg™™ and Pg™" are the maximum and minimum reactive power limits deter-
mined by the capability curve, which are used in continuation power flow analy-
sis. Qg™ and Qg™" are the maximum and minimum reactive power limits de-

termined by the capability curve, which are usually the functions of active power
generation.

When one of the inequalities above is violated, the variable is kept at the limit
while the voltage control constraint is released. However, when more than one in-
equality is violated, the technique proposed in [12] can be applied to identify the
dominant constraint, and then the dominant constraint is enforced while the other
constraints are monitored.

6.1.3 Solution Procedure of Continuation Power Flow

The general solution procedure for the Continuation Three-Phase Power Flow is
given as follows:

Step 0: Run three-phase power flow when Pd;, Qd;, Pg; and Qg; are set to

Pdio , Qal,-0 , Pg? and Qg,Q , respectively. The initial point for tracing the
PV curves is found.

Step 1: Predictor Step
(a) Solve (6.8) and get the tangent vector [dx,dA] ;

(b) Use (6.9) to find the predicted solution of the next step.

(c) Choose the continuation parameter by evaluating
X, oty =max(ldx; ).

(d) Check whether the critical point (maximum loading point) has been
passed by evaluating the sign of dA. If dA changes its sign from
positive to negative, then the critical point has just passed.

(e) Check whether 1'<0 (Note 0< A< A
3.

). If this is true, go to Step

max

Step 2:  Corrector Step
(a) According to the chosen continuation parameter to form the aug-
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mented equation (6.10);

(b) Form and solve the Newton equation (6.11);

(c) Update the Newton solution and continue the iterations until the cor-
rector step converges to a solution with a given tolerance;

(d) Goto Step 1.

Step 3: Output solutions of the PV curves.

For tracing the upper portion of PV curves, 4 may be taken as the continuation
parameter. If, at the predictor step, dA is changed from positive to negative, then
the critical point has just passed, and the continuation parameter may be changed
from loading factor 4 to bus voltage magnitude. The bus voltage magnitude with
the largest decrease may be chosen as the continuation parameter.

The negative voltage sensitivities, at or near the critical point, with respect to
the loading factor A4 are very useful information in identifying the vulnerable sys-
tem buses. The bigger the voltage sensitivities, the more vulnerable the system
buses are.

The continuation power flow described above can be applied to two situations.
The first situation is in the determination of system loadability limit while the sec-
ond is in the determination of system transfer capability limit. If, in the analysis,
voltage limits of load buses and thermal limits of transmission lines are not con-
sidered, the system loadability limit or the transfer capability limit is, in principle,
corresponding to the system voltage stability limit. However, if voltage limits of
load buses and thermal limits of transmission lines are considered, in principle the
system loadability limit or the transfer capability limit may be lower than the cor-
responding system voltage stability limit.

6.1.4 Modeling of FACTS-Control in Continuation Power Flow

In principle, similar to the power flow analysis, the models for FACTS-devices
such as SVC, TCSC, STATCOM, SSSC, UPFC, IPFC, GUPFC and VSC HVDC
are applicable to the continuation power flow for the steady state voltage stability
analysis. In addition to the FACTS-devices, other control devices such as explicit
model of excitation systems, tap changer control may be considered.

6.1.5 Numerical Results

In the following, numerical results are carried out on the IEEE 30-bus system and
the IEEE 118-bus system. The single-line diagram of the IEEE 30-bus system is
shown in Fig. 2.2, while the single-line diagram of the IEEE 118-bus system is
presented in Fig. 6.1.
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Fig. 6.1. IEEE 118-bus system

6.1.5.1 System Loadability with FACTS-Devices

Two cases for the IEEE 30-bus system and the IEEE 118-bus system have been
studied. The maximum loading factors of these two cases are shown in Table 6.1.

For the IEEE 30-bus system, the candidate buses, at which STATCOMs are in-
stalled, are the buses with larger voltage sensitivities with respect to system load-
ing factor 4 at the voltage collapse point or the nose point. It is found that three
largest voltage sensitivities are at buses 28, 29 and 30. A STATCOM is installed
at bus 29 of the IEEE 30-bus system. The maximum loading factor is given by
Table 6.2, which shows an increase of the maximum voltage stability limit by
33%.

Table 6.1. Maximum loading factors

Case No. System Maximum loading factor A,

Case 1 IEEE 30-bus system 2.08
Case 2 IEEE 118-bus system 2.25
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Table 6.2. Maximum loading factors

Case System Maximum loading Increase of the maximum

No. factor ﬂmax loading in percentage using
FACTS control

Case 3 IEEE 30-bus system 2.77 33%

Case 4 IEEE 118-bus system  2.66 18%

For the IEEE 118-bus system without STATCOM, it is found that the largest
voltage sensitivities at the voltage collapse point or the nose point are at buses 38,
43, 44, 45. Four STATCOM are installed at these buses, respectively. The maxi-
mum loading factor for the IEEE 118-bus system with 4 STATCOMs is presented
in Table 6.1, which shows an increase of the voltage stability limit by 18%.

It has been found that for case 3 and case 4, shunt reactive power control using
STATCOM (or SVC) is very effective while series reactive power compensation
control using SSSC and series-shunt reactive power compensation using UPFC are
not effective.

6.1.5.2 Effect of Load Models

Without considering the frequency effect, a general static load model may be
given by:

Pdio =Pd" """ (a,p +a,V; + ai2Vi2) (6.16)

Qd} = 0d"™ (b +byV; +bpVi) (6.17)

where subscript i denotes the bus number. Pd/"”™ and Qd[°™ are the active and
reactive powers at nominal voltage. a;, and b,, represent the constant power
components; a;; and b; represent the constant current components; a;, and b,

represent the constant impedance components. The model in (6.16) and (6.17) is
also known as ZIP model where Z represents impedance, I represents current, and
P represents power. The parameters in (6.16) and (6.17) should satisfy the follow-
ing equations:

Ao +a; +ap =1 (6.18)

by +b;; +b;p =1 (6.19)

In order to investigate the effects of different load models on voltage stability
limits, cases 5-10 for the IEEE 30-bus system, which are presented in Table 6.3.
The PV curves of bus 27 are shown in Fig. 6.2-Fig. 6.7, respectively.
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Table 6.3. Case studies with different load models for the IEEE 30-bus system

Case No. Load model parameters

Case5 g, =b,=10, a; =b,=0.0,qa;, =b,, =0.0, PQ load

Case6  ay=hy=0.6, ay=by =04 ,a; = by =0.0

Case?  ay=hy =06, ay=by, =0.0,a, =b, =04

Case 8 a;y=b;y=0.6, a; =b;=02,a,, =b, =02

Case9  q,,=b,,=0.0, a; =b, =1.0,a;, =b;, =0.0, Current load
Case 10 g,y =b,, =0.0, a; =b; =0.0,a;, =b;, =1.0, Impedance load

1.1 1.1
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Fig. 6.4. PV curve at bus 27 for case 7 Fig. 6.5. PV curve at bus 27 for case 8
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Fig. 6.6. PV curve at bus 27 for case 9 Fig. 6.7. PV curve at bus 27 for case 10

From Figures 6.2 to 6.5 and Table 6.3, it can be seen that for the constant
power model, the maximum loading factor is the minimal. It should be pointed
out, that for case 9 and case 10, there is no nose point available. From these exam-
ples, it is clear that load models play a very important role in voltage stability
analysis.

6.1.5.3 System Transfer Capability with FACTS-Devices

Two cases for the IEEE 30-bus system without and with FACTS-devices have
been studied. In the study, the IEEE 30 bus system was divided into two areas.
The two areas are interconnected by intertie lines: 4-12, 6-9, 6-10, and 28-27
while buses 4, 6, 28 belong to the area 1. The power transfer from the area 1 to the
area 2 has been investigated.

The maximum loading factors of these two cases are shown in Table 6.4. The
system transfer capability limit here is limited by voltage stability limit while the
load bus voltage limits and thermal limits of the transmission lines are not consid-
ered. As it has been discussed, the candidate buses, at which STATCOMs are in-
stalled, are the buses with larger voltage sensitivities with respect to system load-
ing factor A at the voltage collapse point or the nose point. It is found that three
largest voltage sensitivities are at buses 27, 29 and 30. A STATCOM is installed
at bus 29 of the IEEE 30-bus system. The maximum loading factor is given by
Table 6.4, which shows an increase of the maximum voltage stability limit by
35%.

Table 6.4. Maximum loading factors

Case No. System Maixmum loading factor A,

Case 11 IEEE 30-bus system without FACTS 2.15
Case 12 IEEE 30-bus system with FACTS 2.90
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It has been found that for case 11 and case 12, shunt reactive power control us-
ing STATCOM (or SVC) is very effective while series reactive power compensa-
tion control using SSSC and series-shunt reactive power compensation using
UPFC are not effective. The reason is that the effectiveness of series FACTS con-
trol relies on its global optimal setting.

The advantage of the continuation method is that operating limits such as ther-
mal, voltage and voltage stability limits can be fully taken into account. However,
the disadvantages of the method include:

e Adjustment of generation, transformer tap positions, FACTS-controls, etc. in
loadability or transfer capability calculations would be very difficult.

e [t is heuristic in nature when voltage and thermal limits are considered in load-
ability or transfer capability calculations.

® The difficulty of implementation of global coordination. For instance, it is dif-
ficult to find optimal settings for series FACTS-devices and coordinate their
controls.

In nature, continuation power flow belongs to power flow analysis. In principle,
techniques that have been successfully applied to solve power flow problems
should be applicable to continuation power flow calculations.

6.2 Optimization Methods for Steady State Voltage
Stability Analysis

It has been well recognized that optimization methods can be applied to determine
the system loadability and transfer capability. However, the definition and formu-
lation of these in literature are not consistent since there are a few possible differ-
ent formulations of these problems considering different combination of equip-
ment, voltage and thermal constraints. In the following, different formulations for
system loadability and transfer capability problems are discussed at first, then nu-
merical examples are given.

6.2.1 Optimization Method for Voltage Stability Limit Determination

The maximum voltage stability limit can be formulated as a nonlinear optimiza-
tion problem. The objective of the problem is to determine the maximum voltage
stability limit for a power system considering either the increase of total system
load for the case of loadability determination, or the increase of load at a specified
region or buses for the case of transfer capability determination while satisfying
generator bus voltage constraints and equipment constraints. The optimization
problem may be formulated as follows:

Maximize: A (6.20)

subject to:
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g(x,u,4)=0 (6.21)
h.., <hx,u)<h_ (6.22)
where
u- the set of control variables
X - the set of dependent variables

g(x,u) - the power flow equations, and control equality constraints for FACTS,

transformers, generators, etc
h(x,u) - the limits of the control variables, operating limits of power system

components such as generators, transformers and FACTS-devices, and
voltage constraints at load buses

The problem in (6.20)-(6.22) can be solved by nonlinear interior point methods
[19]-[21]. In the problem in (6.20)-(6.22), the bus load may be represented by:

P, =AP) (6.23)

0, =20] (6.24)

where Pf and QS are the base case bus active and reactive load powers, and it is

assumed that a constant power factor is maintained. It should be pointed out that
A defined here is different from A used in the continuation power flow analysis
as shown in (6.1)-(6.4). In other words, A defined in (6.23) and (6.24) is corre-
sponding to A+1 in the continuation power flow analysis.

In (6.22), thermal limits of transmission line and voltage constraints at load
buses are not included. The maximum voltage stability limit problem in (6.20)-
(6.22) is very similar to the continuation power flow problem in section 6.1. The
significant difference between the two methods is that the former can be only used
to determine the voltage stability limit, while the latter is able to trace the bus PV
curves, simulate control sequences and actions, and obtain sensitivity information
along the PV curves. The advantages of the former are:

e Coordinated adjustment of control settings of generators, transformers and
FACTS-devices, etc.

e Direct consideration of equipment limits and operating limits in the formula-
tion.

6.2.2 Optimization Method for Voltage Security Limit Determination

The maximum loadability or transfer capability limit determination can be formu-
lated as a nonlinear optimization problem. The objective of the problem is to de-
termine the maximum system load increase for a power system considering either
the increase of total system load for the case of loadability determination, or the
increase of load at a specified region or buses for the case of transfer capability
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determination while satisfying bus voltage constraints and equipment constraints.
The optimization problem may be formulated, which is very similar to problem in
(6.20)-(6.22) except that now voltage constraints at load buses are also considered.
The optimization problem can be solved by nonlinear interior point methods [19]-
[21].

6.2.3 Optimization Method for Operating Security Limit Determination

The maximum loadability or transfer capability limit determination considering
operating security constraints can be formulated as a nonlinear optimization prob-
lem. The objective of the problem is to determine the maximum system load in-
crease for a power system considering either the increase of total system load for
the case of loadability determination, or the increase of load at a specified region
or buses for the case of transfer capability determination while satisfying all bus
voltage constraints, thermal constraints of transmission lines, and equipment con-
straints. The optimization problem may be formulated as follows:

Maximize: A (6.25)
subject to:
g(x,u,4) =0 (6.26)
h ., <hx,u)<h_ (6.27)
where
u- the set of control variables
X - the set of dependent variables

g(x,u) - the power flow equations, and control equality constraints for FACTS,

transformers, generators, etc
h(x,u) - the limits of the control variables, operating limits of power system

components such as generators, transformers and FACTS-devices,
voltage constraints at all buses, and thermal limits of transmission lines

The optimization problem in (6.25)-(6.27) can be solved by nonlinear interior
point methods [19]-[21]. In (6.27), thermal limits of transmission lines and voltage
constraints at all buses are included. In transfer capability calculations, when con-
tingencies should be considered, a security-constrained transfer capability problem
can be formulated, which will be discussed in section 6.3.

6.2.4 Optimization Method for Power Flow Unsolvability

As the requirements for satisfactory system operation, the region of feasible solu-
tions, satisfying all constraints simultaneously, may not be able to converge. In ot-
her words, the power flow or optimal power flow problem is unsolvable. In this
situation, the critical question is how to take control actions to restore the solvabil-
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ity of the power flow or optimal power problem. In the following, a robust nonlin-
ear OPF formulation which introduces reactive slack variables and load shedding
variables in the unsolvable problem is proposed to handle the infeasibility of a so-
lution. It is formulated as:

N
2.COr0; +COrl; *Qr; + CQr2; * Qri2
. "N
Minimize: + 2.C0Oc0; +CQcl; *Qc; +COc2; * chz (6.28)

N
+Y.CPdO, + CPd1, * APd, + CPd2; * APd})

l
subject to the following constraints:

Pg; — Pd; + APd; — P.(V,0,T) = DP,(x)=0

(6.29)
(i=1,2,3,N)
. —Qd, +a, * APd, . —Or, —0;(V,0.T) =DQ,;(x)=0
0g,—0d; +aq, i +0c; —0r, — 0 ( ) 0, (x) 630)
(i=1,2, 3, N)
R < B (x) < BT
! IO (6.31)

G=1,2, .., Nh)

where
x =[V,0,T, Pg,0g,0r,Qc, APd]"
APd;,AQd,; - bus active and reactive load shedding, respectively
DP., DQ; - bus active and reactive power mismatch, respectively
CPd0;, CPdl;, CPd?2; - bus load shedding cost coefficient
a; - constant ratio
Qr;,Qc; - bus fictitious inductive and capacitive VAR injections, respectively
CQr0; , COrl;, CQr2; - bus cost coefficients for fictitious inductive VAR in-

jections
CQc0;, COcl; CQc2; - bus cost coefficients for fictitious capacitive VAR in-

jections
h;"i" . h™ - lower and upper limits of inequality

The main idea of the optimization problem for restoring unsolvability is to mini-
mize the cost of control actions in (6.29) while satisfying voltage and thermal con-
straints and determining the optimal values of reactive power and load shedding
controls. If the resulting fictitious inductive and capacitive VAr injections cost co-
efficients are set to very high values, the solvability of the power flow problem is
restored by load shedding only. However, if the load shedding cost coefficients are
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set to very high values, the solvability is restored by reactive power compensation.
For some unsolvable situations, the power flow solution may be restored by com-
bination of reactive power and load shedding controls. The optimal solution of the
problem indicates the minimum cost of the control actions should be taken to
make the power flow problem solvable.

6.2.5 Numerical Examples

Test cases are carried out on the IEEE 30-bus system and IEEE 118-bus system.
For all cases tested, the convergence criteria are:

1. Complementary gap Cgap <5 0
2. Barrier parameter y < 1.0e*

3. Maximum mismatch of the Newton equation Il b Il <1 0e™* p.u

6.2.5.1 IEEE 30-Bus System Results

In the study, the IEEE 30-bus system was divided into two areas. The two areas
are interconnected by tie-lines: 4-12, 6-9, 6-10, and 28-27 while buses 4, 6, 28 be-
long to the area 1. The transfer from the area 1 to the area 2 has been carried out.
The two cases are presented as follows:

Case I: This is a case for transfer capability computation without FACTS-
devices.

Case 2: This is similar to the case 1 except that there is a SSSC installed on line
2-1.

For case 1, the transfer capabilities considering the voltage stability limit, voltage
security limit and operating security limit, respectively, as discussed in previous
sections, are shown in Fig.6.8. The corresponding models are referred to model 1
for voltage stability limit, model 2 for voltage security limit and model 3 for oper-
ating security limit. In Fig. 6.8, vertical axis shows the transfer capability (TC),
which is described by 4. Comparing the transfer capabilities shown in Fig. 6.8, it
can be seen that the voltage stability limit is bigger than the voltage security limit
and operating security limit, and the voltage security limit is bigger than the oper-
ating security limit.

The transfer capabilities considering the operating security limits for case 1 and
2 are shown in Fig. 6.9. For case 2, the transfer capability has been increased by
around 5%.
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6.2.5.2 IEEE 118-Bus System Results

In the study on the IEEE 118-bus system, it is assumed that the whole system in-
cludes two areas, which are interconnected by tie-lines: 15-33, 19-34, 30-38, and
23-24 while buses 15, 19, 30, 23 belong to the area 1. The transfer capability from
the area 1 to the area 2 has been carried out. Three cases are presented as follows:

Case 3: This is a case of the IEEE 118-bus system without FACTS-devices.

Case 4: This is similar to the Case 3 except that there is a GUPFC installed at bus
30 and on lines 30-38, 30-8.

Case 5: This is similar to the Case 4 except that there is a second UPFC further
installed at bus 25 and on line 25-27.

The normalized transfer capabilities for the cases 3-5 are shown in Fig. 6.10. It
can be seen from this figure that the transfer capabilities can be increased using
FACTS-devices.
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6.3 Security Constrained Optimal Power Flow for Transfer
Capability Calculations

It has been well recognized that in the operation of electric power markets, deter-
mination of the transfer capabilities of the transmission system is a very important
analysis function. Transfer capability of electric power systems is limited by a
number of different mechanisms, including thermal, voltage and stability con-
straints, which is characterized by the so-called Available Transfer Capability
(ATC) [13][14]. The comprehensive definition of the transfer capability is referred
to [14].

The Transfer Capability (TC) computation methods in literature can be classi-
fied into, (a) DC power flow calculation method (or linear method) (b) repeated
power flow calculation method (c¢) continuation power flow method (d) OPF and
security-constrained OPF methods. The DC power flow calculation method has
been implemented in a commercial software product called MUST [15]. The ad-
vantage of such method is its simplicity in terms of formulation and computation.
In the method, voltage and voltage stability limits are not considered. It has been
recognized that neglecting the reactive power and voltage influence in TC may
generate errors that in certain conditions could drive the computation to be wrong
or at least give inaccurate results. The repeated power flow calculation method has
been proposed [16]. The repeated power flow calculation method is heuristic in
nature. The computational effort of the method is significantly higher compared
with other methods. The continuation method for TC has been reported and im-
plemented in commercial software products [17]. The advantage of the continua-
tion method is that various operating limits such as thermal, voltage and voltage
stability limits can be fully taken into account. The disadvantage of this method is
that adjustment of generation, transformer tap positions, FACTS controls, etc in
TC calculations would be very difficult if not impossible. Similar to the DC power
flow calculation method and repeated power flow calculation method, continua-
tion power flow method could not be used in an integrated contingency-
constrained analysis framework. In such a situation, sequential heuristic TC calcu-
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lations are used instead. Solution of TC by a successive linear programming based
OPF has been proposed [18]. Non-linear interior point OPF algorithms for TC cal-
culations have also been proposed [19]-[21]. However, most OPF based TC meth-
ods are based on single state calculations. It is recognized that the single state op-
timization based approaches have difficulty to deal with control actions such as
preventive and/or corrective controls. The deficiencies of the current TC computa-
tional methods are:

e lack of couplings between base case and contingencies,

¢ Jack of adequate consideration of reactive power/voltage effects and/or voltage
stability effects,

e Jack of modeling of FACTS-devices in transfer capability determination.

In order to handle the deficiencies of the current TC computation methods, in [22]
the TC computation problem has been formulated as a general contingency-
constrained optimization problem and has been solved by the nonlinear interior
point optimization algorithms. The TC computational method proposed has the
following features:

e Considering various operating limits and contingency constraints.

e Incorporating corrective or/and preventive control actions in the united frame-
work.

® Modeling of FACTS-devices.

e Solving simultaneously the base case and contingencies in a united optimiza-
tion framework.

6.3.1 Unified Transfer Capability Computation Method with Security
Constraints

A unified transfer capability computation problem with security constraints may
be formulated as:

Objective function:
max f(y)=A or min —f(y) (6.32)

subject to the following constraints:
Base case constraints:

g0(¥o)=0 (6.33)
h{™ <hy(y,) <hg™ (6.34)

Contingency constraints:
g,(y)H)=0 (=12,...,Nc) (6.35)

h™ <h,(yo)<h™ (i=1,2,...,Nc) (6.36)
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where subscripts 0 and i indicate base case and contingencies, respectively. Nc is
the total number of contingencies. g,(y,) and h,(y,) are base case equalities

and inequalities, respectively. While g.(y;) and h;(y;) are equalities and
inequalities respectively for contingency i. y =[x,u,A]" is the system variable
vector. u is the control variable vector with preventive control actions. A is a
scalar parameter, which represents the loading factor. Modeling of FACTS-

devices in power system network analysis can be found in [23]-[25].
Without loss of generality, preventive control actions may be formulated as:

Preventive control actions:

u, = u, (=12 ..No (6.37)

where u,,, u; are base case and contingency control vectors respectively.

The problem in (6.32)-(6.37) is a unified security constrained transfer capabil-
ity computation problem. In this problem, bus load may be represented by:

P, = AP) (6.38)

Q, =204 (6.39)

where P) and QY are base case bus active and reactive load powers, and it is as-
sumed that a constant power factor is maintained.

6.3.2 Solution of Unified Security Constrained Transfer Capability
Problem by Nonlinear Interior Point Method

Mathematically, the unified transfer capability computation problem is an optimi-
zation problem, which may be solved by nonlinear interior point methods. The
nonlinear OPF problem given in (6.32)-(6.37) can be solved by the nonlinear inte-
rior point methods [26][27], which include three important achievements in opti-
mization. Those achievements are Fiacco & McCormick’s barrier method for op-
timization with inequalities, Lagrange’s method for optimization with equalities
and Newton’s method for solving nonlinear equations [26]-[28].

By applying Fiacco & McCormick’s barrier method, the unified OPF problem
(6.32)-(6.37) can be transformed into the following equivalent OPF problem:

Objective:

Nh Nh
- f(y)-nu len(Sloj) - u len(suoj)
. j: j:
min Ne Nh Ne Nh (6.40)

— 43 YIn(sly) = @Y X InCsuy)

i=1j=1 i=1j=1

subject to the following equality constraints:
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g0(yp)=0 (6.41)

hy(y,)—sl, —h"™ =0 (6.42)
h,(y,)+su, —hy™ =0 (6.43)
g.(y)=0 (i=1,2 .. No (6.44)
h;(y;))-sl,~h™ =0 (i=1,2, ..., Nc) (6.45)
h;(y;)+su; —h™ =0 (i=1,2,...,Nc) (6.46)
u,-u; =0 (=1,2,...,Nc) (6.47)

where 1> 0, sl; >0, su; >0, sl; >0 and su; >0. Nh is the number of double

sided inequalities.
The Lagrangian function for equalities optimization of problem (6.40)-(6.47) is:

Nh Nh
L=-f(y)—u len(sloj) - u len(suoj)
Jj= j=

Nc Nh Nc Nh
—uy S n(sly) — gy S In(suy)

i=1 j=1 i=1 j=1

min )

- kgggo@o)_ nlg(ho()’o) —sly, —hy

max )

—mug (hy(y,)+suy—hg (6.48)

Ne T Ne T min
—2hgig(y)—Xal; (h;(y;)—sl; —h;)
Ne T max
—2Xmu; (h;(y;)+su; —h;™)

Nc T
- > M ; (uy—u;)
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where 11> 0, sl; >0, su;, >0, sl;, >0 and su; >0. Ag,, nl, and mu, are dual
variable vectors to equalities (6.41), (6.42) and (6.43), respectively. Ag;, ml; and
mu; are dual variable vectors to equalities (6.44), (6.45) and (6.46), respectively.
Au; is dual variable vector to equalities (6.47), which represent the constraints of

the preventive controls. In (6.48), transformer tap ratios are treated as continuous
variables.

The Karush-Kuhn-Tucker (KKT) first order conditions for the Lagrangian
function of (6.48) are:

T
VYOL,U :_VY()f(Z)_VY()gO(yo) )\'go
—Vyoho(yo)Tﬂ:lO—Vyoho(yo)Tnu0

(6.49)
Nc T
-2V, uphu,
i
Vig, Lu =—280(¥o) =0 (6.50)
Vo, Ly =—(ho(yy)—sly—h{™) 6.51)
VSUOLﬂ = ﬂe‘i‘SU OHUO (654)
_ T
VY,'L,U __Vyy'f(ﬂ')_v)’igi(yi) )\'gl
T T
-Vyhi(yp) al; -V, h(y;) nu, (6.55)
Nc T
+ > Vu; hu;
i
Vig Ly =-2:(y,)=0 (6.56)
VoaL,=-((y,)=-sl,—h"™) (6.57)
V,ml_Lﬂ:—(hi(yi)+sui—h}“ax) (6.58)
Vg L, =ue—SL,IL, (6.59)

VSUI»L,U = ﬂe + SU IHU i (660)
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Viu, Ly =—(ug—uy) (6.61)
af (A
ViLy =——J;(/1)—Vzgo(yo)Te—Vﬁgi(y,-)Te (6.62)

where i = 1, 2, ..., Nc. SL =diag(sly;), SU, =diag(su;), IIL, = diag(al,;),
U, = diag(mu;) , SL; =diag(sl;) , SU; =diag(su;) , ML, =diag(n;) ,
NU; =diag(mu;) .

The nonlinear equations (6.49)-(6.62) in polar coordinates can be solved simul-
taneously. The simultaneous equations can be linearized and expressed in a com-
pact Newton form:

A Ax =-b (6.63)
ob - -
where A=a— . X=[xq,X;, M, A" . b=[by,b;,bu;,b;]" . X, and X, are
X
given by:

Xg =[slo,suo,nlo,nuo,yO,XgO]T (6.64)
x; =[sl;,su;,7l;, mu;,y,, rg; 1" (6.65)

and b, b;, bu; and b, are given by:
by =1V, Ly Veu, LVt LoV oy LoV yy Lo Vg, L' (6.66)
b; =[VSLL/,,VsuiL/,,v,,liLﬂ,vﬂ“‘_Lﬂ,vyiLﬂ,ngiLﬂ]T (6.67)
bu, =V;, L, (6.68)

The security constrained TC problem can be solved iteratively via the Newton
equation in (6.63), and at each iteration the solution can be updated as follows:

slo[k +1]=slo[k]+oa ,Aslo[k] (6.70)
suglk +1]=sug[k]+ o, Asu,[k] (6.71)

Volk +11=y[k1+0a Ay, [k] (6.72)
al o[k +1] = 7l [k]+ o0r, Aml o [k] (6.73)
mug [k +1] = mu, [k] + o0y, Amu, [ k] (6.74)

sl;[k +1]=sl,[k]+ oa ,Asl [K] (6.75)
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su;[k+1] =su,[k]+ O'aPAsui[k]
yilk +11=y,;[k]+oa ,Ay,[k]
al;[k +1]=nl,;[k]+ oa Anl, [ k]
mu,[k +1] = mu,[k]+ oo, Amu, [ k]
A, [k +1] = d,[k]+ oo, Ahu, [ k]

Alk +1]= Alk]+ oo ,AAlk]

(6.76)
(6.77)
(6.78)
(6.79)
(6.80)

(6.81)

where i =1, 2, ..., Nc. kis the iteration count. Parameter ¢ € [0.995-0.99995]. ¢,
and ¢y are the primal and dual step-length parameters, respectively. The step-

lengths are determined as follows:

. . sly; . Sl
0p, = min| min| , min| ,1.00
— Asloj — Asuoj

7. VTP
od, = min| min 9/ ,min 0j ,1.00

. . Slij . SU;
ap; = min| min , min - ,1.00
—Asl - Asuij

J

a; ) T
od; = min| min| Y | min Y 11.00
—Aﬂiij —Aﬂuij

i=1,2,...,Nc
for those Asl<0, Asu<0, Atl<0 and Awu>0. @, and @ are determined by:

a, =min[apy.ap;] (i=1,2,....No)

a,; =minlod,,ad;| (i=1,2, ..., Ne)
The Barrier parameter & can be evaluated by:

PR B xCgap
2X Nhx(Nc+1)

(6.82)

(6.83)

(6.84)

(6.85)

(6.86)

(6.87)

(6.88)

where f € [0.01-0.2] and Cgap is the complementary gap for the transfer capabil-

ity calculation problem with security constraints. It can be determined by:
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Cgap = (sly)" @l —(su,)” mu,
Nc
+>[(s1)" wl, = (su;)" 7u, ]

i=1

(6.89)

6.3.3 Solution Procedure of the Security Constrained Transfer
Capability Problem

The solution procedure of the nonlinear interior point optimization algorithm for
the unified security constrained transfer capability problem is summarized as fol-
lows:

Step 0: Set iteration count k = 0, ¢ = 10, and initialize the optimization solution

Step 1. If KKT conditions (6.49)—(6.62) are satisfied and the complementary gap
is less than a tolerance, output results. Otherwise go to step 2

Step 2: Form and solve Newton equation in (6.63)
Step 3: Update Newton solution (6.70)—(6.81)
Step 4: Compute complementary gap (6.89)

Step 5: Determine barrier parameter (6.88)

Step 6: Set k=k+1, and go to step 1

6.3.4 Numerical Results

Test cases are carried out on the IEEE 30-bus system. The IEEE 30-bus system
has 6 generators, 4 OLTC transformers and 37 transmission lines. The single-line
diagram of the IEEE 30-bus system is shown in Fig. 2.2. For all cases tested, the
convergence criteria are:

1. Complementary gap Cgap < 5.0e*
2. Barrier parameter i < 1.0e™

3. Maximum mismatch of the Newton equation Il b Il , < 1.0e™* p.u.

6.3.4.1 IEEE 30-Bus System Results

In the simulations, it is assumed that all generators except the generator at bus 1
are using preventive control of active power generation while other control re-
sources are using corrective controls. Bus 1 is the slack bus.

In the study, the IEEE 30-bus system was divided into two areas. The two areas
are interconnected by tie-lines 4-12, 6-9, 6-10, and 28-27 while buses 4, 6, 28 be-
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long to the area 1. The power transfer from the area 1 to the area 2 has been inves-
tigated. The single state cases are presented as follows:

Case I: This is a base case for the transfer capability computation.
Case 2: This is similar to Case 1 except that there is an outage of line 5-7.
Case 3: This is similar to Case 1 except that there is an outage of line 24-25.

The transfer capabilities of Case 1-3 on the IEEE 30 bus system are shown in Ta-
ble 6.5.

Table 6.5. Transfer Capability Results of Single State Cases

Case No. Case 1 Case 2 Case 3
Transmission  line  outage None Line 5-7 Line 24-25
description

A 1.64 1.49 1.63
Number of iterations 14 15 16

The transfer capability results of cases with security constraints on the IEEE 30-
bus system are presented as follows:

Case 4: This is a case for the transfer capability computation including one N-1
contingency with line 5-7 outage.

Case 5: This is a case for the transfer capability computation including one N-1
contingency with line 24-25 outage.

Case 6: This is a case for the transfer capability computation with two contingen-
cies. The first contingency is the outage of line 5-7 while the second one
is the outage of line 24-25.

The transfer capabilities of Case 4-6 are shown in Table 6.6. From this Table, it
can be seen the CPU time for the transfer capability calculations with security
constraints is proportional to the total number of base case and contingencies.

Cases 7 and 8 are presented to show the security constrained transfer capability
computation with FACTS. Cases 7 and 8 are corresponding to Cases 4 and 6, re-
spectively except that an UPFC is installed between buses 3 and 4. The test results
of Cases 7 and 8 are shown in Table 6.7. The UPFC solutions of Cases 7 and 8 are
given by Table 6.8. In the calculations, the UPFC is using corrective controls. The
results indicate that UPFC taking corrective control actions can improve the trans-
fer capability effectively.

A further case, case 9, is carried out with 8 contingencies included in the trans-
fer capability computation. The algorithm converges in 15 iterations. The N-1 con-
tingencies are outages of lines 2-6, 4-6, 5-7, 6-7, 10-21, 12-15, 12-16 and 24-25,
respectively. It is found for this case 4 =1.05.
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It can also be seen that in the above cases, the more contingencies, the less sys-

tem transfer capability is available.

6.3.4.2 Discussion of the Results

From these results on the IEEE 30-bus system, it can be seen:

1.

2.

Numerical results demonstrate the feasibility of the proposed unified optimiza-
tion framework for transfer capability computation with security constraints.
The computation framework is general, which can simultaneously take voltage,
thermal and voltage stability limits as well as any electricity transaction con-
straints into consideration.

. The optimization framework of transfer capability computation with security

constraints can be solved by nonlinear interior point methods.

. FACTS-devices can be modeled as corrective control devices in the calcula-

tions.

. In addition, electricity transaction constraints may be taken into consideration.

Table 6.6. Transfer Capability Results of Cases with Security Constraints

Case No. Case 4 Case 5 Case 6
Transmission line Base case and one  Base case and one Base case and two
outage description N-1 N-1 N-1

contingency with contingency with  contingencies: with

line 5-7 outage line 24-25 outage line 24-25 outage
and line 5-7 outage

A 1.49 1.63 1.49
Number of iterations 14 14 15
Normalised CPU 100% 100% 150%
time

Table 6.7. Transfer Capability Results of Cases with FACTS

Case No. Case 7 Case 8
Transmission line outage Base case and one N-1 Base case and two N-1
descripti
eserption contingency with line 5-7  contingencies with line 24-25
outage outage and line 5-7 outage,
respectively
A 1.75 1.64

Number of iterations 28 32
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Table 6.8. UPFC solutions of Cases 7 and 8

Case 7

Case 8

Base case:
Shunt converter:
Vsh =0.9786p.u., &h=-10.61°

Series converters:
Vse = 0.1829p.u., 6se =118.05°

Contingency with line 5-7 outage:

Shunt converter:
Vsh =0.9707 p.u., 6sh =—-12.86°

Series converters:

Vse = 0.2503p.u., fse = —114.30°

Base case:
Shunt converter:
Vsh =0.9596p.u., 6sh =-7.54°

Series converters:
Vse = 0.1033p.u., fse =179.54°

Contingency with line 5-7 outage:
Shunt converter:
Vsh =0.9615p.u., 6sh =-7.51°

Series converters:
Vse = 0.1006p.u., &se =—-179.67°

Contingency with line 24-25 outage:
Shunt converter:
Vsh =0.9685p.u., Gsh =-9.85°

Series converters:

Vse = 0.1280p.u., 6se = —145.05°
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7 Steady State Voltage Stability of Unbalanced
Three-Phase Power Systems

This chapter discusses the recent developments in steady state unbalanced three
phase voltage stability analysis and control with FACTS. The objectives of this
chapter are:

1. to review steady state voltage stability analysis methods in unbalanced three-
phase power systems;

2. to introduce the continuation three-phase power flow technique that can be used
for steady state unbalanced three-phase voltage stability analysis;

3. to examine the PV curves of unbalanced three-phase power systems;

4. to reveal the interesting phenomena of voltage stability of unbalanced three-
phase power systems;

5. to investigate the impact of FACTS controls on voltage stability limit of unbal-
anced three-phase power systems.

7.1 Steady State Unbalanced Three-Phase Power System
Voltage Stability

Voltage stability has been recognized as a very important issue for operating
power systems when the continuous load increase along with economic and envi-
ronmental constraints has led to systems to operate close to their limits including
voltage stability limit. In the past, various methodologies have been proposed for
voltage stability analysis [1]-[4]. Among the voltage stability analysis methods,
the continuation power flow methods have been considered as one of the useful
tools [5]-[11]. However, in the literature only the application of the continuation
power flow methods in voltage stability analysis of positive-sequence power sys-
tems has been described.

Due to the following reasons, a continuation three-phase power flow may be
required: (a) there are unbalances of three-phase transmission lines in high voltage
transmission networks; (b) there are unbalanced three-phase loads; (c) in addition,
there are single-phase or two-phase lines in distribution networks; (d) there are
single-phase or two-phase loads; (e) there may also be possible unbalanced three-
phase structures and control of transformers and FACTS-devices. In addition to
the reasons above, with the recent integration of large amount of distributed gen-
eration into power networks, new voltage stability analysis tools, which should
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have the modeling capability of unbalanced networks, become increasingly impor-
tant. Furthermore, it is recognized that voltage stability analysis should be able to
deal with asymmetrical contingencies such as single-phase and two-phase trans-
mission line outages, etc. It is known that the single-phase continuation power
flow is not able to deal with unbalanced networks and loads and can not deal with
single-phase and two-phase outages of unbalanced transmission lines.

In the light of the above considerations, in this chapter, a continuation three-
phase power flow approach for voltage stability analysis of unbalanced three-
phase power systems [12] is presented. In addition, voltage stability control by
FACTS is also discussed.

7.2 Continuation Three-Phase Power Flow Approach

7.2.1 Modeling of Synchronous Machines with Operating Limits

The modeling of synchronous machines in three-phase power flow analysis has
been discussed in chapter 5. The operating limits of synchronous machines, which
play very important role in voltage stability analysis, should be considered. In the
following, the operating constraints of synchronous machines are presented and
incorporation of the limits in three-phase power flow and continuation three-phase
power flow analysis is discussed.

In Fig. 5.1, V* =V, 207 , V) =v 267, vV =V 26, which are the three-
phase voltages at the generator terminal bus, are expressed in phasors in polar co-
ordinates. Similarly, the voltages at the generator internal bus may be given by

El =EZ6, E} =E' 25", Ef = E{f 25/ . In fact the voltages at the genera-
tor internal bus are balanced, we have E/=E’=E’ and
5 =87 +120° = 8¢ —120° . Therefore, in the following derivation of the power
flow equations of the generator, J/ and E; can be considered as independent
state variables of the internal generator bus while é}b and E ,-b , 0f and E; are de-

pendent state variables and can be represented by J; and E/ .
For a PV machine, the total reactive power Qg; at its terminal bus should be
within its operating limits:

Qg™ <Qg; <Qg"" (7.1)

where Qg/™" and Qg™ are the lower and upper reactive limits, respectively. In

addition, due to the limitation of the field current, the following constraint should
hold
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Ef <EM™ (7.2)

where Eim’” is the maximum limit of the internal voltage of the machine, which

corresponds to the maximum filed current. E is the actual voltage magnitude at
the internal bus.

For a PQ machine, the positive-sequence voltage V,-1 at its terminal bus should
be within its operating limits:

y/min <yl <y ma (7.3)

where V"™ and V,"** are the upper and lower voltage limits, respectively. In ad-

dition, the field current constraint as given by (7.2) is also applicable.

The basic constraint enforcement principle of a synchronous machine is that,
when an inequality constraint, such as a current or voltage or reactive power ine-
quality constraint, is violated, the constraint is enforced by being kept at its limit,
while the voltage or reactive power control constraint of the synchronous machine
is released. In other words, enforcing an inequality constraint and releasing an
equality constraint must form a pair. In case there are two or more inequality con-
straints of a synchronous machine being violated in the same time, the strategy
proposed in [16] can be used. The reactive power constraint in (7.1) and current
constraint in (7.2) of a machine are considered as internal constraints while the
voltage constraint in (7.3) is considered as external constraint. Generally, an inter-
nal constraint has priority to be enforced if both the internal and external con-
straints are violated simultaneously. In case the internal and external constraints
cannot be enforced within the limits simultaneously, the external constraint should
be released.

7.2.2 Three-Phase Power Flow in Polar Coordinates

The power mismatch equations at buses except generator internal buses, which are
given by (5.51) and (5.52), are presented as follows:

APP =—Pd’ -V'’y ¥ VJ.’”(G;mcosﬁi]’.)m+B§mSin9,-J’?m)=0 (7.4)

jei m=ab,c

AQP =-0df -vPry % ij (G;m sin 9,.1’-’"’ - Bifm cos Hij’.’m) =0 (1.5)

jei m=a,b,c

where i = 1, 2, ..., N. Pd} and Qd} are the active and reactive load powers of

phase p at bus i, respectively.
The power mismatch equations at generator internal buses (for the case of PQ
machine), which are given by (5.53) and (5.54), are presented as follows:
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APg; =—-Pg,
-3 VIV (Gg ™ cos 8™ + Bg ™ sin 6F™)
p=a,b,c m=a,b,c (76)

+ 3 YIVLE (Ggl™ cos(6F — 8" )+ Bg!™ sin(8F — 6™))

p=a,b,c m=ab,c

AQg; =-0g;
- X YIVPV™ (Gg ™ sin @™ — Bg ™ cos 0F™)
p=a,b,c m=ab,c (77)

+ Y YIVIEF (Ggl™ sin(8) —6")—Bgl™ cos(6) — "))

p=a,b,c m=ab,c

where i =1, 2, ..., Ng. Ng is the number of generators. In three-phase power flow
calculations, Pg, and Qg,, which are specified, are the active and reactive gen-

eration powers of the generator at bus i, respectively. For the case of PV and slack
machine, two constraint equations can also be obtained. Modeling of other power
system components is referred to [14][15].

A number of three-phase power flow methods [17]-[26], etc. have been pro-
posed since 1960s. In the following, the three-phase Newton power flow algo-
rithm in polar coordinates, which is similar to that proposed in [19], will be used.
The nonlinear equations (7.4)-(7.7) can be combined and expressed in compact
form:

F(x)=0 (7.8)

where F(x)represents the whole set of power flow mismatch and machine termi-
nal constraint equations. X is the state variable vector and given by
x=[0%,V?,0°, VP 0,V 8%, E*]'. The Newton equation is given by:

J(x)Ax = -F(x) (7.9)

F(x) ;

where F(x)=[AP“,AQ“,APb,AQb,AP(*,AQ“,APg“,AQg“]’,J(x)zaa— s the
X

system Jacobian matrix.
7.2.3 Formulation of Continuation Three-Phase Power Flow

Predictor Step. To simulate three-phase load change, Pd/ and Qd}, which are
shown in (7.4) and (7.5), may be represented by:

PdP = PdOP (1+ A*KPd?) (7.10)

Qd} =Qd0! (1+ A*KQd/!) (7.1D)
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where Pd0! and Qd0! are the base case active and reactive load powers of
phase p at bus i. A is the loading factor, which characterize the change of load.
The ratio of KPd”/KQd/} is constant to maintain constant power factor.

Similarly, to simulate generation change, Pg, and Qg;, which are shown in
(7.5) and (7.6), are represented as functions of A4 and given by:

Pg, = Pg0,(1+ A*KPg,) (7.12)

Qg; =080;(1+A*KQg;) (7.13)

where Pg0;and QgO0; are the total active and reactive powers of the generator of
the base case. The ratio of KPg;/KQg, is constant to maintain constant power

factor for a PQ machine. For a PV machine, equation (7.13) is not required. For a
machine, when the reactive limit is violated, Qg; should be kept at the limit and

equation (7.13) is also not required.
The nonlinear equations (7.9) are augmented by an extra variable A as follows:

F(x,4)=0 (7.14)

where F(x, A) represents the whole set of power flow mismatch equations.

The predictor step is used to provide an approximate point of the next solution.
A prediction of the next solution is made by taking an appropriately sized step in
the direction tangent to the solution path.

To solve (7.14), the continuation algorithm with predictor and corrector steps
can be used. Linearizing (7.14), we have:

dF(x, 1) =F dx+F,;dA =0 (7.15)

In order to solve (7.15), one more equation is needed. If we choose a non-zero
magnitude for one of the tangent vector and keep its change as *1, one extra
equation can be obtained:

f, =1 (7.16)

where ?, is a non-zero element of the tangent vector dx.

Combining (7.15) and (7.16), we can get a set of equations where the tangent
vector dx and dA are unknown variables:

Fo Balax|_| 0
e |da] |#1 (717

where e, is a row vector with all elements zero except for K ™ which equals one.

In (7.17), whether +1 or —1 is used depends on how the K ™ state variable is
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changing as the solution is being traced. After solving (7.17), the prediction of the
next solution may be given by:

HRHRH

where * denotes the estimated solution of the next step while ¢ is a scalar, which
represents the step size.

Corrector Step. The corrector step is to solve the augmented Newton power flow
equation with the predicted solution in (7.18) as the initial point. In the augmented
Newton power flow algorithm an extra equation is included and A is taken as a
variable. The augmented Newton power flow equation may be given by:

F_()_"_/})__ — (—) 7.19
< 17 lo (7.19)

where 7, which is determined by (7.18), is the predicted value of the continuation
parameter x, . The determination of the continuation parameter is shown in the

following solution procedure.
The corrector equation (7.19), which consists a set of augmented nonlinear
equations, can be solved iteratively by Newton’s approach as follows:

AT
e reker "

7.2.4 Solution of the Continuation Three-Phase Power Flow

The general solution procedure for the Continuation Three-Phase Power Flow is
given as follows:

Step 0: Run three-phase power flow when Pd/, Qd!, Pg; and Qg, are set to
PdO0?, 0d0?, Pg0; and QgO0,, respectively. The initial point for trac-
ing the PV curves is found.

Step 1 - Predictor Step:

(a) Solve (7.17) and get the tangent vector [dx, dA]" ;

(b) Use (7.18) to find the predicted solution of the next step.

(c) Choose the continuation parameter by evaluating x; :f, =max(ldx; |).

(d) Check whether the critical point (maximum loading point) has been
passed by evaluating the sign of dA . If dA changes its sign from positive
to negative, then the critical point has just passed.
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(e) Check whether 4 <0 (Note 0< A< A ). If this is true, go to Step 3.

max

Step 2 - Corrector Step:
(a) According to the chosen continuation parameter to form the augmented
equation (7.19);
(b) Form and solve the Newton equation (7.20);
(c) Update the Newton solution and continue the iterations until the corrector
step converges to a solution with a given tolerance;
(d) Go to Step 1.

Step 3: Output solutions of the PV curves.

7.2.5 Implementation Issues of Continuation Three-Phase Power Flow

7.2.5.1 The Structure of Jacobian Matrix

The structures of the Jacobian matrix (7.17) and the Jacobian matrix (7.20) are
very similar. In comparison to the 4 by 4 Jacobian blocks in single-phase power
flow analysis, the Jacobian matrix blocks of F, in three-phase power flow analy-

sis become 12 by 12 matrix blocks for all buses except internal buses of generators
while the Jacobian blocks of the internal buses of generators are 4 by 4, 4 by 12,
12 by 4 matrix blocks. Similar to that of single-phase power flow analysis, the
equations (7.17) and (7.20) of three-phase power systems can be solved by sparse
matrix techniques.

7.2.5.2 Improvement of Computational Speed

In order to improve the computational speed for tracing the PV curves, in the im-
plementation, the three-phase power flow calculations may be used with gradually
increasing system load until the three-phase power flow cannot converge. Then
the above continuation three-phase power flow approach can be used to trace the
remaining parts of the PV curves. Using the three-phase continuation power flow,
a small predictor step may be used at the vicinity of the point of voltage collapse
while a large step may be used otherwise.

In the present implementation of the continuation three-phase power flow algo-
rithm, the tangent method is used at the predictor step. It has been recognized that
the tangent method may be more reliable than the secant method. In addition, the
tangent method can produce an approximate left eigenvector at the saddle node bi-
furcation point. However, as far as computational time is concerned, the secant
method may be more attractive [10] since using the method, solution of (7.17) is
not needed.

On the other hand, the solution of (7.17) may be significantly improved by us-
ing the sparse vector method [27] in the implementation. Since the only one non-
zero element of the right-hand vector in (7.17) is at the bottom, the forward substi-
tution is not needed at all.
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7.2.5.3 Comparison of Balanced Three-Phase Systems and Single-
Phase Systems

It should be pointed out that for a balanced system, a three-phase power flow solu-
tion is, in principle, exactly identical to that of the equivalent positive-sequence
power flow while positive-and zero-sequence voltage components of the former
are zero and at any bus, phase a, b and ¢ voltages are balanced and interdependent

except 120° shifting between them. In other words, for a balanced three-phase
power system, any phase voltage at a bus can completely characterize the positive-
sequence voltage at that bus. Mathematically, the balanced three-phase system can
be decoupled into the equivalent positive-, negative-, and zero-sequence networks,
and the singularity resulting from the equivalent positive-sequence network can be
solved by choosing any phase voltage at the bus as the continuation parameter.
This means, in nature, the reason and solution of the singularity of the balanced
three-phase power flow are exactly the same to that of the equivalent positive-
sequence power flow. The difference between them is whether the system is rep-
resented in three-phase or single-phase coordinates.

7.2.6 Numerical Results

In this paper, numerical results are carried out on a 5-bus system and a modified
IEEE 118-bus system. The single-line diagram of the 5-bus system I and the sys-
tem data are presented in the Appendix of Chapter 5. For the modified IEEE 118-
bus system, 54 three-phase Wye-Grounded/Delta transformers are inserted be-
tween the original network and 54 generators, and negative- and zero-sequence
parameters of transmission lines are amended. The modified IEEE 118-bus system
consists of 172 three-phase buses (or 516 single-phase buses). In the studies, loads
are represented by P and Q powers.

7.2.6.1 Results for the 5-Bus System without Line Outages

The following cases on the 5-bus network have been studied:
Case I: Balanced network and the whole system with balanced load.

Case 2: Balanced network with unbalanced load at Bus 3 with 6.0+3.0 p.u,
6.3+j2.7 p.u., 5.74j3.3 p.u. for phase a, b, c loading, respectively.

Case 3: Unbalanced network and the whole system with balanced load.

Case 4: Unbalanced network with unbalanced load at Bus 3 with 6.0+;3.0 p.u.,
6.3+j2.7 p.u., 5.7+j3.3 p.u. for phase a, b, c loading, respectively.

The PV curves of cases 1 - 4 are shown in Fig. 7.1 to Fig. 7.4. It is known that the
tracing direction of the PV curves of a single-phase or positive-sequence system is
clockwise. From Fig. 7.1, it can be seen that for the balanced three-phase power
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system, the three PV curves at any bus are exactly the same and the tracing direc-
tion of these PV curves is clockwise.

As expected, the three PV curves for phase a, phase b and Phase c at Bus 3 of
case 1 are exactly the same. Furthermore, these PV curves have very similar pat-
tern to that of a single-phase or positive-sequence power system. That is each PV
curve consists of a high voltage portion and a low voltage portion. As the loading

factor A is increasing between 0 and A, , the operating point of the system is

moving from the initial point to the maximum loading point or the point of voltage
collapse, which is corresponding to the higher voltage portion of the PV curve.

After the point of voltage collapse, the loading factor A is decreasing from A,

to 0, which is corresponding to the lower voltage portion of the PV curve. It is
known that any points on the lower voltage portion are unstable.

Having discussed the PV curves for single-phase and examined also the PV
curves of balanced three-phase systems, the PV curves of unbalanced three-phase
systems are to be discussed here. It has been found that the three PV curves for
phase a, phase b and Phase ¢ at Bus 3 for any of case 2 - 4, are not the same. Ex-
amining the PV curves at Bus 3 of case 2 shown in Fig. 7.2, it was interestingly
found:

e In the PV curves of Phases a and c, the voltages are decreasing when A is in-
creasing between 0 and A, . The tracing direction of these two PV curves is

clockwise and the patterns of these two PV curves are very similar to that of
single-phase or balanced three-phase power systems.

e However, in the PV curve of phase b, the voltage is decreasing till at a point
close to the point of A then the voltages become increasing. The tracing di-

max
rection of the PV curve is anti-clockwise. In this PV curve, the ‘higher voltage’
portion is corresponding to the unstable power flow solutions while the ‘lower
voltage’ portion is corresponding to the stable power flow solutions.

Further examining the PV curves of case 3 and 4 shown in Fig. 7.3 and Fig. 7.4,
respectively, it can be found:

e The patterns of the PV curves of the unbalanced three-phase systems are quite
different from that of the balanced three-phase systems. At least one of the PV
curves at a bus has the clockwise tracing direction and the voltage of the phase
is much lower than that of the other phases while the PV curves of the other
phases may have the anti-clockwise tracing direction.

e However, when the network and load are balanced, the three PV curves at any
bus merge into one as seen in Fig. 7.1. Then a positive-network analysis is suf-
ficient.

e Voltage stability analysis of unbalanced three-phase power systems are much
more complex than that of single-phase positive sequence power systems or
balanced three-phase power systems.
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Loading Factor

Fig. 7.1. PV curves of bus 3 for case 1
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Fig. 7.3. PV curves of bus 3 for case 3 Fig. 7.4. PV curves of bus 3 for case 4

The maximum loading factors for cases 1-4 are shown in Table 7.1. From Table
7.1, it can be clearly seen that unbalanced network and load can significantly af-
fect the system loading capability.
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Table 7.1. Maximum loading factors without line outages

Case Maximum load- Lowest voltage magni- Busno of  Phase of the
No. ing factor 4. tude (in p.u.) at maximum the lowest  lowest voltage
loading point voltage
1 1.4530 0.5818 3 a,b,c
2 1.3127 0.6095 3 a
3 1.0864 0.6465 3 c
4 1.0374 0.6299 3 c

7.2.6.2 Results for the 5-Bus System with Line Outages

In order to investigate the voltage stability of unbalanced three-phase systems
where there are transmission line outages, the following cases were carried out:

Case 5: This is similar to case 4 but Phase a of one of the double lines between
Bus 1 and Bus 3 is open-circuited.

Case 6: This is similar to case 4 but Phase b of one of the double lines between
Bus 1 and Bus 3 are open-circuited.

Case 7. This is similar to case 4 but the Phase ¢ of one of the double lines be
tween Bus 1 and Bus 3 are open-circuited.

Case 8: This is similar to case 4 but Phase a and Phase b of one of the double
lines between Bus 1 and Bus 3 is open-circuited.

Case 9. This is similar to case 4 but Phase b and Phase ¢ of one of the double
lines between Bus 1 and Bus 3 are open-circuited.

Case 10:This is similar to case 4 but Phase ¢ and Phase a of one of the double
lines between Bus 1 and Bus 3 are open-circuited.

Case 11:This is similar to case 4 but Phase a, Phase b and Phase ¢ of one of the
double lines between Bus 1 and Bus 3 are open-circuited.

The maximum loading factors for cases 5-11 are shown in Table 7.2. From this ta-
ble, it can be seen:

e Surprisingly the maximum loading factor of case 6 (with line 1-3 outage on
phase b) is greater than that of case 4 without any line outage. This means that
for the unbalanced three-phase system studied, case 6 with single—phase line
outage is less serious than case 4 without line outages in the point of view of
voltage stability.
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Table 7.2. Maximum loading factors with line outages

Case Type of line Maximum load- Lowest volt- Bus no Phase of

No. outage ing factor 4, age magnitude  of the the lowest
(in p.u.) at lowest voltage
maximum voltage

loading point

5 Phase a 0.6878 0.6183 3 a

6 Phase b 1.0627 0.6329 3 c

7 Phase ¢ 0.5317 0.6182 3 c

8 Phases a and 0.5681 0.6067 3 a
b

9 Phases b and 0.5987 0.6329 3 c
¢

10 Phases a and 0.5176 0.6147 3 c
c

11 Phases a, b 0.5665 0.6407 3 c

and ¢

Among the single-phase line outages of cases 5-7, case 6 is less serious than the
other two cases. The maximum loading factor of case 6 is about two times that
of the other two cases, respectively.

Cases 8 and 9 with two-phase line outages have larger loading factors than case
7 with one-phase line outage. This means that for the unbalanced three-phase
system studied, the two-phase line outages of cases 8 and 9 are less serious than
the one-phase line outage of case 7 in the point of view of voltage stability.

Case 11 with three-phase line outage has larger loading factor than case 7 with
one-phase line outage and case 10 with two-phase line outages. This means that
the three-phase line outage of case 11 is less serious than the one-phase line
outage of case 7 and the two-phase line outage of case 10 in the point of view of
voltage stability.

The above observations are very interesting phenomena from the unbalanced
three-phase systems, which are quite different from that of single-phase systems or
balanced three-phase systems. Due to the combinations of the complexity of un-
balanced load and network, it is not easy to explain qualitatively the above obser-
vations. Instead, we try to show numerical results to reveal the possible reasons
for the above phenomena. The three-phase power flow results of cases 4 - 11 at
particular loading levels are shown in Table 7.3 and Table 7.4 respectively. In the

Tables, V31 , V32 and V30 are the positive-, negative-, zero-sequence voltage mag-

nitudes at bus 3, respectively while voltage sensitivities, which are the largest in
magnitude for the corresponding cases, are shown in the last column of these two
Tables.
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Table 7.3. Power flow results at A =0.5 (voltage and power in P.U.)

Case V3l V32 V30 Py Qross Normalized aV

No. Qlos.v 8/1
4 09117 0.0378 0.0403 1.33 8.89 100% -0.21
5 0.8837 0.0567 0.0857 1.62 11.09 125% -0.41
6 0.8983 0.0276 0.0154 1.45 10.00 113% -0.20
7 0.8602 0.1037 0.1133 1.76 12.77 144% -1.14
8 0.8672 0.0636 0.1193 1.85 13.04 147% -0.74
9 0.8621 0.0727 0.0599 1.74 12.51 141% -0.59
10 0.8373 0.0910 0.1312 2.02 14.74 166% -1.51
11 0.8452  0.0788 0.0946 1.99 14.22 160% -0.70

Table 7.4. Power flow results at A =1.03 (voltage and power in P.U.)

Case V) ! V32 V3O Lowest phase voltage Py Cross a_V

No. A
4 0.8042 0.0887 0.1087 0.6629 3.18 2470 -1.94
6 0.7966 0.0540 0.0333 0.6971 338 2639 -0.88

The voltage sensitivities can be considered as an indicator of voltage instability. In
principle, the larger the voltage sensitivity is, the lower the maximum loading fac-
tor will be. The voltage sensitivities in Table 7.3 and Table 7.4 correlate well with
the maximum loading factors of case 4 — 11. In addition, it has been found that for
most of the cases, high power losses and negative- and zero-sequence voltage
components are associated with large voltage sensitivities.

Comparing the results of case 4 and case 6 in Table 7.3 and Table 7.4, it can be
seen:

® At 1 =0.5, the largest voltage sensitivity of case 4 is larger than that of case 6.

® As A is increased to 1.03, the voltage sensitivity of case 4 becomes much lar-
ger than that of case 6. The voltage sensitivities indicate that case 4 is more vul-
nerable to voltage instability and hence a lower maximum loading factor is ex-
pected for this case.

7.2.6.3 Results for the Modified IEEE 118-Bus System

The following four cases were carried out on the modified IEEE 118-bus system
with balanced network and loads:

Case 12: This is the base case system.

Case 13: This is similar to case 12 but one phase of the line between Bus 68 and
Bus 81 is open-circuited.

Case 14: This is similar to case 12 but two phases of the line between Bus 68 and
Bus 81 are open-circuited.
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Case 15: This is similar to case 12 but three-phases of the line between Bus 68

and Bus 81 are open-circuited.

The maximum loading factors for cases 12-15 on the modified IEEE 118-bus sys-
tem are shown in Table 7.5.

Table 7.5. Maximum loading factors on the modified IEEE 118-bus system

Case No. Maximum loading factor A, Type of line outage
12 0.6910 None
13 0.6599 One phase outage of line 68-81
14 0.5998 Two phase outage of line 68-81
15 0.5010 Three-phase outage of line 68-81

7.2.6.4 Reactive Power Limits

For case 4, with generator reactive power limits applied, the PV curves of bus 3
are shown in Fig. 7.5. From Fig. 7.5 it can be found:

e In comparison of Fig. 7.5 to Fig. 7.4, as expected, the maximum loading factor
is decreased when the generator reactive power limits are applied.

e The significant reduction in the voltage magnitudes of phases a and b can be
seen when the generator reactive power limits are encountered. Phase ¢ voltage
magnitudes are actually reduced as well.

Voltage Magnitude in P.U.

1.2
Phase a \
0.6 — Phase b L
------ Phasec <
0.4 4 i
02{
0 T T T T

Loading Factor

Fig. 7.5. PV curves of bus 3 for case 4 with generator reactive power limits
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e The effect of the reactive power limits is the reduction in bus voltage magni-
tudes. In other words, the three PV curves move down since the generator ter-
minal bus voltage cannot hold up to the setting point any longer. Noting the
tracing direction of the PV curves of phases a and b is anti-clockwise, the effect
of the reactive power limits on the voltage magnitudes of these two phases is
more significant and delays the voltage rise of phases a and b. Hence, the effect
causes the “higher portion” of the PV curves fall and cross the “lower portion”
of these.

A continuation three-phase power flow approach for voltage stability analysis of
unbalanced three-phase power systems has been proposed. The approach can take
into account the unbalances of both network and load. In addition, it can also deal
with various transmission line outages.

Numerical examples have demonstrated the approach proposed is effective.
Some very interesting results using PQ loads have been obtained:

e When network and load are balanced, the PV curves of phase a, phase b and
phase c at a bus are identical as expected and the pattern of these is very similar
to that of the PV curves of single-phase power systems. In this situation, a sin-
gle-phase positive network analysis is sufficient.

e However, when network and load are unbalanced, the patterns of the PV curves
are very interesting, which have not been observed and discussed in the past. It
has been found that with unbalanced network and load, at least one of the PV
curves at a bus is very similar to that of single-phase or balanced three-phase
systems and the tracing direction of the PV curve is clockwise while the rest of
the PV curves (or curve) at the bus have the anti-clockwise tracing direction.
For those PV curves with anti-clockwise tracing direction, the higher voltage
portion of the PV curves is corresponding to the unstable power flow solutions
while the lower voltage portion of the PV curves is corresponding to the stable
power flow solutions. The characteristic is unique to unbalanced three-phase
power systems.

e It has been found for unbalanced power systems that (a) the maximum loading
factor of the system with a single-phase line outage may be greater than that of
the system without any line outages; (b) the maximum loading factor of the sys-
tem with a two-phase line outage may not be necessarily less than that of the
system with a single-phase line outage; (c) similarly the maximum loading fac-
tor of the system with a three-phase line outage may not be necessarily less than
that of the system with a single-phase line outage or a two-phase line outage.
The phenomena have been explained based on numerical analyses. Basically,
the maximum loading factor is dependent on the degree of unbalance, which is
characterized by the magnitudes of negative- and zero-sequence voltages. The
degree of unbalance itself is determined by the combination of unbalanced net-
work and loading conditions.

The phenomena observed above reveal that the voltage stability mechanisms of
three-phase power systems are much more complex than that of single-phase
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power systems. This clearly indicates that a continuation three-phase power flow
is needed when there are unbalanced network and load existing in a power system.
Otherwise, the results may be unrealistic and could not be able to characterize ac-
curately the voltage stability problem of unbalanced power systems.

Similar to that in conventional continuation power flow analysis, reactive
power limits of generators play a very important role in the determination of PV
curves of three-phase power systems. Basically consideration of the reactive
power limits will decrease the maximum loading factor and affect the shape of the
PV curves. When the reactive power limits are taken into account, there is the re-
duction in voltage magnitudes, and subsequently this will affect the shape of the
PV curves. It has been found that the effect of the reactive power limits on the PV
curves whose tracing direction is anti-clockwise is more significant than on those
whose tracing direction is clockwise.

The present results are based on the PQ load model. Further research is needed
to investigate the effect of voltage dependent load models on the voltage stability
of unbalanced three-phase power systems.

The continuation three-phase power flow approach will be a very useful tool
for voltage stability of unbalanced three-phase power systems. The approach can
also be used to investigate multiple power flow solutions of unbalanced three-
phase power systems.

As distributed generators are increasingly connected to power systems, the con-
tinuation three-phase power flow approach may become an important tool to
evaluate the unbalanced system operation conditions including contingencies.

7.3 Steady State Unbalanced Three-Phase Voltage
Stability with FACTS

In this section, the effects of FACTS controls on the steady state voltage stability
limit of unbalanced three-phase power systems are investigated. FACTS-devices
considered here are STATCOM, SSSC and UPFC [28][29]. The modeling of these
FACTS in three-phase power flow analysis is referred to chapter 5.

7.3.1 STATCOM

Cases 1-4 with a STATCOM installed at the middle of transmission line 1-3,
which are corresponding to case 1-4 in section 7.2.6.2, respectively, have been
studied:

Case 1: Balanced network and the whole system with balanced load.

Case 2: Balanced network with unbalanced load at Bus 3 with 6.0+3.0 p.u.,
6.3+j2.7 p.u., 5.74j3.3 p.u. for phase a, b, c loading, respectively.

Case 3: Unbalanced network and the whole system with balanced load.
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Case 4: Unbalanced network with unbalanced load at Bus 3 with 6.0+73.0 p.u.,
6.3+j2.7 p.u., 5.743.3 p.u. for phase a, b, c loading, respectively.

The STATCOM models used in the studies are the three-phase model with sym-
metrical components control, and three single-phase units with independent phase
control. The former is referred to model 1 while the latter is referred to model 2.
Assuming that the voltage control reference of the STATCOM is 1.05 p.u. for
both models.

The maximum loading factors for cases 1-4 are shown in columns 3 and 4 in
Table 7.6. For the sake of comparison, in Table 7.6 the maximum load factors for
cases 1-4 without STATCOM as discussed in section 7.2.6.1 are listed in column
2. From the table, for both model 1 and model 2, the maximum loading factors
have been improved significantly. When both the network and load are balanced,
the maximum loading factors are the same for both model 1 and model 2. How-
ever, when either the network or load is unbalanced, the maximum loading factors
for model 1 are bigger than that for model 2. The reason is that model 1 can bal-
ance the bus voltages well in comparison to model 2 since the former can simulta-
neously control three single-phase voltages while the latter can only control posi-
tive sequence voltage.

For case 4, the relationship between voltage control reference of the
STATCOM and the maximum loading factor is investigated, which is given by
Fig. 7.6. From this figure, it can be found that the higher the voltage control refer-
ence, the bigger the system maximum loading factor.

25
2.4 1
2.3 1
2.2 1
2.1 1

2 4
1.9 1

Loading Factor

1.8 4
1.7 1 — — — model 1

1.6 1 e model 2

1.5 T T

0.95 1 1.05 1.1
Voltage Control Reference in P.U.

Fig. 7.6. The relationship between the voltage control reference and the maximum loading
factor
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Table 7.6. Maximum loading factors with STATCOM

Case Maximum Maximum Maximum Maximum Maximum
No. loading fac-  loading factor loading factor loading factor loading factor
tor A, Aax With change in Aax With change in
without STATCOM Eveiiff“‘age STATCOM aeiiﬁemage
STATCOM  (Model 1) STATCOM (Model 2) STATCOM
(Model 1) (Model 2)
1 1.4530 2.6962 86% 2.6962 86%
2 1.3127 2.3695 81% 2.5351 93%
3 1.0864 2.1913 102% 2.3630 117%
4 1.0374 2.1517 107% 2.3313 125%
7.3.2 SSSC

Cases 5-8 with a SSSC installed at the middle of transmission line 1-3, which are
corresponding to case 1-4 in section 7.3.1, respectively, have been studied. The
SSSC models used in the studies are the three-phase model with symmetrical
components control, and the three single-phase units with independent phase
power flow control. The models have been discussed in section 5.3 of chapter 5.
The three-phase model with symmetrical components control is referred to model
1 while the three single-phase units with independent phase power flow control is
referred to model 2. Assuming that the total three-phase power flow control refer-
ence for model 1 is 6.5*3 p.u. while the single phase power flow control reference
is 6.5 p.u.

The maximum loading factors with SSSC control are shown in Table 7.7. From
this table, it can be found that proper power flow control using SSSC can increase
the maximum loading factors. From Table 7.7, it can be seen that as the unbalance
of network and load increases, the maximum loading factor in percentage change
increases using the SSSC power flow control. The relationship between the power
flow control reference for SSSC model 1 and the maximum loading factor is
shown in Fig. 7.7.

Table 7.7. Maximum loading factors with SSSC

Case Maximum Maximum Maximum Maximum Maximum
No. loading factor  loading factor  loading loading factor  loading fac-
Amax Without Amax With factor ) Amax With tor change
SSSC three-phase ;2?:5;;26 single phase ;ngngglm_
?)SSC (Model with SSSC S)SSC (Model SSSC
(Model 1) (Model 2)
5 1.4530 1.8884 30% 1.8884 30%
6 1.3127 1.8155 38% 1.8000 37%
7 1.0864 1.6918 56% 1.6969 56%
8 1.0374 1.6746 61% 1.7277 67%
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Fig. 7.7. The relationship between the power flow control reference and the maximum load-

ing factor

7.3.3 UPFC

Cases 9-12 with a UPFC installed at the middle of transmission line 1-3, which are
corresponding to case 1-4 in section 7.3.1, respectively, have been studied. The
UPFC model used in the studies is the three-phase model with symmetrical com-
ponents control. The model has been discussed in section 5.3 of chapter 5. Assum-
ing that the total three-phase power flow control reference for model 1 is 7.5%3
p.u. while the single phase power flow control reference is 7.5 p.u. The voltage
control reference for both models is 1.05 p.u. The maximum loading factors with
the UPFC are shown in Table 7.8.

Table 7.8. Maximum loading factors with UPFC

Case Maximum loading fac- Maximum loading factor  Increase of maxi-
No. tor A, without UPFC Amax With three-phase mum loading factor
UPEC in percentage
9 1.4530 1.8654 28%
10 1.3127 1.8468 41%
11 1.0864 1.8676 72%
12 1.0374 1.8478 78%
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From Table 7.8, it can be found that proper power flow and voltage control us-
ing UPFC can increase the maximum loading factors. In particular, when the net-
work and load are unbalanced, the UPFC control can effectively increase the
maximum loading factor in percentage change with respect to that without UPFC
control.

It has been found that the voltage stability limit can be improved significantly
using FACTS such as STATCOM, SSSC and UPFC. In particular, when the un-
balance of network and load increases, the maximum loading factor change in
percentage can increase significantly using FACTS control. The continuation
three-phase power flow approach with FACTS control will be a useful tool to in-
vestigate the voltage stability control of unbalanced three-phase power system.
The continuation three-phase power flow approach can be also used to determine
the security operating limits in terms of voltage, thermal and voltage stability lim-
its. With the integration of distribution generation into power grids, such a tool
will pay an increasingly important role in operation, planning and control of dis-
tributed power grids.
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8 Congestion Management and Loss Optimi-
zation with FACTS

This chapter focuses on power flow controlling FACTS-devices and their benefits
in market environments. These devices have a significant influence on congestion
management and loss reduction. Especially the speed of FACTS-devices provides
an additional benefit in comparison to conventional power flow control methods.
However, to earn these benefits a special post-contingency operation strategy has
to be applied which will be explained in this chapter.

The aim of this chapter is beside the analyses of the qualitative benefits as well
to assess the quantitative economic benefits. In particular, we

e analyse under which conditions fast load flow controlling devices like DFC or
UPFC allow for a reduction of total system cost,

e estimate the amount of this reduction exemplarily for a realistic scenario within
the UCTE system.

In this chapter 'Load Flow Controller' (LFC) is used as a general term for power
flow controlling devices like Dynamic Flow Controller (DFC), Unified Power
Flow Controller (UPFC) and Phase Shifting Transformer (PST). The acronym
DFC is used exemplarily for all kinds of fast and dynamic power flow controllers.

8.1 Fast Power Flow Control in Energy Markets

8.1.1 Operation Strategy

The liberalisation of electricity markets has led and continues to lead to an in-
crease in volume and volatility of cross-border power exchanges. As a conse-
quence, particularly the transmission networks are operated closer to their techni-
cal limits. At least indirectly, some of the numerous major blackouts of the recent
years have been related to this development.

Beside strict regulations [1], there are several new technologies with the aim to
enable transmission system operators (TSOs) to cope with these challenges by
reaching optima in terms of maximum transmission capacity, minimum cost and
ensuring of network security. Among the most promising of these innovations are
FACTS-devices for power flow control such as DFC or UPFC.
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Shifting power flows between areas of a power system means to deviate from
the natural power flow. The target for doing this is to increase the power flow over
a line or corridor with free capacity or to decrease the flow in an overloaded part
of the system. The benefit is measured as increase of the total or available transfer
capability (TTC or ATC), which considers the N-1-criteria. The drawback is nor-
mally increased losses in the system.

Traditionally the set values of power flow control devices, usually phase shift-
ing transformers, are predetermined to be optimal for all expected contingencies.
This means, that the maximum transfer for the expected most critical contingency
is increased. The benefit is the difference TTC,-TTC, in Fig. 8.1. The system is
prepared for this contingency, but it is running almost all the time in a non-optimal
way according to losses or other criteria.

A
TTC, K
TTC, -
TTC,
T T T >
1 2 3 4 5 n

Contingency No.

Fig. 8.1. Total Transfer Capability without (TTC,), with PST (TTC,) and DFC (TTC;)

In comparison to this traditional approach, a fast controllable power flow con-
trol device opens up opportunities to change the set values within or even below a
seconds time range to adapt to just occurring contingencies. The fast power flow
control may, in principle, result in the following advantages for Transmission Sys-
tem Operators:

e Already during undisturbed network operation slow load flow controllers like
PSTs have to be set such that after any contingency all technical quantities re-
main within their admissible limits. With a fast flow controller, the (N-1)-
security criterion can also be fulfilled if after the contingency the DFC is
shifted to relieve any overloaded transmission lines or transformers. Even for
fast evolving instabilities the DFC is fast enough to reach a stable operation
point. If the system has a certain overload capacity and a PST would in princi-
ple be fast enough, the DFC would provide more flexibility. The result is that
the power system operates loss optimal most of the time. Only in emergency
situations the DFC changes to a new set value according to the concrete contin-
gency.

e With a preset target value - the usual operating practice with PSTs - one setting
needs to satisfy all contingency situations. By using the DFCs’ ability of fast,
post-contingency switching, the amount and direction of load flow control can
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be dynamically adapted to the actual location of the fault or the overloaded
network element. Depending on the network and market conditions, this may
enable TSOs to provide additional transmission capacity without compromising
network security.Two contingencies, which would require contradictory control
actions, can be handled with one device. In Fig. 8.1, contingencies 3 and 5
would require contradictory actions to increase the TTC value. The DFC adapts
its action to the respective contingency just after its occurrence. This gives the
additional benefit TTC; -TTC,.

e Besides, power electronic devices allow for an improvement of network stabil-

1ty.

This chapter focuses on the first two benefits and shows how the reduction of
losses as well as an increase of transmission capacity leads to a decrease of total
system cost.

8.1.2 Control Scheme

Due to the wide-area influence that load flow controlling devices have on the
transmission system, the practical realisation of the above advantages requires the
provision and utilisation of distant wide area power, current and voltage measure-
ments. In both cases of the previous section - loss reduction and transmission ca-
pacity increase - an automatic control scheme needs to be implemented. The time
scales of changing the set values depend on which kind of stability boundary is
limiting the transfer capability. In case of thermal limitations a certain overload
over a couple of minutes can be accepted, but the speed of the action increases the
flexibility to react on changing situations.
There are two principle options to automate the control scheme:

e The information on the most severe contingencies, for instance line outages,
must be transmitted to the controller. The controller has a set of pre-defined
post-contingency set-values, which are used according to the specific contin-
gency. The calculation of these pre-defined values must be done frequently to
be as accurate as possible to the actual situation.

e As an alternative, not the contingency itself, e.g. the outage of a line, is meas-
ured, but the effect on the parts of the system leading to the limitation. In this
case, the flows on the parts or lines, which tend to be overloaded after the con-
tingencies, need to be measured and transferred to the controller. The controller
automatically controls the flow of the most critical line to its defined maximum.

In both cases the control scheme is based on rules, which guarantee well defined
and unambiguous actions of the DFC (see as well chapters 10, 11 and 12). The
second control scheme has the advantage of a higher accuracy, because the effect
of the contingency is directly measured and no pre-calculated set-values are re-
quired except the maximum flows over the lines.

The required speed for the communication depends on the desired control
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speed. The fastest and most accurate control system would be a wide area control
system based on time-synchronized phasor measurements [2]. With such a system,
specific algorithms to identify actual limitations of corridors or lines can be ap-
plied as input variables for the Dynamic Flow Controller [3]. Wide area control
schemes for these applications will be discussed separately in chapter 12.

8.2 Placement of Power Flow Controllers

At first we investigate which fundamental prerequisites need to be fulfilled such
that the DFC provides more transmission capacity than the PST. This analysis is
done on the basis of simple four node networks. In a second step, we perform an
exemplary quantification of the DFC’s annual benefit for a realistic network sce-
nario in order to verify the fundamental findings.

According to the basic approach from section 8.1, using a slow LFC means to
have one tap position that meets all network constraints in all (N-1)-cases. Using
DFC for each topology of the (N-1)-criterion separate tap positions can be used,
which are applied in the post-contingency cases. When considering a single topol-
ogy, there is in general a range of admissible tap positions. Only when the trans-
mission volume and hence the loading of the network exceeds a certain level, the
admissible tap range becomes empty, meaning that the slow LFC is no longer able
to maintain network security.

Using a PST at least one common tap position needs to exist in all topologies.
In other words, there must be a non-empty intersection of the admissible tap
ranges. A DFC yields a benefit if a compromise between tap positions for different
topologies is necessary. This is the case when for a higher transmission volume
admissible tap ranges still exist for each topology, but no tap position can be
found that is admissible for all topologies.

From this we can conclude that a benefit of a DFC compared to a PST can only
be achieved if two requirements are fulfilled:

e two different (N-1)-topologies are limiting the transmission volume, not includ-
ing the DFC outage,

e the DFC needs to have sensitivities with opposite signs on two 'limiting' lines
(i.e. lines that are fully loaded in the critical topologies).

Therefore, the admissible tap ranges in the relevant (N-1)-topologies are the key
measure to assess whether the DFC yields a benefit compared to the PST.

A four node network in Figure 8.2 with three lines in the prevailing transmis-
sion direction has been developed for the purpose of illustrating the principle of
this approach. Power is injected at the lower three nodes and has its sink at the
fourth node on top. With this network we have created three scenarios with differ-
ent installations of LFCs. In the first scenario an LFC is placed crossways to the
transmission direction between a double line and a single circuit.
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Fig. 8.2. Possible locations of LFCs - schematic illustration

In both remaining scenarios the LFC is installed in one of the lines in main
transmission direction, with the difference that it is a strong line in the second sce-
nario and a weak line in the third one.

In the first schematic network configuration shown in Figure 8.3 the LFC is
placed crossways to critical lines, which satisfies the prerequisites of two limiting
topologies not including the LFC outage and sensitivities with opposite sign on
two limiting lines. In case of a line outage of the single line on the left the LFC
would be used to relieve the central line, which is illustrated by an arrow. If one
circuit of the double line trips, the LFC will aim at relieving the remaining circuit
to prevent an overload.
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Fig. 8.3. Admissible tap ranges for two critical outages and varied power transfers — LFC
placed crossways to critical lines
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Hence, the circular flow injected by the LFC is in opposite directions for the
two critical topologies. When using a PST a compromise between tap positions for
these two topologies will be necessary which limits the amount of transfer. With
low transfer P, the admissible tap ranges overlap and several common tap posi-
tions can be found that fulfil all network constraints (black bars in Fig. 8.3). When
increasing the transfer the admissible tap ranges will shrink up to the point when
they have just one single tap position in common (grey bars). The according trans-
fer P, is the highest transfer that can be achieved using a PST. For any transfer
higher than P, a DFC is required because the admissible tap ranges (white bars)
have then become mutually exclusive. The maximum transfer P; is achieved when
the DFC reaches its maximum or minimum tap setting for at least one of the criti-
cal topologies. The gain of transmission capacity by using a DFC instead of a PST
is P3-P2.

In the second schematic network configuration in Figure 8.4 the LFC is placed
in a line with high transmission capacity. This means that the LFC contingency is
among the critical contingencies. Hence, the resulting tap range is only relevant
for a single critical topology, meaning that a PST is equivalent to a DFC.

To avoid the LFC being among the critical contingencies, it is now placed in a
low capacity line while the two other lines leading to the sink node are strong ones
in this scenario of Figure 8.5. However, in case of an outage the relief of critical
lines is achieved by tap changing in the same direction for both topologies as it is
indicated by the arrows in the Figure. Consequently, the admissible tap ranges al-
ways overlap, which means that again a DFC is equivalent to a PST.

Even a scenario with two LFCs, one in each strong line, can be traced back to a
superposition of the previous two scenarios making a PST equivalent to a DFC.

No tap position
due to outage

]
-18 9 0 9 18

tap position —>

Fig. 8.4. Admissible tap ranges for two critical outages and varied power transfers - LFC
placed in critical line with high capacity
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Fig. 8.5. Admissible tap ranges for two critical outages and varied power transfers — LFC
placed in critical line with low capacity

The fundamental analysis on the basis of the schematic networks shows that an
increase of transmission capacity can only be achieved under special circum-
stances. To achieve non overlapping admissible tap ranges the following condi-
tions need to be fulfilled:

e DFC placed crossways to 2 critical lines, and
e two critical topologies exist excluding the DFC.

To confirm this conclusion under realistic UCTE network conditions an analysis
of different DFC locations for an exemplary network situation has been carried
out, which will be presented in section 8.4.

8.3 Economic Evaluation Method

Both advantages to be analysed - loss reduction and increase of transmission ca-
pacity - relate to the topic of cross-border congestion management, because this is
the primary reason for the installation of load flow controlling devices. Therefore,
we first discuss how to include load flow controllers in network models used for
congestion management, in particular for the allocation of transmission rights.

8.3.1 Modelling of LFC for Cross-Border Congestion Management
Various different methods for the allocation of transmission rights have been im-

plemented by the TSOs in recent years. In the EU this development has been ac-
celerated by the coming-into-force of the related EC regulation 1228/2003 in mid-
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2004 [1]. There is a clear tendency towards solutions that are based on intensified
coordination among TSOs and between TSOs and other actors, with the aim of
better utilisation of the network infrastructure. In the technical sphere, this can be
achieved by using so-called Power Transfer Distribution Factor- (PTDF-) models
to represent the transmission constraints [4]. The following method is based on
such PTDF-models, for the following reasons:

e The analysis of the fundamental properties of LFCs should not be based on
transitory arrangements (such as bilateral and/or non market-based allocation
procedures for transmission rights in meshed grids) - also in view of the ex-
pected lifetime of these devices.

e Although the pace of further evolution of the actually applied congestion man-
agement methods is difficult to anticipate, it is obvious that methods based on
PTDF-matrices are likely to become effective in the next years.

In this section, we first describe the basic properties of a PTDF-model and then
discuss how 'slow' and 'fast' load flow controllers can be included therein.

8.3.1.1 Basic Network Model

The cross-border transmission capability of for instance the UCTE network is
mostly restricted by the admissible line currents, which, given the relatively con-
stant voltage level, can approximately be expressed in terms of active power
flows.

The PTDF-model is based on a linearization of the steady-state load flow equa-
tions, which is valid with acceptable accuracy for the context of congestion man-
agement: The power flow on each transmission line (or transformer) has an ap-
proximately constant sensitivity with respect to the export/import balance of a
given network zone (corresponding to a trade area, usually one TSO’s control
area). Therefore, the limited transmission capability of the network can be ex-
pressed through a set of inequalities that link the maximum admissible flow on the
lines (or transformers) to the zonal balances:

zone 1 zonen

Topo. 1 I|ne:1 S zone 1 line 1 pmax
line'm . < line m
e |5 3.1)
T 2 D7 S zone n " Pmax
opo. )
P line m line m
sensitivity matrix balances

The (N-1)-network security criterion can be reflected in the PTDF-model by
computing the sensitivities for each contingency topology and combining the re-
sults to a large set of inequalities. This makes sure that a set of zonal balances (i.e.
power exchanges between the zones) must not lead to a violation of line flow lim-
its in any of the considered topologies.
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8.3.1.2 Inclusion of 'Slow' LFC

In principle, load flow controlling devices have a similar effect on the network as
the zonal balances: They alter the flow on the lines and transformers. It can be
shown that this influence is also approximately linear, i.e. the incremental power
flows due to tap changes of load flow controllers (LFCs) can be superimposed on
those induced by the zonal balances, and they are proportional to the tap setting.
(Note that we are using the term 'tap change' here and in the following, although
power electronic load flow controllers can be designed such that they allow for
continuous shifting. In the PTDF-model, this can be easily reflected by allowing
the 'tap position' to have continuous values instead of integers in the case of con-
ventional PSTs.) Consequently, the PTDF matrix needs to be extended by one
column per LFC:

zone1 zonen LFC1LFC2

line 1 | zone 1 line 1
gee o S I Sap 1 | AP "
inem I ezoren|. < line (8.2)
- line 1 s | LFC1 | Atap ko line 1 prex
finem I S LFC2 | Atapire line:

Like with the basic model, the integration of sensitivities for all contingency
topologies ensures that one set of tap positions (and one set of zonal balances) sat-
isfies all contingency conditions, thus reflecting properly the requirements of the
'slow' PSTs.

8.3.1.3 Inclusion of 'Fast’' LFC

The difference between 'slow' and 'fast' LFCs is that the latter can be shifted to an
individual tap position after each contingency. When modelling the network con-
straints, this means that each topology may have its individual set of tap settings.
For example, tap settings applying to topology 1 have no effect in topology 2, 3
etc. This is reflected by blocks of zeros in the PTDF-matrix:

LFC1, LFC1, LFC2LFC2,
sonel zonen topo 1 topo 2 topo 1 topo 2
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8.3.2 Determination of Cross-Border Transmission Capacity

Algorithms calculating bilateral cross-border transmission capacity as well as co-
ordinated mechanisms for multi-zone capacity allocation determine the maximum
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cross-border power exchange that is admissible within the limitations imposed by
the transmission network. Mathematically, this can be expressed as an optimisa-
tion problem in which the PTDF-model constitutes the principal part of the con-
straints. A comparison between PSTs and DFCs can then be achieved by simply
switching between the models described by equations (8.2) and (8.3), respectively.

The specification of the objective function reflects the context of exchange
maximisation (e.g. bilateral capacity calculation, co-ordinated explicit auctioning
or implicit auctioning). For this study, two methods are appropriate, depending on
the focus of the investigations:

e For the increase of transmission capacity by DFC in comparison to PST (sec-
tion 8.2), the amount of power exchange in a fixed direction (e.g. from country
A to country B) forms the objective function. This means that the zonal balance
in A contributes positively and in B negatively to the objective function,
whereas all other balances are set to zero. Optimisation variables are the zonal
balances and the LFC settings. Such a procedure is based on the assumption
that (in a given trading interval) the regarded power transfer direction is eco-
nomically beneficial. This allows to isolate the effect of having either fast or
slow LFCs and avoids confusion by superposition with interdependent effects
that are difficult to trace in detail.

¢ In a market with several trading zones, the most beneficial transfer direction is
volatile. Moreover, there might be interdependency between the optimal trans-
fer direction and the PTDF-model variant for PST or DFC. Therefore, the esti-
mations of loss reduction as well as of the economic welfare gain through LFCs
are carried out without prescribing such a direction. Rather, the zonal balances
are a result of the variable unit commitment, and the LFCs’ tap positions are
used as degrees of freedom in an optimization with the objective function of
minimal total generation cost. The methods used for these analyses besides the
PTDF-model are described in the following section.

8.3.3 Estimation of Economic Welfare Gain through LFC

Severe transmission congestions have occurred since the liberalisation of the elec-
tricity supply sector as a consequence of increasing cross-border power transfers.
The congestion hinders free energy trades and leads to different regional electric-
ity prices at the national power markets. In an ideal market, the economic benefit
of additional transmission capacity is determined by the reduction of generation
costs due to an additional power transfer from the area with lower marginal costs
into the area with higher marginal costs of generation. The associated costs of ad-
ditional transmission capacity consist of investment and maintenance costs of
network reinforcement, as well as costs of network losses. The maximum of social
welfare can be reached by maximising the difference between the benefit and the
associated costs.
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In the following the reduction of generation costs due to an increased transmis-
sion capacity is estimated applying a market simulation based on a generation dis-
patch model. This model optimises generation plant dispatch and transmission ca-
pacity usage by minimising total generation costs in the system. A part of the
UCTE system is considered for which the model comprises major Western Euro-
pean countries. On the generation side, the thermal and hydro generation as well
as the wind power injection are considered. The transmission network including
LFCs is modelled as linearized transmission constraints (see section 8.3.1).

Fig. 8.6 shows an overview of the developed methodology to evaluate the bene-
fit of LFCs. The influences of LFCs on the transmission capacity and thus the gen-
eration dispatch are quantified by the market simulation. Hourly unit commitment,
generation costs, cross-border energy exchange, as well as the setting of LFCs are
the essential results of the market simulation. With this information a load flow
calculation can be carried out to compute the corresponding hourly network
losses.

This procedure shall be done both for conventional PSTs and for the fast DFCs.
Finally we can compare the change of generation costs, as well as of network loss
cost.

load thermal hydraulic it D
(el generation generation P
| I * | ]
.marke.t ¢ network constraints — UCTE
simulation S x AP x Fmax network
zonal gen. schedule of
schedule LFC settings
load flow A
simulation <
generation cost| loss cost

Fig. 8.6. Overview of the methodology applied to quantify the economic welfare gain
through DFCs

8.3.3.1 Generation Cost - Market Simulation

Owing to the problem size the optimisation is solved by linear programming. The
objective function represents minimisation of variable generation cost to cover the
load in the entire system. Besides the hourly output of generation units, the setting



250 8 Congestion Management and Loss Optimization with FACTS

of LFCs is a part of the optimisation variables, too. The optimisation constraints
consist of technical properties of power plants, transmission network restrictions
and many other technical conditions, such as load balance and system reserve re-
quirements.

The generation dispatch model uses the system marginal cost as the price esti-
mator. The electricity price in a perfectly competitive market shall be equal to the
system marginal cost at all times. In a market with only a few players, electricity
prices are subject to the strategic behaviour of dominant market participants. In
this case, electricity prices can be raised above the system marginal cost. While
this market power phenomenon is more or less evident in a number of European
regional markets today, it can be expected to be mitigated in the medium term as a
consequence of efforts by the European Commission, the national regulators and
other stakeholders. For example, mitigating market power is one of the main goals
of improving congestion management methods in the European transmission sys-
tem [4]. Hence we can expect that market prices will tend to approach the mar-
ginal cost level in the future. Besides, a simulation based on marginal cost mini-
misation is ideal to reveal the socio-economic welfare gain that could be achieved
by DFCs.

While the cross-border transmission capacity often limits the international
power transfers, the power grids inside a country are usually strong enough to
support free power transfers within the country. Although this is not always ex-
actly the case, the continental European market is structured such that in most
countries unlimited domestic transmission capacity is assumed. This means that
any internal congestion is managed by corrective re-dispatching measures,
whereas ex-ante restrictions of inter-regional power exchanges are only imposed
on an international scale. Corresponding to this situation, each national market is
modelled as a trade zone in the generation dispatch model. Within a trade zone the
whole generation system is directly coupled with the aggregated load on a fictive
lossless hub, thus the internal power flows are neglected. The trade zones are in-
terconnected through the transmission network with limited capacity. The load
flow behaviours and the transmission constraints are modelled as described in sec-
tion 8.3.1, based on the assumption that step by step a multilaterally coordinated
allocation of transmission rights will be implemented in the European Union in the
future.

The generation model uses detailed information about generation systems and
the interconnected transmission network of seven Western European countries:
Austria, Belgium, Switzerland, the Netherlands, Germany, France and Italy (Fig-
ure 8.7). The Netherlands and Belgium are merged to one region in order to save
computing time, as network congestion between these two countries seems to be
quite rare, according to transmission capacity auctioning results.
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Fig. 8.7. Countries considered in the market simulation

The surrounding countries - Spain, Great Britain, the Scandinavian countries as
well as the Eastern European countries - are not modelled in detail. Their interac-
tions with those countries that are modelled in detail are considered as predefined
power exchange schedules.

Exogenous inputs such as load curves, fuel prices, available generation capaci-
ties and the transmission network aim at mirroring the situation of year 2003. All
input data have been taken from public sources. For simplification a single net-
work topology is used for the entire year, which is sufficient to show under which
circumstances DFCs can have advantages compared to conventional PSTs. As we
are interested here in a comparison between new DFCs and conventional PSTs,
not the absolute value, but only the differences of simulation results are consid-
ered, which reduces further the impact of inaccuracies of the input data.

8.3.3.2 Loss Cost — Load Flow simulation

As mentioned above, the investigation is based on a single load flow dataset
drawn from public sources. In order to calculate the transmission losses it is nec-
essary to update this load flow model according to the hourly market simulation
results.

These results contain the aggregated generation and load within each trade zone
for each simulated point of time. To update the load flow model the deviations of
these zonal values from the base case are distributed to all the generation units and
loads proportional to their power injection/take-off in the base case. This consti-
tutes a decoupling of the market simulation model and the load flow model.
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The transmission constraints in all relevant (N-1)-situations are considered in
the market simulation. However, because of the short duration of post-contingency
situations only the normal network topology is used for load flow calculation.
Hence, the yearly transmission losses are determined by adding up the transmis-
sion losses obtained from one load flow calculation for each simulated point of
time.

The comparison between the influence of DFCs and PSTs on the transmission
losses is achieved by considering that they may be set to different tap positions
during undisturbed network operation.

8.4 Quantified Benefits of Power Flow Controllers

8.4.1 Transmission Capacity Increase

As a scenario we have the selected the European region around Belgium, the
Netherlands and Luxembourg. The reason is on the one hand the actual presence
of congestion and on the other hand the fact that there are already LFCs in opera-
tion at two substations (Meeden and Gronau) at the Dutch-German border. Figure
8.8 gives an overview of the principal transmission lines in that area. A more de-
tailed description of the congestion situation can be found in [5].

Before performing the one year market simulation to estimate the economic
benefit an appropriate location for the DFC needs to be identified. Today the exist-
ing PSTs in the considered Benelux region are placed in tie lines, so we consid-
ered first DFCs as replacements for the existing PSTs at the Dutch-German bor-
der. As result of the fundamental analysis in section 8.2 the use of DFCs for
transmission increase in a tie line is unlikely to provide a benefit towards PSTs.

For the part of UCTE-system a location for a DFC to increase the transmission
capacity more than a PST could only be found under some specific network de-
velopment assumptions. We had to reduce the thermal limits of the double circuit
Vigy-Uchtelfangen by 40 % to make it a critical line. Also neglecting limitations
of 220-kV-lines (e.g. tie line Moulaine-Aubange) was necessary. The DFC and in
comparison the PST is placed in the branch Vigy-Moulaine.

For the analysis we first regard a single network situation and a fixed transmis-
sion direction from France to Belgium/Netherlands (BNL). This is equivalent to
calculating the available transfer capacity (ATC) from France to BNL. In this
modified scenario BNL imports 3900 MW with 200 MW remaining import capac-
ity from France to BNL without any LFCs. By installing a PST a total import of
4300 MW can be achieved. Considering a DFC we have evaluated a maximum
power import of 4700 MW which gives and additional benefit of 400 MW by the
speed of the device. The result of the tap calculation is shown in Figure 8.9.

The next step is to determine how often this benefit is achieved during a year
and what total profit will be gained. Therefore we perform a one year market
simulation for this network situation.
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The simulation results of Figure 8.10 show that total generation cost can be re-
duced by 3.8 Mio. €/a. The comparison between the DFC and the PST simulation
show that a variation of cross-border power exchange occurs in 53 % of the time
slots. As a consequence of the inter-temporal couplings due to the hydro power
plants, both positive and negative variations occur. Over all time slots with varia-
tions of power exchanges, the average increase (i.e. the net sum of increases and
decreases) of the cross-border transmission volume is slightly above 200 MW, and
the average price difference between exchanging market zones is 3.76 €/MWh.
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Fig. 8.10. Changes of generation cost through DFC in comparison to PST — Scenario: Re-
duction of thermal limit on Vigy-Uchtelfangen, neglect of 220-kV-limitations, DFC/PST
placed in branch Vigy-Moulaine

The simulation also shows that the changes of generation cost are quite differ-
ent in the affected countries. France for example bears an increase of generation
cost caused by a higher amount of power export. On average this would also result
in higher marginal cost in France, since it is likely that at least during some hours
of the year the increased amount of generation requires to operate significantly
more costly generators. So only some countries earn a 'local’ benefit from the DFC
installation, but in total a socio-economic benefit can be achieved for this fictitious
scenario.

8.4.2 Loss Reduction

Because of their fast controllability DFCs allow to react to a contingency after its
occurrence. This means that the natural load flow can be maintained throughout
most of the time by operating in 'neutral' and loss optimal position during undis-
turbed network operation. In contrast to that the schedule of PST settings must be
followed in all network situations according to the most critical contingencies
which might come. From this difference a reduction of network losses can be as-
sumed.

With the model that has been introduced in section 8.3.3 a simulation of an
ideal market is carried out taking into account load and generation as well as the
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UCTE-network with its constraints (Figure 8.11). Load flow calculations are per-
formed determining the loss cost regarding the zonal generation schedule and the
schedule of LFC-settings resulting from the market simulation. The comparison
between the utilisation of DFCs or PSTs for load flow control is achieved by fol-
lowing the schedule of hourly post-contingency tap settings (PST) or maintaining
the neutral setting (DFC), respectively.

load generation
_market < network constraints 4  UCTE
simulation network
|
zonal gen. schedule of
schedule LFC settings
load flow
simulation
* PST: schedule must be followed
e during undisturbed operation

DFC: neutral setting can be
maintained

Fig. 8.11. Methodology for determination of loss reduction by using DFC instead of PST

Strictly speaking, the loss-minimal tap setting can, depending on the network
situation, differ from the neutral setting. This would mean that, in theory, also the
DFC would have to follow an hourly schedule. In order to assess the relevance of
this aspect for the comparison between DFC and PST, we first perform a sensitiv-
ity analysis regarding the dependency of transmission losses on tap positions of
PSTs in the two locations Gronau and Meeden.

We first regard the level of transmission losses for 2 exemplary load situations
(Figure 8.12, curves, right axis). While the loss minimal tap position is zero or
near zero in both peak load and off-peak situations, maximum losses occur at the
lower and upper boundary of the tap range.

A subsequent one year market simulation identifies market optimal tap posi-
tions at the lower boundary of the tap range in most of the hours (Figure 8.12, col-
umns, left axis). In comparison to the difference of the incremental losses between
loss minimal and market optimal tap positions, the difference of incremental
losses between the two loss minimal tap positions (peak and off-peak) is almost
negligible. Therefore, neutral setting (i.e. a tap position of zero) is an adequate as-
sumption for the default DFC-setting in undisturbed operation.
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Fig. 8.12. Dependency of transmission losses on tap positions in Gronau and Meeden
(curves, right axis) and comparison with distribution of tap positions resulting from market
simulation (columns, left axis)

It is not certain that TSOs will use an LFC exclusively for increasing transmis-
sion capacity. For instance, a part of the tap range could be reserved for emer-
gency actions. In order to account for this uncertainty, we have determined the
yearly loss reduction for different restrictions on the share of the tap range to be
used for capacity increase. For the monetary assessment we have assumed a loss
price of 34 €/ MWh, taken from European Energy Exchange (EEX) in November
2004 as the average price for base load for 2005 and 2006.

With full admissible tap range (i.e. the entire tap range is used for capacity
maximisation) the loss reduction is 265 GWh/a, which constitutes a monetary
benefit of 9.0 Mio. €/a with our assumption of 34 €/ MWh. Yet, the simulation re-
sults also indicate a strong dependency of the loss reduction on tap range restric-
tions (Figure 8.13): For example, a bisection of the admissible tap range results in
a decrease of the loss cost reduction by 80 %, meaning a drop to 1.8 Mio €/a in
monetary terms. Obviously the uncertainty which share of the maximum tap range
will be used by the TSOs has a significant influence on the profitability of DFCs.
Figure 8.13 also shows a break-down of the loss changes per country. In the con-
sidered scenario the complete loss savings are gained in the zone Bel-
gium/Netherlands (BNL), whereas all other zones will get a (smaller) increase of
losses. We assume, however, that this finding cannot be generalised, but is de-
pending on the specific scenario and might also be affected by the inevitable
roughness of the simulation models.
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Fig. 8.13. Yearly loss reduction through DFCs (instead of PSTs) in Gronau and Meeden for
different tap range restrictions

The energy market simulations of real situations in the European UCTE-
systems quantify the benefits of the DFC in comparison to the PST. The control
speed can primarily be used to reduce the system losses by operating in normal
conditions according to optimal losses and adapt the operational point only in case
of a contingency. The benefit in the case shown here was up to 9.0 Mio. €/a. This
means that the dynamic capability would justify roughly a double price for the
DFC in comparison to a 1000-MVA-PST with a payback in one year.

The first case for transmission capability increase has shown significant bene-
fits only under special assumptions. The selection of a location where contradic-
tory control actions are required might only occur in situations where the market
actions change the power flow direction over the interconnection.

In conclusion, with specific operation strategy and placement significant bene-
fits can be achieved by using fast controllable FACTS-devices in comparison to
conventional power flow controllers. The capability for stability increase was ne-
glected so far and will be discussed in the following two chapters. After that in
chapters 10 to 12 a complete control scheme will be defined enabling to earn the
benefits shown here.
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9 Non-Intrusive System Control of FACTS

For the implementation of FACTS-Devices, especially for controllable transmis-
sion paths in an AC-system, intensive planning studies and redesign of control and
protection systems have to be executed. Adverse control interactions with other
controllers and a lack of optimization potential due to predefined devices have to
be considered. Applying a control architecture, which enables the operation of a
new FACTS-device and especially a controlled transmission path without affect-
ing the rest of the system, can eliminate these problems. This non-intrusiveness is
the key issue of the so-called Non-Intrusive System Control (NISC) architecture.
In this chapter the basic requirements and structure of this new control architecture
are described first. A second focus is given to the problem of controller interac-
tions in abnormal operation situations where the NISC architecture helps to avoid
malfunctioning or adverse reactions.

9.1 Requirement Specification

Power system control analysis and design methodologies are mainly aiming at the
assessment of single devices by means of their systemic behavior. In particular in
the area of devices enhancing the flexibility of power systems (FACTS-devices)
the corresponding design techniques are dedicated to either steady-state operation
or power system dynamic improvement. In the spot of application studies nor-
mally FACTS-devices are considered as stand-alone solutions. These approaches
are limited to a given device functionality rather than considering and designing
the entire system on functional basis. The design of a solution for a transmission
problem by starting from a functional specification offers more degrees of free-
dom. Herein, impedance control, voltage and current injection are considered as
single functions. However, this design process demands a corresponding portfolio
of modularized components comprising switched elements as well as power elec-
tronic subsystems. The device requirements as a result of the design process needs
to be mapped to select the specific FACTS-devices out of the available portfolio.
Beyond these hardware related issues the design of a proper control and system
integration methodology is needed. Most of the known approaches demand to
consider the entire system, i.e. detailed knowledge of the structure and parameters
of all other network components is mandatory for the design process. This is not
only related to a huge effort during the design phase but also more and more lim-
ited due to the deregulation. Since transmission as such becomes a competitive in-
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strument the availability of planning data cannot basically be assured. Especially
for congested transmission paths between utility or country borders it is hard to
get complete system planning data for the entire system.

Furthermore, the design methods may yield a complete set of new parameters
for all controllers of the entire system. Both, new controlled and uncontrolled AC-
transmission paths will always affect the dynamics and behavior of the rest of sys-
tem. In conclusion, it is mandatory to provide a system behavior that is not inad-
vertently affecting the entire system. Exceptions are related to the provision of
certain control functions as ancillary services.

The proposed control architecture, called Non-Intrusive System Control (NISC)
avoids complete system redesign. It enables a most effective system expansion
and more effective network utilization by considering the needed transmission
functions first. In a second step the hardware modules are assembled accordingly.
The goal of the NISC-architecture is to simplify the design process so that the new
controlled transmission paths can be designed without extensive system studies.
For the operation of a new transmission path the NISC-architecture avoids adverse
control interactions within the entire system without causing a redesign of already
implemented controllers. Those are automatic voltage regulators, power system
stabilizers etc. Additionally, the proposed architecture allows for a proper reaction
on critical events and avoids insufficient and hence wrong operation after the
power system state changes. Both, normal and abnormal operation situations are
considered at the same time. In contrast, if the entire control systems would have
been designed according to global parameterization for a fixed topology mal-
operations and adverse control interactions may occur [1], [2].

After describing the general approach of NISC, the different aspects of the
NISC design methodology are discussed to more detailed extend in the following.

9.1.1 Modularized Network Controllers

The expansion of an electric power network means adding a new part to the sys-
tem or upgrading an existing part for the transmission of electric power. Mostly
this is limited to a connection of two points of a given network or between two
networks (included are also 3 point connections or the interconnection of a new
independent power producer). If this connection is supposed to be controllable or
the controllability of a given transmission system is suggested to certain exten-
sions, transformer based, especially phase shifter, or power electronic based sub-
systems are installed. In particular the latter ones are integrated into the system to
enable power flow control, reactive power compensation or ancillary services like
damping of oscillations. Ideally, a controllable transmission line can be modeled
as a system comprising sending end, receiving end and an intermediate coupling.
In the ideal case both ends show a decoupled behavior. Figure 9.1 shows the prin-
ciple structure of such a transmission interconnection.
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Fig. 9.1. Model of a controllable transmission line with the NISC-approach and underlying
building block philosophy

Against this background the NISC-architecture as control philosophy demands
a certain amount of controllability. This can be achieved by the FACTS-devices
introduced in chapter 1 based on controlled impedances or voltage sources and
transformers. In addition special designs could be considered like a four conductor
transmission line with symmetry compensation [3] or transmission lines with a
certain surge impedance in order to avoid bulk series compensation equipment [4].
Furthermore, controlled series resonance circuits can be added for decoupling the
sending and receiving end in terms for short circuit current contributions [5]. As a
result the transmission path can be designed according to a building block concept
and hence a huge variety of controllers can be created based on the basic FACTS-
elements.

9.1.2 Controller Specification

Conventional controller designs for controllable transmission paths demand to in-
corporate the entire system. In most of the cases this results in a redesign of other
network controllers. The controllers should follow the desired functionality inde-
pendent of hardware configuration of new transmission elements. Easy scalability
to different control ranges and flexibility to add ancillary services is required.
However, today the number of controlled paths is limited since the control sys-
tems cannot cope with potential adverse interaction of these controlled paths. This
problem can be overcome by either overall network controllers, which would de-
sire a complete new high-speed network control system. Even in this case the ad-
verse interaction cannot definitely be avoided.

A second approach is to design a controller working for fast actions on local
input variables, but achieves coordination through exchange of information with
selected parts of the entire system. This reflects the basic requirement for the
NISC-architecture. For the realization of such a controller design the following
specifications are defined:
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e New controller design does not require a redesign of already installed network
controllers

e Several network controllers work together with the same control approach

e Robustness according to requirements of power system operation (change of
operational points during time periods of days and years)

e Modular controller design for system control and ancillary services; scalable
for different control ranges

e No misbehavior in contingency situations

9.2 Architecture

Generally, one has to distinguish between predefined robust controllers for regular
operation and contingency situations. In the following the controller for regular

operation is referred to the function Sl(g ,) - This function comprises several

control algorithms for controlling the transmission path, e.g. active power flow
control, reactive power flow control, voltage control, etc. The contingency case is

covered by function Sz(g,g ,) . This function affects the regular device control

in order to adapt its behavior according to changing network conditions, in par-
ticular during contingencies. The overall structure of a NISC controller is shown
in Figure 9.2.

In the simplest case the contingency controller does not affect the regular con-
trol function. For the initial design of the controller the function of the regular
controller can be separated:

32(31(21)&2)531(21) 9.1

The design of the regular control function is traditionally based on a thorough
network analysis where conventional robust controller design methodologies are
applied e.g. H,, [6]-[8]. For practical applications it is hard to get the dynamic sys-
tem model to design the controller. The effort for this procedure is one reason for
the limited use of network controllers in practice. Therefore the controller should
be designed more or less independently from detailed system studies for each ap-
plication. But at first the stability for such designs, independent from their special
desired control characteristics, must be ensured.

If the controller has a certain desired characteristic for all operational points,
the design can be done once without applying neither structural nor parameter
changes during online operation. If not, the controller performance has be to
checked in regular intervals and control parameters have to be updated accor-
dingly. Therefore, the connection D, (see Figure 9.2) serves as a data channel used
for downloading the updated control parameters.
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Fig. 9.2. Structure of NISC-Architecture

However from the theoretical point of view, the overall objective of this con-
troller design methodology is to get rid of the connection between controller and
SCADA-EMS-System Ds. The information exchange shall be reduced ideally to
the set points u, for the network controllers.

The contingency controller supervises the regular controller to prevent it from
mal-functioning. This means coordination between the considered controlled
transmission path and the entire system. One possible realization is a coordination
instance, which derives (from measurement values u,') the contingency case e.g.
short circuit, line tripping, outages, overloading, under-voltage, etc. The result is
an additional input u, for the device controller upon which the regular control sys-
tem structure is adapted to the contingency situation.

The coordination is time variant and depends on the actual network parameters
and topology. Therefore the proposed NISC-architecture is despite its functional
similarity not directly belonging to the class of adaptive controllers. The major

difference lies in the mapping G :u', — U, , which defines what kind of meas-

urement quantities are mapped on which additional input quantity for the device
controller (see Figure 9.2). In particular in comparison to centralized real time
network control systems, within this approach the amount of high speed data
transmission is drastically reduced. No additional broadband SCADA-system is
needed for the realization. However a certain exchange of date for online coordi-
nation of contingency cases cannot be avoided. Future optimization potential of
the NISC-architecture lies in totally reducing the high speed data channel by sub-
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stituting the coordination instance with a special signal processing unit on the de-
vice level. The major task of this signal processing unit is to establish a mapping

H:u, —u, 9.2)

and thereby deriving the contingency case out of locally available measure-
ments.

In conclusion the ideal NISC-architecture shall concentrate all high-speed data
processing, measurement and reaction schemes at the device level. Slow processes
and methodologies are placed on the system level.

9.2.1 NISC-Approach for Regular Operation
The non-intrusiveness will be explained in the following according to Figure 9.3.

The NISC-approach ensures that there are no new instability regions due to adding
a new component.

Areas_ of staple X, (1)
operation points

Original
»,New* Stability System
regio (stable)

y Stable equilibrum ,

x; (1)

/

Ne\!vhstzfé%m = No “new” instability region
w(:tame) = Stability region enlarged

Fig. 1.3. Areas of stable operation points enlarged by adding new controllers with NISC-
approach

The ideal goal of the NISC control design is to avoid the frequent update of the
controller while ensuring certain robustness. There are several approaches possible
to realize such a controller for the standard function of controlling the power flow
or the voltage with the additional network element.

The first approach is coming from the theory of passivity. If a stable power sys-
tem without the new controllable device is assumed, the system is passive if an
energy function V(7) exists for time points 70 [9].

V(T)<V(0)+ [y(u(t)dt ¥ u(), T =0 9.3)



9.2 Architecture 265

If the additional network controller fulfills the same requirement and is also
passive, then both systems in parallel or in a feedback loop are also passive and
therefore stable. This means, that the additional component does not affect the sta-
bility itself if there is no energy input from this system. For the normal operation
of fixing an operational point this is sufficient, but this approach does not tell any-
thing about the damping of the resulting system. Also for additional components
with storage characteristic this is not applicable.

Another nearly similar approach is the Controlled Lyapunov Function (CLF)
for a system with the structure:

§= ()= fy(2)+ D, f(x) ©04)

If the power system without control input is stable, it can be shown that there
exists a positive energy function Vpg(x) with VPS <0. The system with the net-

work controller is stable if, when Vpg is combined with the energy function of the
controllable element V¢, the resulting function V is a Lyapunov function for the
new system. This holds if:

V =Vpg +Vep <Vep <0 9.5)

In [10] this is shown with the example of a controllable series device. It is
shown that the stability area of the resulting system is enlarged by adding the new
component. To get an improved damping characteristic is a question of the con-
troller design. The resulting controller must be checked to fulfill the above re-
quirements for CLF. The results so far are adaptable for the basic control function.
The robustness of the controller depends on the model of the device and is inde-
pendent from the system's model so far the system can be assumed to be stable.
Therefore a robust control design is desired.

To design a robust controller for specific characteristics it is desired to make
the design based on a typical structural environment and not with a detailed sys-
tem study. An approach for such a design is shown in [10] where the structure of
the system is known, but not the exact parameter values.

With these approaches within the NISC-architecture a redesign of the controller
can be avoided and the stable operation together with other controllers can be
guaranteed. The stability is guaranteed and the robustness depends only on the de-
vice model. As a result the area of stable operation points remains the same after
integrating a new controlled transmission path, which adds stable operation points.

9.2.2 NISC-Approach for Contingency Operation

The major difficulty for the application of network controllers is that it must be as-
sured that they behave correctly during abnormal operation situations or contin-
gency cases. In particular this is required for all kinds of fast controlling devices
and therefore especially FACTS-devices. Many application studies have shown
that the technical advantages of e.g. power flow controllers can only be profitably
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utilized in connection with a purposeful extension of the control and protection
system. The critical factor is the dynamic behavior of the power system. This gets
worsened and furthermore an overall endangering of the steady-state and dynami-
cal system security is expected if the operation of network controllers like
FACTS-devices are not coordinated properly.

The coordination has to be done according to changing operating situations or
critical events in the power system. The NISC-architecture solved this problem
due to its preventive coordination mechanism. This control is activated by a trig-
ger signal reflecting a contingency event in the entire system. This broadcast acti-
vates the according local contingency control method within the device controllers
(see Figure 9.4). After the contingency has been cleared the device controllers re-
quest a new planning and download cycle since the network topology or operation
condition could have changed.

The analysis of the contingency cycle-time and the regular cycle-time shows
that an online coordination of several network controllers cannot be achieved.

AT, << AT, 9.6)

To implement a full dynamic system analysis online is not possible due to the
centralized databases and analysis time effort. Therefore the underlying concept of
coordination is referred to as preventive coordination since the coordination is
done before execution starts.

A
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Fig. 9.4. Typical contingency control cycle within the NISC-architecture

This chapter has specified the requirements for fast network controllers espe-
cially FACTS-controllers. In particular power flow controllers require a coordi-
nated approach, because of their interaction with wide parts of a power system.
Adding FACTS-controllers shall always improve the stability of a system for all
expected operations. Designs for regular and contingency operations can be sepa-
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rated. To be prepared for a contingency operation a analysis and planning phase
has to be performed in cycles. The action schemes needs to be downloaded into
the local controller. The controller is not prepared to act in contingency situations
according to the pre-defined schemes. The required data are ideally locally avail-
able or need to be transmitted from pre-selected source in the system. The follow-
ing chapters will show implementation examples for specific applications of this
basic NISC-architecture.
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10 Autonomous Systems for Emergency and
Stability Control of FACTS

The requirement specification in chapter 9 has clearly shown, that the uncoordi-
nated use of FACTS-devices involves some negative effects and interactions with
other devices, which leads to an endangerment of the steady-state and dynamical
system security. This chapter shows one approach to overcome these difficulties
and provides a solution for a coordinated control system fulfilling the specified re-
quirements.

An autonomous control system for electrical power systems with embedded
FACTS-devices is developed that provides the necessary preventive coordination.
With methods of computational intelligence the system automatically generates
specific coordinating measures from specified abstract coordinating rules for
every operating condition of the power system without human intervention or con-
trol. This guarantees an optimal utilization of the technical advantages of FACTS-
devices as well as the steady-state and dynamical system security. Interactions be-
tween the autonomous system and other existing controllers in electrical power
systems are taken into consideration so that the autonomous system can com-
pletely be integrated into an existing conventional network control system.

10.1 Autonomous System Structure

The response time of FACTS-devices is in the range of some ten milliseconds. In
case of critical events within the power system, e.g. faults or overloadings,
FACTS-devices react immediately to these events due to their short response time.
If the FACTS-devices are not adapted to the situation in and after such a critical
event, this can lead to an endangerment of the steady-state and dynamical system
security. The Non-Intrusive System Control (NISC) approach in chapter 9 defined
the necessary interactions for regular and emergency control of FACTS-devices.

As a consequence, the application of FACTS-devices requires both a fast coor-
dination of their controllers among one another and with power plants, loads, and
conventional controlling devices within the power system. This coordination must
guarantee the steady-state and dynamical system security in the case of critical
events and has to be automatic, quick, intelligent, and preventive.

The NISC approach has separated the planning phase for coordinating actions
from their local execution. One step further goes the autonomous system ap-
proach, where clearly separated autonomously acting components provide specific
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tasks. These tasks are in this case system analysis, coordination and execution of
the specified control task. Autonomous systems generally represent an abstract in-
formation-technological framework, which is specified in detail in [1]. Generally
its architecture can be subdivided into several intelligent autonomous components
communicating with each other.

The autonomous components themselves consist of different authorities called
‘management’, ‘coordination’, and ‘execution’. Depending on the control level on
which an intelligent autonomous component is placed, one of the three authorities
dominates compared to the other two authorities. In order to specify the compo-
nents on each control level every necessary local controller of the process must be
determined concerning its structure. An autonomous component can be a control
station, a process computer or a simple controller.

According to the hierarchical model of a control system for complex technical
processes, e.g. electric power systems, the different control levels are called:

e network control level,
e substation control level,
¢ bay control level.

Bay Control Level. The physical coupling of the autonomous components on the
bay control level is realized by sensors and actuators. The main task at the bay
control level is ‘execution’, i.e. in this context mainly the application of control
and adaptation algorithms.

Substation Control Level. Autonomous components on the substation control
level mainly act as coordinators. They determine and plan the functionality of
other components and delegate distinct special tasks.

Network Control Level. On the network control level autonomous components
are working with information being generated from a model of the whole process,
which can be implemented on this control level. The most important task of these
components is the decomposition of global aims being generated here or pre-
scribed by a human operator through the human-machine-interface.

The main capability of an autonomous control system is to act automatically
without manual interactions. The autonomous system shall provide the following
features:

e perform self-learning, self-organization, and can plan and optimize control ac-
tions,

e decentralized artificial intelligence enables quick autonomous actions.

¢ automatically adaptation to changes of the technical process in structure and pa-
rameters,

e operation of the process without human intervention.

To achieve this, some kind of knowledge about the required coordinating actions
and adaptations must be embedded into the system on the specific levels. As a so-
lution coordinating generic rules can be defined which are valid in any power sys-
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tem. These rules have to be adapted by a system analyses to the specific opera-
tional conditions.

10.2 Autonomous Security and Emergency Control

10.2.1 Model and Control Structure

In the following the autonomous system control will be demonstrated by the
means of UPFC. The reason is that the UPFC provides fast power flow, voltage
and damping control and therefore requires especially the coordinating control
scheme. Other simpler FACTS-device controls can be derived from this general
structure.

As shown in Fig. 10.1 the dynamic behavior of a UPFC can be modeled by a
current source injecting the shunt current I o and a voltage source inserting the
longitudinal voltage V,.The dynamics of the two VSC are modeled by first order
time delay elements (PT,-Elements) with a time constant in the range between 15
and 30 ms [2].

In the model, the outputs of the operating point controllers are directly used by
the converter control model for the calculation of V, and 1, o - Furthermore a con-
troller for improving the small signal stability of the system (damping controller)
is implemented which will be dealt with in section 10.3. The outputs being fed
back by the controller are the deviations from the setpoint values of active-power
(4Py), reactive-power (4Q;;), nodal voltage (4V;) and the corresponding serial cur-
rent (Al)). The controller function is defined in equation 10.1. Its input and output
vectors are defined in equations 10.2 and 10.3.

Au = —F Ay (10.1)

Ay = AV, AQ, AP, AL)T (10.2)
T

Au = (Auy , Aug,y Aupp) (10.3)

10.2.2 Generic Rules for Coordination

Coordination for the steady-state operation can e.g. be performed using optimal
power flow techniques [3]. Concerning the dynamical operation, an adaptation of
the control operations by FACTS-devices to changing operating situations or criti-
cal events in the power system has to be performed.
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Fig. 10.1. UPFC modeling and control

Critical events, which require coordinating control measures to be applied to
the embedded FACTS-devices, are:

overloading of electrical devices,
failure of electrical devices,

short circuits in transmission elements,
changes of the system’s state.

Necessary coordinating control measures have to be applied in short term range
after the occurrence of one of the above-mentioned events. The first three events
are emergency cases requiring fast actions. The forth one concerns the damping
control and will be analyzed in section 10.3.

The coordinating control measures can be formulated in a knowledge-based
form as so-called generic rules [4]. Before they will be listed and explained, the
definition of the terms 'control path' and 'parallel path', which concern the network
topology, has to be given (see Table 10.1). For illustration, the topology of a sim-
ple example power system including one UPFC is shown in Figure 10.2.
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Table 10.1. Definition of terms

Term Definition
control path  transmission path in which a power flow controlling device (e.g. UPFC)
is implemented and which only has junctions at its end-nodes
parallel path  transmission path which starts and ends at the same nodes as a control
path and in which no power flow controlling device is implemented

il i O

UPFC control path

parallel path

Fig. 10.2. Simple example power system used for definition of control and parallel paths

The existence of a parallel path is an essential necessity for a power flow con-
trolling FACTS-device. Controlling the power flow over its control path a
FACTS-device shifts the power flow from its control path to parallel paths and
vice versa.

A system theoretical analysis shows the following four coordinating control
rules:

1. IF a device on a parallel path of a FACTS-device is overloaded,
THEN modify the P-setpoint-values of the FACTS-device

A power flow controlling FACTS-device can directly influence the active and re-
active power flow over its control path. This leads to the above-mentioned shift of
the power flow from the control path to parallel paths or vice versa. Consequently,
power flows over parallel paths can be specifically influenced by changing the set-
point values for the active- and reactive-power flow of the control path. In this
way overloadings of devices on parallel paths can be suppressed by changing the
setpoint values of a power-flow controlling FACTS-device. The control path takes
over the surplus of power flow which otherwise leads to the overloading of the
device(s) on a parallel path.

This rule recommends modifying only the P-setpoint-values of FACTS-devices
to suppress overloadings because these are mainly caused by active power flows.
The reactive power-flow controlling functions of a FACTS-device can then be
used for voltage control.
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2. IF there is a failure of a device on a parallel path AND no further parallel path
exists for a FACTS-device
THEN deactivate the power flow controllers of the FACTS-device

The existence of at least one parallel path to a control path is an important condi-
tion for the reasonable application of the power flow control function of a
FACTS-device. As already described above, power flow control causes a shift of
the power flow between control path and parallel path(s). Hence, if a failure of a
device causes an opening of all parallel paths, the power flow control of a
FACTS-device is hindered. The consequence would be that the outputs of the
FACTS-device's power flow controllers would run into their limits, which may
cause strong system oscillations. This is called 'false controlling effect’, which
means that the power flow controllers try to meet the given setpoint values, but
they cannot reach them because power flow can not be shifted to parallel paths.
According to the NISC requirements this needs to be avoided. By quickly deacti-
vating the power flow controllers after such a failure the false controlling effect
can effectively be prevented.

3. IF a short circuit happens on a control path or on a parallel path of a FACTS-
device,
THEN slow down the operating point controllers of the FACTS-device

This coordinating measure prevents excessive power oscillations after a short cir-
cuit followed by automatic reclosing. The reason for this is that the power flow
changes drastically during the short circuit. Mainly, a high reactive current flows
over every line into the direction of the short circuit location. Because of the short
response time of the FACTS-devices the power flow controllers respond immedi-
ately to the short circuit and try to meet the preset setpoint values. Also the voltage
controller tries to fix the setpoint-voltage. Hence, the outputs of the operating
point controllers will strongly increase within a short period of time and reach
their limits even before the fault is clarified and the automatic reclosing is started.
When the fault is removed after an automatic reclosing these large values of the
manipulated variables of the operating controllers lead to strong oscillations. This
is another kind of false controlling effect and has to be suppressed by suitable
measures. Through slowing down the power flow controllers and the voltage con-
troller during the short circuit and the automatic reclosing (decreasing of the PI
controller parameters) this false controlling effect can be prevented.

The correct application of these three coordinating measures to FACTS-devices
and their control enables the network operators to exploit the advantages being of-
fered by FACTS for their steady-state and dynamical secure operation. The
autonomous control system is designed to execute them automatically.

10.2.3 Synthesis of the Autonomous Control System

Due to the continuous changes of the operating states and the topology during the
daily operation through varying loads, generations and switching operations, the
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specific coordinating control measures must be followed up automatically to these
changes. Only under this condition the controller is able to react adequately on
critical events in the changed system. This guarantees a dynamical and stationary
secure behavior of the whole system. To ensure a quick reaction of the autono-
mous system, the specific coordinating measures have to be derived, before a
critical event occurs. Hence, topology-changes of the network have to be analyzed
continuously. This continuous adaptation of the specific coordinating measures for
changing topologies is called 'preventive coordination' being performed by the
autonomous control system. The three coordinating generic rules, which have
been explained in the previous section, are the elementary tasks, which have to be
fulfilled by the autonomous control system.

These first three rules mainly concern setpoint values for the operating point
controllers and the operating controller's parameters. The development of the
autonomous system is performed successively starting at the bay control level.
Some elementary autonomous components are chosen and designed to be acting
on this control level. After that, additional autonomous components on the other
control levels are added. They provide the components on the bay control level
with necessary specific information, which is generated automatically in depend-
ence on the actual network topology.

10.2.3.1 Bay Control Level

Figure 10.3 shows the operating point controllers of a UPFC, which are extended
by the additional controllers as autonomous components on the bay control level.
They perform the basic measures, which are required by the first three generic
rules and are explained in the following.

The coordinating measure given by the first generic rule requires a modification
of the P-setpoint value of the UPFC in order to prevent overloadings on lines on
its parallel paths. A simple but effective autonomous component performing this
can be an integral-action controller forming an outer control loop. The actual ac-
tive-power flows over all lines on parallel paths have to be observed by the
autonomous component. As the degree of freedom for influencing power flows
over parallel paths of one FACTS-device is equal to one. A UPFC can at the same
time specifically prevent only one overloaded line. If several overloadings are de-
tected, the line with the biggest overloading is chosen.

The actual deviation from the maximum allowed active power flow (P-P,..,),
which has a positive value in case of an overloading, is taken as the input of the
integral-action controller. This way it adjusts the setpoint of the active-power flow
controller of the UPFC until the active-power flow of the overloaded line is re-
duced to its maximum allowed value P,,,, . This is the basic idea of how the first
generic rule is implemented on the bay control level. It guarantees the steady-state
security of the power system.
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Fig. 10.3. Operating point controllers of a UPFC with autonomous components on the bay
control level

When using this method in practice several additional measures have to be im-
plemented. This comprises e.g. the detection if the reason of an overloading has
disappeared after the overloading has been removed by the integral-action control-
ler. In this case the setpoint adjusting by the integral-action controller has to be re-
set. Another important issue is the detection if an overloading is permanent or only
temporary. Temporary overloadings can appear in case that the active power flow
over a line oscillates around a value, which is directly below the maximum capac-
ity. Those temporary overloadings are usually uncritical because they do not cause
thermal problems. Hence they do not have to be treated by the autonomous control
system. Additionally, it has to be respected that not all overloadings of lines on
parallel paths can be removed by the P-setpoint adjusting. It strongly depends on
the impact of a FACTS-device on the power flow of parallel paths, which can be
high or very low. In case the impact is very low, usually a very big change of the
P-setpoint is required for removing the overloading. As the UPFC has only limited
control power, the setpoint adjusting will probably not be successful when trying
to remove the overloading. These and further specific aspects are very important
for the implementation of the method.

The second generic rule requires a deactivation of the power flow controllers in
case of failures of distinct devices on parallel paths. The deactivation of the con-
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trollers shall be performed by quickly setting the controller parameters of the ac-
tive and reactive power flow controller to zero. Adaptive control is chosen to be
suitable for this. Since fuzzy adaptation provides a transparent knowledge based
implementation of adaptation rules, a fuzzy module is chosen to be the autono-
mous component on the bay control level performing this task (fuzzy module 1).

In addition, such a fuzzy adaptation produces soft transitions between the acti-
vation and deactivation of the controllers. The knowledge bases are derived from
the generic rule 2. This is performed by autonomous components on higher con-
trol levels and will be described in a later section. The input quantities of the fuzzy
controller must be measured values of lines on parallel paths. From these input
quantities the fuzzy controller must be able to clearly recognize failures of rele-
vant transmission elements. Measurements of the currents or complex power
flows over the concerning transmission elements can be taken as input quantities.
Membership functions for the input quantities have to be chosen once and remain
valid for all operating cases.

The implementation of the third generic rule on the bay control level is also
done by a fuzzy controller performing an adaptation of the parameters of the oper-
ating controller (fuzzy module 2). It decreases the operating point controller's pa-
rameters in cases of short circuits on lines of the control path or on parallel paths
so that the controllers are slowed down strongly, as it is required according to ge-
neric rule 3.

Short circuits (faults) must be reliably recognized by the input quantities of the
fuzzy controller. Hence, the currents over those lines can be taken as input quanti-
ties for the fuzzy controller. Also here the membership functions have to be cho-
sen only once.

10.2.3.2 Substation and Network Control Level

Autonomous components on the substation and the network control level have to
generate specific additional information for the autonomous components on the
bay control level (fuzzy modules, integral-action controller and damping control-
ler). This must also be based on the generic rules.

The generic rules strongly depend on the network topology. They use the terms
‘control path' and 'parallel path' as they have been defined above. For this reason,
autonomous components on the network control level have at first to analyze
automatically the network’s topology. This is done recursively with the known
backtracking technique. The result is an assignment of all parallel paths to each
control path. For large and complex networks these calculations can take long
computation time because theoretically a large number of parallel paths may exist.
However, since the impact on parallel paths that are far away from the control
path may be very small, the user can define a reasonable area of impact for each
FACTS-device, in which it has sufficient impact on its parallel paths. These areas
should be chosen such that the influence of the power flow over lines within the
areas can be performed with a realistic amount of control power. The analysis of
the network’s topology for finding control and parallel paths can then be limited to
these areas of impact.
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With the result of the topology analysis the three generic rules can be brought
to a set of concrete coordinating rules, which are valid for the actual network to-
pology. To illustrate this, one example of a concrete rule for each generic rule
shall be given:

1. IF line 11-19 is overloaded THEN modify the P-setpoint-values of UPFC 2

2. IF there is a failure of line 17-18 THEN deactivate the power flow controllers
of UPFC 1

3. IF a short circuit happens on line 11-19 THEN slow down the operating point
controllers of UPFC 2

This is how the rules may look like for an example real power system containing
UPFCs. The complete sets of concrete coordinating rules may contain a large
number of rules.

For the generic rules 2 and 3 the concrete rules are then translated by autono-
mous components into fuzzy rule bases for the fuzzy modules 1 and 2 on the bay
control level for each FACTS-device. The rule bases are downloaded into the
fuzzy modules 1 and 2.

Concerning generic rule 1 the result of the topology analysis is used by a fur-
ther autonomous component to compute the impact of the FACTS-devices on
lines on parallel paths. It computes the GSDF (generation shift distribution factors,
[5]) in order to quantify the impacts of FACTS-devices on all lines of the parallel
paths. Only if the impact of a FACTS-device on a line is big enough, it is sensible
to include this line into the autonomous control in terms of preventing overload-
ings. If more than one FACTS-device has a certain impact on a line, the FACTS-
device with the biggest impact on that line is determined to remove a possibly oc-
curring overloading. This way the GSDF determine the lines, which have to be
monitored by which FACTS-device with regard to overloadings. They also deter-
mine the parameters k of the integral-action controllers. This mainly concerns the
sign of the control action, which means if the P-setpoint has to be increased or de-
creased to remove a specific overloading of a transmission element.

In this way it can be guaranteed that the integral-action controllers perform
their control actions to remove overloadings with the correct direction and the
necessary intensity.

Figure 10.4 finally shows the autonomous components, which are necessary on
the substation and the network control level in order to generate specific informa-
tion for the fuzzy modules and the integral-action controllers as autonomous com-
ponents on the bay control level.
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Fig. 10.4. Autonomous components on the substation and network control level for generic
rules 1, 2 and 3

10.2.3.3 Preventive Coordination

As already mentioned before, the specific information for fuzzy and integral-
action controllers (fuzzy rule bases etc.), which represent the coordinating meas-
ures in the case of overloadings, faults, and failures, is only valid for the network
topology for which they have been generated. Since the topology of the system
changes in the daily operation of the power system by switching operations, the
fuzzy rule bases and additional information for the integral controllers must be fol-
lowed up automatically to these modifications. Only under this condition it is
guaranteed that the autonomous system can react correctly to critical events ac-
cording to the above-mentioned generic rules. Such planned changes of the net-
work topology are named in Fig. 10.5 with 'intended topological changes'. In addi-
tion, the occurrence of critical events, to which the autonomous system reacts by
means of fuzzy parameter adaptation or setpoint adjusting, itself may lead to a
changed topology, for instance through the unintentional failure of a transmission
line.
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Fig. 10.5. Procedure for preventive coordination of FACTS-devices

For both cases of topology changes the previously described procedures for the
generation of specific information for fuzzy and integral-action controllers being
performed by autonomous components on the substation and the network control
level have to be activated automatically.

Hence, new specific information is generated for the autonomous components
on the bay control level. This is called 'preventive coordination'. The term normal
operational state' means that at the moment no certain coordinating action of the
autonomous system is required so that only the operating point controllers are in
normal operation. "Target of autonomous control reached' indicates that an over-
loading has been successfully removed or that operating point controllers have
successfully been slowed down or deactivated in order to prevent false controlling
effects respectively.
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10.3 Adaptive Small Signal Stability Control

From a control systems theory point of view, an electric power system behaves
like a non-linear, time-variant controlled system. Due to permanent changes of
power generation, loads, and the networks topology, the dynamical state of the
system varies strongly and continuously. FACTS-devices, which are equipped
with simple damping controllers like a linear output feedback controller, shall im-
prove the small signal stability of a power system during all its operating condi-
tions. Therefore the controller has to be continuously adapted according to the
changes of the dynamical states, which happen to the entire system.

The damping controller in Figure 10.1 is usually implemented to work in paral-
lel to the operating point controllers, which means that the outputs of the damping-
controller are added to the outputs of the operating point controllers. For example
an output feedback controller with adaptable parameters can be used to improve
the system's small signal stability. This controller is linear and it is usually param-
eterized for a power system model being linearized around an operating point.
Constant parameter settings can usually only guarantee good control performance
for the system operating around this point and not within the whole range of states
in which it can operate. Hence, the damping controller parameters are to be
adapted to changes of the system’s state.

A fourth generic rule can be formulated to take this requirement into account.

4. IF a change of the dynamical state of the entire system happens,
THEN adapt the parameters of the FACTS-device's damping controller.

10.3.1 Autonomous Components for Damping Control

The damping controller is designed as an output feedback controller whose feed-
back matrix F has to be adaptable to changing conditions of the power system ac-
cording to generic rule 4.

The bay control level does not contain any specific autonomous components for
the adaptation of the damping controller since information about the whole sys-
tem’s state can only be provided from the entire power system point of view, i.e.
from the network control level.

Autonomous components on the network and substation control level have to
determine the damping controller parameters, i.e. the elements of the output feed-
back matrices F of each FACTS-device being fitted with such a damping control-
ler. As already done in the previous sections of this chapter, the ideas and concepts
of how this is performed shall be revealed instead of presenting all details about
their implementation.

As mentioned above, loads, generations and the network’s topology determine
the dynamical state of the power system as a controlled system, its input variables
and its equivalent transmission function. The non-linear system equations for a
current operating point can be linearized around this operating point, such that a
set of linear coupled differential equations is received. Hence, the power system
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can be described as a first-order state space model, which is valid in a certain envi-
ronment around the chosen operating point.

The computation of the eigenvalues of the system matrix A gives information
about its oscillatory characteristics, e.g. critical modes. Critical oscillation modes
are modes with a small or even negative damping ratio. Furthermore, the eigen-
values have to be computed by an autonomous component in order to determine
the modal transformation of the system. This is also done on the network control
level. Regarding the input matrix B, of the modal transformed system it can easily
be analyzed, which FACTS damping controller has got a strong influence on
which of the critical oscillation modes of the system.

The autonomous components assign to the critical mode with the lowest damp-
ing ratio one FACTS-device, whose damping controller has the biggest influence
on that mode. The remaining FACTS-devices are then one by one assigned to
other critical modes with higher damping ratios.

Using this selection and some further information, like the damping sensitivity
factors (DSF) [6], a cost function is formulated which expresses the effectiveness
of a chosen parameter set for the FACTS damping controllers, concerning the re-
sulting damping ratios of the critical modes in the closed-loop operation. This cost
function is then minimized using the well known Simulated Annealing algorithm
as a numerical optimization technique [7] in order to determine the optimal output
feedback control matrices F; for each existing FACTS damping controller and the
present system's state. Fig. 10.6 illustrates the whole described procedure being
performed by autonomous components on the network control level in order to
compute optimal FACTS damping controller parameters after a change of the dy-
namical state of the entire system.

10.4 Verification

In the following, two simulation examples are shown in order to illustrate the per-
formance of the autonomous control system. For the investigations the example
network according to Fig. 10.7 has been analyzed. The fuzzy rule bases and global
information for integral controllers were generated with the described autonomous
system, which has also been implemented into a simulation environment.

A failure of a transmission line and the scenario of a line overloading caused by
a rapid increase of a load is simulated. In this way the effectiveness of the coordi-
nating measures through generic rules 1 and 2 is shown. The per-unit quantities of
the used example power system are: S, = 1250 MVA and U, = 400 kV.

The example system is derived from the extra-high voltage level of large power
system, which has been reduced to the essential transmission elements, generators
and loads.
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Fig. 10.7. Topology of the test system

10.4.1 Failure of a Transmission Line

A failure of line BCI is assumed. It occurs at ¢ = 0.1 s with a duration of 4.9 s.
Line BCI has before been correctly identified as a part of a parallel path of UPFC
1 by the topology analysis. The results of the automatic topology analysis are
listed in Table 10.2.

The control path of UPFC 1 has only one parallel path. This means that there is
no parallel path existing after the failure of this transmission line. Without
autonomous control the controllers try to keep the setpoint value for active and re-
active power flow over UPFC 1 and produce a large value for V; up to its limit of
0.15 pu (see Fig. 10.8). This is due to the false controlling effect. However, the
setpoint values cannot be kept because of the missing parallel path. This large
value of V, produces strong power oscillations during the failure of the line. They
can be seen in Fig. 10.9.

Table 10.2. Result of the automatic topology analysis

FACTS-device UPFC 1 UPFC 2 UPFC 3
control path C1-B3 B3-A3 BI-B2

(node numbers)

parallel paths CI-BI-B3 B3-B4-B2-A4-A3 B1-B3-B4-B2

(node numbers) B3-B4-A3 B1-B3-B4-A3-A4-B2
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Fig. 10.8. Series voltage of UPFC 1 (above) and output of fuzzy module 1 of UPFC 1

When the autonomous control system is in use, fuzzy module 1 for the generic
rule 2 in UPFC 1 reacts immediately by deactivating the power flow controllers.
The effect is visible in Fig. 10.8 with the output of the fuzzy module and the re-
sulting outputs of the power flow controllers. The two power flow PI-controllers
of UPFC 1 only cause a small increase of the manipulated variables during the
failure. Consequently, the oscillations in the system are calmer during the failure
than without the application of the autonomous control system.

It has to be mentioned that the shown effect only results from the slowing down
of the controllers in order to prevent the false controlling effect. No FACTS damp-
ing controllers are present within that system. The damping could even be further
improved if FACTS damping controllers were used.
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10.4.2 Increase of Load

After an increase of the system loads the primary controllers of the power plants
operate in order to cover the supplementary power requirement. Independent of
this the three UPFC fix the power flows over the control paths constant with their
fast power flow controllers. Consequently, they can for this moment not be used
for the transmission of primary control power.

The capacity of line AB2 is used to approximately 94 % before the load in-
crease. A sloping increase of the system loads of 14 % happens at ¢ = 1s. The pri-
mary control power generated by AG/ has to be transmitted to the load at node B4
e.g. over line AB2, since the control of UPFC 2 first keeps the unchanged setpoint
values. Without the autonomous control system a non-permissible overloading of
AB?2 occurs (see Fig. 10.10). If this condition continued, a tripping of the transmis-
sion line would be inevitable.

In the topology analysis, which has been executed before by the activated
autonomous control system, this line is recognized as an element of a parallel path
to UPFC 2, so that its integral-action controller counteracts directly on the line
overloading and increases the setpoint value for the active power flow (see Fig.
10.10, below). This causes a shift of the power flow and a relief of AB2, so that its
maximum loading limit of 0.62 pu (active power) can be kept (see Fig. 10.10,
above). At t = 1000 s the loads are decreased to their original values, which means
that the reason for the overloading has now disappeared. This has been simulated
to show that the autonomous control system is able to reset itself when its coordi-
nating control actions are not needed any more. The integral-action controller re-
duces its output back to zero.
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(below)

In conclusion, the use of FACTS-devices offers a flexible management of net-
work-operation from a technical and economical point of view. Beyond this they
may cause many negative effects, which occur due to their short response time af-
ter critical events. Hence their advantages can only be used if automatic, quick, in-
telligent, and preventive coordinating measures are performed to eliminate those
negative effects. The theory of autonomous systems offers a structural approach
for a coordinating control system for FACTS-devices. The necessary coordinating
measures, which have to be executed by an autonomous control system, can be
formulated as four generic rules. An autonomous control system has been devel-
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oped and implemented for such a coordination so that the steady-state and dy-
namical system security is guaranteed after critical events. It automatically applies
the four generic rules for every operation condition of a power system. The control
system specifies the generic rules within several steps and on different control lev-
els so that concrete information is made available for decentralized autonomous
components. For this, several techniques of Computational Intelligence, such as
Fuzzy Control and Simulated Annealing, as well as conventional control tech-
niques are applied. The concrete information consists e.g. of fuzzy rule bases and
damping controller parameters and is generated preventively. Hence, the reaction
of the system is as fast as possible and correct for the present operating condition
of the power system.

An open question in this section is how exchange online information between
the parallel path, which means remote lines, and the FACTS controller. The fol-
lowing section will answer this question with wide area control systems. Another
open issue is the basic design of the damping controller, because this chapter has
only introduced a solution for the automatic adaptation, but not for the design it-
self.
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11 Wide Area Control of FACTS

FACTS-control has always to cope with speed and in the case of power flow con-
trol with exchange of system wide information. The high speed exchange of data
to react on contingencies needs to be ensured to fulfill the requirements of the
NISC-architecture according to the specifications in chapter 9. Online monitoring
of the system status is needed for the optimization of the FACTS-device applica-
tions. Especially for power flow control and power system oscillations a dynamic
performance evaluation supports an optimized transmission capability and an
adaptive damping control.

Although pioneered already in the 80s, it is not until now phasor measurement
units (PMU) have become widely available in power systems [1]. However, since
recently wide-area measurement systems based on PMUs are becoming proven
technology and are seen by many utilities as one of the most promising ways to
gain more detailed information to operate the networks closer to the limits. Typi-
cally a wide-area measurement system based on phasor measurements provides
access to system-wide data with a time resolution of tens of Hertz. The amount of
gathered data becomes large, and the data need proper processing to be used either
for the operator support or as part of the control system especially for FACTS.
This chapter discusses wide area measurement and control systems as part of the
coordinating FACTS-control.

11.1 Wide Area Monitoring and Control System

A wide-area measurement system (WAMS) can provide streaming measurements
at update rates of 10-20 Hz, which enables monitoring not only of slow phenom-
ena such as voltage and load evolution dynamics, but also faster phenomena such
as oscillatory, transient and frequency dynamics. However, because of the high
time-resolution of the measurements a WAMS will deliver huge amounts of data
that need specific algorithms to use the provided information. The WAMS serves
as the infrastructure necessary to implement wide-area stability control or system
protection schemes [2].

Figure 11.1 shows the basic setup of a WAMS system. PMUs are placed within
a critical area of the power system. This area could be for example a specific cor-
ridor. The PMUs are placed to derive a model of the specific area out of their
measurements.
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Fig. 11.1. Basic setup of a wide area measurement system

All PMUs are time-synchronized via a GPS-satellite time signal. Therefore the
date from different PMUs can be directly compared which allows to directly
measure voltage and current angles. The measured data are transmitted via com-
munication channels to a central computer running the applications. Figure 11.2
shows the more detailed architecture of a WAMS system including the interfaces
to SCADA/EMS and substation automation as well as the closed control loops
back to network controllers like FACTS-devices.

The central computer contains services for preprocessing the incoming phasor
measurements and basic services. The incoming measurement data must be sorted
according to their time stamps and missing information must be detected. If the
number of PMU data allows a full observability of the system a PMU based state
estimation can be calculated. With PMUs in every second substation even topol-
ogy detection can be performed. For most applications an estimation of a model of
a specific area like a corridor is sufficient and limits the complexity of the
WAMS.

An interface to the SCADA/EMS system allows receiving topology informa-
tion and device parameters, like line inductance and the switching status. On the
other hand, PMU information can be integrated into the conventional State Esti-
mation to improve the accuracy. The Graphic User Interface (GUI) of the WAMS
system can be kept separately or integrated into the SCADA/EMS screens.

The WAMS system runs various applications for wide area monitoring, control
and protection. The monitoring performs for example stability assessments. Based
on this information, control or protection actions, like the FACTS-control or for
example load shedding schemes can be executed. The control signals are going
back either directly to local controllers for specific devices or to substation auto-
mation systems.
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Fig. 11.2. Architecture of a wide area monitoring, control and protection system

The maximum performance of the applications in terms of speed is mainly lim-
ited by the communication channels. The data transmission from PMU to the cen-
tral system and back to a device controller can be assumed to be between 50 and
200 ms for each direction.

In general a WAMS is structurally placed between SCADA/EMS and local
control and protection systems. Figure 11.3 shows the basic characteristics.

SCADA / EMS

. ot static view static

- actions initiated by long-term phenomena
(simulated & off-line status)

coordinated
Wide Area Monitoring, Control and Protection

+ accurate measurements
« dynamic view
« online stability assessment
- fast, optimized and coordinated actions
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. Local .Control anq Protect|0|:| . un-coordinated
« direct local actions by on-line status information

Fig. 11.3. Wide area monitoring, control and protection system capabilities in comparison
to SCADA/EMS and local control and protection
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11.2 Wide Area Monitoring Applications

Existing methods for using the PMU data are:

e Voltage stability monitoring for transmission corridors,
e thermal limit monitoring for transmission lines,
e oscillatory stability monitoring.

These methods can be used with PMUs placed in a few key locations only. Each
application has its own requirements in terms of the number of required measure-
ment points. However, often the same measurements can be used for more than
one application. In a large-scale WAMS where a major part of the substations are
equipped with PMUs, more advanced applications can be utilized, for example:

e State- and topology calculation providing dynamic snapshots of the power sys-
tem,

e loadability calculation using OPF or other optimization techniques,

e post-contingency prediction of system state, especially for voltage stability.

These second applications are based on a completely observed network from
which a detailed network model is derived.

11.2.1 Corridor Voltage Stability Monitoring

In real power systems main limitations are typically caused by transmission corri-
dors between generation and load areas or for trading purposes between regions. If
these transmission corridors extend a certain length, voltage stability is the limit-
ing factor, which needs to be carefully supervised to utilize the corridor to a
maximum extend.

The main principle of the corridor voltage stability monitoring is to use the
measurements from both ends of a transmission corridor, reduce them to lump
currents and voltages, and to compute a reduced equivalent model of the transmis-
sion corridor.

First we calculate the parameters of a T-equivalent of the actual transmission
corridor, including any load or generation that may be present in the transmission
corridor as shown in Figure 11.4.

This reduced model can then be used to analytically determine the theoretical
maximum loading of the corridor and the margin to voltage instability. Optionally,
load shedding can be activated based on the loadability estimate to avoid voltage
collapse in the load region when the corridor loading becomes excessive. Since
the method is based on a reduced equivalent network model, which is estimated
on-line from the PMU measurements, no parameter input is required to estimate
the stability limit.
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Fig. 11.4. T- and Thevenin-equivalents of a transmission corridor fed by a generation area

Applying Ohm's and Kirchoff's laws, with the known complex quantities
(measured phasors) v, 1_1 v, and szwe can calculate the complex impedances

Z;, Z, and Z, as follows

— VvV, —V
Zp=24—+3% (11.1)
h—D
= Vi, — Vi,
="t (11.2)
L~
- v
Z, =—% (11.3)
i

The complex voltage E, . and impedance of the equivalent voltage source Z p

cannot be simultaneously calculated in the same straightforward way, so one of
them must be assumed to be known to avoid the time delay of an estimation pro-
cedure like the one in [3] and [4]. If the generators have voltage controllers and

can be assumed to stay within their capability limits, E, ¢ can assumed to be con-

stant and Z ¢ could then be calculated using:
Z, =—5 (11.4)

However, in most practical cases it is more realistic to assume that Z, is

known since it typically comprises of the step-up transformers and short transmis-
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sion lines to the beginning of the transmission corridor. It is therefore preferential
to calculate the equivalent complex voltage of the generators as follows:

E, =, +Z,, (11.5)

Once we have calculated the parameters of the T- and Thevenin equivalent, a
second Thevenin equivalent for the combined generation and transmission corri-
dor can be calculated as follows:

h:_+J +_ 1 (116)
Zy  Zr[2+Z,

This second Thevenin equivalent comprises of the impedance from equation
(11.6) together with the corresponding feeding voltage and the load impedance
from above. With this very simple model stability analysis can be performed ana-
lytically in a straightforward way. However, practical corridors usually comprise
of several lines not always connected to the same sending and receiving node. In
this case a reduced network model must be calculated.

Consider the example network diagram in Figure 11.5. To apply the network
reduction procedure, first the main load and generation centers must be identified.
In this case, a distinct generation center can be found in the area above cut 1,
which contains three major generators and some shunt compensation but only a
few minor loads. Between cuts 1 and 2 is an area with no generation equipment
and only a few minor loads. This is the transmission corridor, whose stability is of
interest. In the equivalencing procedure described above, these loads will be im-
plicitly included in the shunt impedance. Below cut 2 is an area with predomi-
nantly load character. There are some minor generators, but in cases where the
voltage stability is endangered, these generators would have exceeded their capa-
bility limits and thus no longer contribute to stabilization. It is therefore reason-
able to include them in the shunt impedance modeling of the load.

After identifying the region boundaries, which are given by the two transfer
cuts we can define two virtual buses, one for each end of the transmission corri-
dor. These are the buses directly adjacent to a cut. Buses 6, 13 and 14 of the origi-
nal system are grouped into virtual bus 1, and buses 24, 15 and 16 into virtual bus
2. The part of the system between cuts 1 and 2 becomes the virtual transmission
corridor. At least one complex voltage in the area of each virtual bus and the com-
plex currents on each line crossing a cut must be measured by PMUs.

We can then compute the currents at either end of the virtual transmission cor-
ridor using:

sk

_ 4 g
ii _ (pcut,l _]qcut,l J ie 1’2 (117)
Vi

Here p.,;; and g, ; refer to the sum of the power transfers through cut i, and v,
as the average of the voltages included in virtual bus i.
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Fig. 11.5. Diagram of a real power system with a corridor situation

Computations of stability margins have to be carried out based on this virtual
transmission corridor model. The stability analysis can be performed analytically
with the second Thevenin equivalent. The point of maximum power transfer p; max
can be calculated for an assumed load increase with constant power factor.

2

E,
Prmax = R Zth Tth

11.8

Normally at least a part of the load has constant power characteristics, and the
point of maximum power transfer as given by equation (11.8) then also becomes a
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loadability limit. Past this limit there is a loss of equilibrium and a voltage col-
lapse will occur. Therefore it becomes a stability limit.

11.2.2 Thermal Limit Monitoring

The determination of the average line temperature based on phasor information is
quite simple. Starting with the PI-equivalent of the line in Figure 11.6, the line pa-
rameters R, X;, X¢ are determined from the voltage and current phasors v, i;, v,

and 172, whereas the resistance R has the largest variability. The changes of induc-

tance and capacitance are small during operation. As an example, the change of
the line resistance AR of 10 % leads to a loadability change of As,,x = 6.5 % for a
typical 400-kV-line.
If the actual value of R is determined, the actual line temperature can be calcu-
lated according to the following formula:
R T +T,
R, T,+T, (1.9
R; is the calculated value of R from the phasor measurements. R, and 7, are a
pair of values, which are given from the original design of the line. 7j in eq. (1) is
a material constant for the line wires. (e.g. Ty = 228 °C for aluminum). With the
given values, the temperature 7; can be calculated.

7 R+X T=p+ig

~

Sl

v,;=const TJjXc JXcT V)

o

o]

Fig. 11.6. PI-equivalent of a power transmission line

This calculated temperature is the average temperature of the entire line be-
tween the two measurement points. This temperature includes the actual situation
of ambient conditions like wind speed, sun and line current. Consequently, these
data offer much more information than the line current as a loadability limit only.
The drawback is that this kind of information cannot identify hot spots and there-
fore sometimes not replace local temperature measurements.

11.2.3 Oscillatory Stability Monitoring

Initiated by the normal small changes in the system load and disturbances such as
generator or line trips, oscillations are characteristics of a power system. However,
a small load increase in a line flow, for instance a couple of MWs, may make the
difference between stable oscillations, which are acceptable, and unstable oscilla-
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tions, which have the potential to cause a system collapse. It is another matter of
fact that increasing long-distance power transfers cause the inter-area modes to
become lightly damped or even unstable. FACTS-devices like the TCSC are
damping these oscillations. However, there is even no warning to the transmission
operator so far, if a new operating condition causes an unstable oscillation or not
and if the controller works well.

The objective has been to develop an algorithm for a real-time monitoring of
oscillations from on-line measured signals; in other words, to estimate the parame-
ters characterizing the electromechanical oscillations such as frequency and damp-
ing, and to present this information to the operator in a user-friendly environment
of the operator station [5]. This kind of information can hardly be obtained only
by watching the measured signals displayed in the time-domain. The on-line col-
lected measured data from the WAMS are subject to a further evaluation with the
objective to estimate dominant frequency and damping of the electro-mechanical
oscillatory modes during normal operation of the power system. The power sys-
tem is assumed being driven by small disturbances around a nominal operating
point. Methods considered here are parametric, model-based ones. Evaluation of
the estimated model parameters enables quantitative detection of oscillations and
other properties of the system, such as actual system stability. Moreover, similar
models obtained using the same identification techniques may be used for a stabi-
lizing controller design or controller adaptation according to the autonomous
scheme introduced in chapter 9. Taking into account the trade-off between model
complexity and suitability to represent narrow spectra, linear autoregressive mod-
els have been focused on.

The basic scheme is outlined in Figure 11.7. The power system is assumed be-
ing driven by white noise disturbances e(k) around a nominal operating point. The
system is modeled by a linear autoregressive model with adjustable time-varying
coefficients. The system outputs y(k) are the measurements provided by PMUs.
The ever-present measurement error is represented by d(k).

An adaptive Kalman filter is used to evaluate the parameters of a reduced-order
linear equivalent dynamic model of the power system based on a selection of the
measurement inputs. Later the damping and frequency of the dominant modes are
extracted through eigenvalue analysis of the equivalent model.

The model-based estimation method chosen here is based on an auto-regressive
(AR) model with adjustable time-varying coefficients

Y = a;y(k—i)— (k) (11.10)
i=1
with € given by

e(k) = H(k[k 1) - y(k) (11.11)
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Fig. 11.7. Basic scheme for the proposed detection of power system oscillations

The measured signal y may contain some measurement noise d. An adaptive
algorithm recursively optimizes the criterion (11.12) and yields the optimal pa-
rameters of the AR-model, generating possibly the same sequence of data y as

the measured y. The goal is to obtain the parameters of oscillations characterized
by their frequency f; and damping &. They are obtained repeatedly once per given
period with the so called refresh time 7, from the AR-model for the set of its n pa-
rameters a;(k). The refresh time defines how often the dominant oscillations are to
be calculated from the estimated model parameters and displayed to the operator.
This is a trade-off between the computational power of the computer on which the
application is running, taking also into account how rapidly the power system var-
ies with time.

Therefore, the first step of the presented approach is to estimate recursively
these coefficients a;(k) that minimize the sum of squared prediction errors

J =minz €T£=min2(;(k|k—1)—y(k))2 (11.12)

where j}(k|k —1) denotes the prediction value of y(k) for measurements given up

to time (k-7). Recall that the poles of this model contain the required information
about the time-varying system dynamics, which depends on the operating point of
the power system. The poles can be calculated solving the characteristic equation
(11.13) for a set of actual values of a;(k) frozen at time k.

"-az7""...—a,_z—a, =0 (11.13)

The assumption here is that the power system is operated at the same operating
point for a certain period of time that enables the estimated coefficients to con-
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verge. Indeed, this is no constraint in practice since the estimated model parame-
ters converge to their new values fast enough compared to the dynamics of the
power system, if e.g. the algorithm proposed here is employed.

For our purpose - estimation of the damping and frequency of the dominant os-
cillations - the most suitable conversion of the estimated discrete-time model to a
continuous-time model is the Tustin’s approximation. This one has the advantage
of mapping the left half-s-plane into the unit-disc in z-plane and vice versa [6].
Hence, stable discrete-time systems are transferred into stable continuous-time
systems whose eigenvalues are then the basis of calculation of the parameters of
oscillations. The relationship between z and s to obtain continuous-time poles
resp. eigenvalues 4, = @; =iw; is for the Tustin’s approximation given by:

L _L+sT/2
1-sT,/2

A normal operating power system is stable. This means ¢; <0 for all i=1...n.

(11.14)

Oscillations are characterized by complex eigenvalues. The real part ¢; gives the
information about the decay rate and the imaginary part

w, =27, (11.15)

about the frequency f; [Hz] of the oscillatory mode. A practical measure for damp-
ing is the relative damping:

é-—looﬁ% (11.16)

It has turned out that the adaptive Kalman filtering technique [7] is an appropri-
ate tool to identify the optimal model parameters. This approach has shown the
smallest prediction error and the shortest estimation time; i.e. the number of itera-
tions necessary for the parameters to converge. At the same time, applying this
method to different measured signals, the results were not very sensitive with re-
gard to the set of the tuning parameters. The standard set of recursive equations to
be solved on-line is for the Kalman filter known to be (11.17), see e.g. [7].

(k) = K(k —Du(k)
8 u” () K (k= Du(k)+Q,,
e(k)=u" (k)p(k —1)— y(k) (11.17)

p(k) = p(k=1) +&(k)g(k)
K(k)y=Kk-1)-gku" ()K(k-1)+0,
To ensure good numerical robustness of the standard estimation algorithm, the

equations (11.17) have been extended by some additional ones (11.18). The co-
variance matrix K(k) is enforced here to remain symmetrical, and for a better pa-

rameter tracking, a regularized constant trace algorithm is used with ¢, /¢, = 10*.
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T
Kk = KB+ K (k)
K(kz) (11.18)
_ 4
K(k) _—tr(K(k)) +6,0,

All the variables can be initialized with zeros, except for the covariance matrix
K(0), which should be initialized with a unity matrix multiplied by a large con-
stant. The most important parameter for tuning is the model order n. Its selection
is one of the most important aspects for the use of AR models. If one selects a
model with too low order, the obtained spectrum will be highly smoothed. On the
other hand, if the order is too high, faked low-level peaks in the spectrum will be
introduced. The measured signal y(k) is filtered through a digital band-pass filter
(with the cut-off frequencies 0.1Hz and 2Hz).

Besides the described real-time estimation of frequency and damping, the run-
ning mean value and the amplitude of oscillations can be calculated. This is per-
formed by two self-tuning digital low-pass filters placed before and after the input
band-pass filtering. The time constants of these two filters are simply taken over
from the estimated dominant frequency.

To show the performance of the algorithm it has been applied to real measure-
ment data from existing WAMS installations. Figure 11.8 shows an example

which contains a drastically change in the system structure during the measure-
ment period.
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Fig. 11.8. Oscillation detection algorithm applied to real PMU measurement data
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On the left hand side the system has well damped oscillatory modes and only
variations by very slow control actions. After the change in the system structure at
530 s the dominant frequency is going down to 0.2 Hz with a reduced damping.
The situation is still uncritical. The provision of this information to the operator
during the switching in the system made them feel much more comfortable, be-
cause of the better observability.

11.2.4 Topology Detection and State Calculation

When enough measurements are available, it is possible to completely detect the
status of each network element and to calculate each voltage and current of the
network. Topology detection and state calculation is used to provide snapshots of
the power system 10-20 times per second. The present topology of the network is
inferred from the raw PMU measurements, and therefore the WAMS does not rely
on other sources, such a SCADA system for topology information. Therefore the
date rate of the PMU can be followed without time delays implied by other
sources. The basic function is that the PMU measurement directly shows if a line
or another network element is in service or switched off. With several measure-
ments in a region a selection of assumed topology can be verified to fit to the ac-
tual one. Another part of the topology detection is an islanding identification to
detect if the system has separated into smaller areas.

The next step after the topology analysis is the state-calculation, which is exe-
cuted once for each island, and serves the purpose of computing the voltages and
currents at each bus in the island, also those where no PMUs have been installed.

The classical iterative state estimation, which primarily serves to identify
measurement errors, can be represented by the non-linear measurement model in
equation (11.19).

z=h(x)+vy (11.19)

The states x are complex bus voltages, with magnitude and phase angle. Tradi-

tionally, phase angles could not be measured due to impossibility to handle the
synchronization of measurement devices. The classical state estimation derives
these values from other measurements, such as voltage magnitudes or line active
and reactive power flows and eliminated measurement errors v .

The basic problems of the state estimation are coming from several sources.
The network parameters are changing over time with ambient conditions (e.g.
temperature, radiation, aging of devices etc.). The topology of the network needs
to be updated automatically or manually dependent on the switching status of the
devices (line in or out e.g. for service or after a fault). If the topology is not main-
tained carefully in the system, the state estimation results are wrong. Furthermore
the state estimation assumes that the system is in a steady-state situation. In tran-
sient situations e.g. after a series of faults, the topology status and the measure-
ment values are not necessarily fitting together which gives bad results for the
state estimation. In fringe areas of a power system the redundancy of measure-
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ments is usually not given or weak. This means that the state estimation is not able
to compensate either bad measurement values or inaccuracies in network parame-
ters.

These drawbacks to the classical state estimation can be eliminated by a
WAMS based one. A PMU based state is introduced in [8][9]. If only PMUs are
used, the angles of voltage and currents are directly measured. The measurement
model in this case is linear according to (11.20).

z=H-x+v (11.20)

In this case the influence of the network parameters remains until PMUs are
used to determine as well the actual parameters like in the thermal line monitoring
algorithm in section 11.2.2. Due to the linearity of the equation, the PMU based
state-estimation is a non-iterative process and therefore a solution in predictable
time can be guaranteed.

Setting up a PMU based state estimation to the system in Figure 11.5 leads to a
selected number of buses with PMU from which the missing network states can
be determined. The figure shows the buses where the PMUs have been placed
(marked PMU) and where voltages and currents are estimated (marked EST).

11.2.5 Loadability Calculation based on OPF Techniques

A detailed voltage stability assessment can be made based on the network model
and state information that is received from the state- and topology calculation.
Based on the network and state information, a load increase can be simulated on a
number of selected buses until the point of maximum loadability is reached. The
procedure employs nonlinear optimization techniques to compute the maximum
transfer capacity for the topology with which the power system is currently operat-
ing but also for various contingency scenarios. Such techniques have been pro-
posed for off-line application for example by [10], but similar ideas can be applied
to on-line applications. In mathematical terms the general formulation is:
maximise  f(p,x)
subject to  g(p,x)=0 (11.21)
h(p,x)<0
The function to maximize f (p,x) can be arbitrarily chosen based on the criteria
to be optimized. In this case it is chosen as a fictitious active power transfer to a
set of load buses known a-priori to be critical for the voltage stability or the trans-
fer to a predefined critical area or through a corridor. The optimization variable p
can be scalar or vector valued and is the parameter that is varied to simulate a load
increase. The function g(p,x) represents the constraints given by the network equa-
tions as well as the steady state response of the FACTS-control systems and other
controllers. The function A(p,x) contains various operational constraints such as
voltage or current limits and actuator limits of the FACTS-devices. The vector x
contains the (static) state variables of the network equations, and are implicitly de-
termined by the equality constraints.
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From the solution of (11.21), the maximum allowable transfer to the region can
be computed and a power margin taken as the difference between the maximum
transfer and the transfer at the current operating point.

Before the calculation an admittance matrix is constructed based on the snap-
shot from the wide-area measurement system. This admittance matrix is required
to evaluate the function g(p,x). If desired, N-1 contingency screening can be done
by repeatedly solving (11.21). Different contingencies are modeled by modifying
the admittance matrix in case of simulated line trips or by changing the load-flow
input data in case of generator trips, prior to the solution of (11.21). In this optimi-
zation method the setpoints of FACTS-devices can be included as variables. More
details on that will be shown in a later section 11.3.

The drawback of this method is the high demand of on-line data and measure-
ments. It requires a WAMS installation with full observability which means both
state and topology estimation, and consequently a relatively large number of
PMUs. The advantage is that accurate power margins can be calculated and opti-
mal setpoints can be generated. This method is also applicable for general network
topologies.

11.2.6 Voltage Stability Prediction

For the problem of emergency voltage stability control the two phenomena of
short and long term voltage instability must be addressed. If a system is in normal
operation, only cascaded or combined outages lead to instability. In most of the
practical system collapses long term unfolding instabilities occurred. The reason is
that after the initial contingencies the weak situation was not detected well, fol-
lowing events were not foreseen and no appropriate remedial actions were taken.
Therefore, either long-term voltage instability or a following event caused by pro-
tection mismatch occurred. In both cases the complexity of the problem is beyond
that can be foreseen with pre-calculations on N-x base. Therefore any algorithm
must be triggered and run after the first events.

After a contingency occurs, the system is in a dynamic phase, which is in the
case of long-term voltage instability determined by control actions for instance
from tap changers (ULTC), overload capacity of generators and load recovery
[11][12]. This characteristic leads to a retarded behaviour, which may lead to a
collapse. The idea is to predict just after an event if a collapse might occur.

After a contingency, a sliding data window of PMU measurements is used to
determine the actual system and especially load characteristic. A dynamic model
is fed with this information. The equilibrium of this model is determined without a
time domain simulation. If there is an equilibrium, the system is predicted to be
stable, otherwise the system will collapse. Figure 11.9 shows the principle of this
approach. Phase 1 is the normal operation where N-1 calculations can be per-
formed. Phase 2 is stable under the assumption that phase 1 was N-1 stable. After
the second contingency it is not obvious at the beginning if the system is stable or
not.
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Fig. 11.9. Simulated voltage collapse of the power system in Figure 11.5

From the conventional viewpoint of the operator, the voltage is coming back
and the system seems to be stabilized during the phase 3 of the simulation. But the
underlying dynamics lead the system finally into a collapse. The information from
the prediction algorithm can also be used for the determination of stabilising ac-
tions.

The steady state equilibrium of the full dynamic system model (11.22) is de-
termined using a model reduction. G are the power flow equations and z the bus
voltage magnitudes and angles. F are the remaining equations and x the remaining
state variables.

5c=F(x,z)
0=G(x,z)

At first, all short-term transients in the model are neglected. ULTC, voltage
controllers, reactive power limiters and load characteristics can be approximated
by their steady-state behavior. To find the equilibrium of the remaining equation
system (11.23) a Newton-Raphson algorithm is applied. In (11.23) F| are the sim-
plified equations with the reduced state vector x;.

0=F(x,,z)
0=Gx,,z)

With this model simplification the transient characteristics are separated from
the interesting steady-state ones.

To set up the full algorithm the following steps has to be performed. While the
system is running in a steady-state situation, the steady-state values of bus volt-
ages V, and load powers P, and Q, must be traced and contingencies such as
changes in the topology must be detected. After a contingency is detected the pa-
rameters of an applied load model, which describes the voltage dependency of the
power, must be determined.

(11.22)

(11.18)
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A general load model is shown in (11.24). P, and V| are the base power and

voltage before the contingency and P and V are the power and voltage gradients
at a certain time step . p is a vector containing all unknown load parameters.

P(t)= f(Py,Vy, Pe) V(1) V() p) (11.24)

An example of a typical load model is the Hill and Karlsson model in (11.25),
which shows the typical load recovery characteristic after voltage steps [13]. But
also any other model, like e.g. composite ones, can be used.

o a,-1

. P . !

P=-T,P+P, V1 ihy T, «, v (11.25)
Yo Vo Vo

To determine the load parameters, a sliding window of voltages V at each bus

and feeder loads P, Q are collected. P and V are the mean values of the gradients
between two timely neighboring measurement points. A set of load equations
(11.24) for different time steps within this window builds a nonlinear equation
system, which has to be solved for the unknown parameters p. This equation sys-
tem can be solved with a non-linear solver algorithm (e.g. Nelder-Mead). When
the number of equations is greater than the load parameters the equation system is
over-determined, which increases the accuracy and robustness of the results. Al-
ternatively, a simplified linear solving algorithm is proposed in [14].

The algorithm must be calculated for each relevant load in the system. If it can
be seen that the loads behave similarly in a certain area of the system, the number
of calculations can be reduced to single examples for each area.

The determined load parameters are fed into the simplified system model to be
solved for the equilibrium as described above. This equilibrium point is the pre-
dicted state of the system, which might be tens of seconds in the future. If no equi-
librium is found, the transient phase will end in a collapse. In both cases a positive
or negative power margin can be determined with a continuation power flow
[15][16] or optimization technique from the previous section.

Figure 11.10 shows the loadability as a power margin PM for the predicted and
the non-predicted case for the power system from Figure 11.5 after two contin-
gencies, which are not leading to a collapse. The sensitivity after the first contin-
gency is still low. Therefore the effect of the prediction is also low. After the sec-
ond contingency the system is operating in a more sensitive resp. non-linear
operational point showing a more significant difference between the algorithm
with and without prediction. From the beginning of the prediction after the second
contingency it needs about 50 s until the non-predicted power margin PM is the
same as the predicted one. Therefore the forecast of the proposed algorithm is
about 50 s in this example. As a result, the criticality of the system will be pre-
dicted earlier and also remedial actions can be taken without delay.
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Fig. 11.10. Power Margin calculated with and without prediction during two contingencies
in the power system in Figure 11.5

11.3 Wide Area Control Applications

As shown in the previous chapters a significant added value of FACTS-devices
can be gained by introducing secondary control that coordinates the setpoints of
FACTS-controllers. In particular contingency cases are important, since they can
have dramatic influence on the network flows. The speed and continuous control
capability of FACTS-devices make these devices especially useful for improving
transfer capacity in these contingency cases, since they can adapt to new flow
situations much faster than traditional devices.

All the algorithms in the previous section serve as the basic information to
identify critical system situations and instabilities. The algorithms are designed
based on the PMU information and therefore provide the information dynamically
and in very short time intervals. Both are mandatory to use the speed of the
FACTS-devices. This section introduces a selection of algorithms and examples
using the basic monitoring methods and apply them in FACTS control schemes.
The criteria from the NISC architecture in chapter 9 and the autonomous system in
chapter 10 are considered.

In the following a general method based on full network supervision is intro-
duced. This method is a predictive voltage stability control with FACTS setpoint
determination using optimization techniques. A simplified method based on lim-
ited PMU information can be derived from this first one. A coordination of
FACTS control is achieved by using feedback from selected remote PMU meas-
urements. This method enhance transmission capacity restricted for instance by
voltage stability in well defined network situations, for instance like corridors.
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11.3.1 Predictive Control with Setpoint Optimization

Setpoints for the FACTS-devices have to be determined in three basic cases. The
first one is the optimization of an actual operational situation. This is equal to the
classic Optimized Power Flow (OPF). A second application is the pre-contingency
calculation to be prepared for the next event, according to the autonomous system
approach in chapter 10. The system has to determine set values for a selection of
critical contingencies which might occur. The third application is the post-
contingency case, where either directly or after executing the prediction algorithm
of section 11.2.6 an optimal set of FACTS setpoints has to be determined.

By a slight modification of equation (11.21) in section 11.2.5 we can extend the
method so that it also generates optimal setpoints for FACTS-devices. The result-
ing setpoints are optimal in the sense that they maximize the loadability criterion f
(p,x,u). Now, a vector of the FACTS-device setpoints (i) is included together with
p as optimization variables. The modified optimization problem becomes:

maximise f(p,x,u)
subject to  g(p,x,u)=0 (11.26)
h(p,x,u)<0

The solution of (11.26) yields the optimal FACTS setpoints as well as the
maximum loadability when these setpoints are applied. If the contingency screen-
ing is applied using this method, also FACTS setpoints that maximize the load-
ability can be pre-computed for a list of credible disturbances. Based on this
method the real corridor situation of Figure 11.5 is discussed in the following.

For power transfer capability increase, shunt connected devices such as SVCs
have been proven cost-effective, especially when fast or continuously controllable
compensation is necessary due to stability or voltage quality concerns. Typically,
an SVC also has a voltage controller that controls the terminal voltage so that it is
close to a (fixed) reference value. To control power flow, series connected devices
such as phase-shifting transformer, TCSC or DFC can be used.

The controllers that are typically embedded in the FACTS-devices are here re-
ferred to as primary controllers, and are typically of P- or PI- type, with special
supplementary controllers like damping controllers. Normally, the setpoints for
FACTS-devices are kept constant or changed manually on a slow timescale based
on market activities or optimal power-flow calculations for the base case. Typical
FACTS-device controllers operate purely based on local criteria with the objective
to control a single local quantity such as voltage or power-flow. The performance
objectives of the controllers do not consider their effect on the power system as a
whole.

The optimization basically introduces a secondary control loop that generates
the setpoints for the primary FACTS-controllers as discussed in the autonomous
system in chapter 10. Additionally to the basic rules in the autonomous system the
optimization algorithm provides concrete numbers for the set value adaptation,
which have to be pre-calculated. The approach avoids the conflict of the secon-
dary control with the objectives of the local primary control loops. For example,
using a power-flow control device to reduce power flow to a load area can jeop-
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ardize system stability since it would introduce additional (apparent) reactance
which could cause or contribute to voltage instability. When the system is operat-
ing close to or possibly even beyond stability limits, it would be wise to relax the
primary control objectives in favor of the objective to improve stability margins.
The task of the secondary controllers is thus to detect when stability margins are
small and to carry out appropriate setpoint corrections to improve stability mar-
gins.

Figure 11.11 shows the results of a loadability analysis and secondary control
actions of the system in Figure 11.5 for the base case and different contingency
cases. The system has three FACTS-devices, one Power Flow Control Device
(PFD) between bus 6 and 9 and two SVCs at buses 12 and 24. Usually the SVCs
would try to keep the voltage according to their reference value independent from
the corridor situation. Since one of the aims is to demonstrate the benefits of wide-
area FACTS-control, the analysis is made three times. Once with the FACTS-
devices deactivated, and once with the FACTS-devices using traditional local con-
trollers and once with the FACTS-devices using the optimal setpoints to maximize
transfer capability to the load region. The dashed line illustrates the actual loading,
and the bars the maximum possible loading for a particular contingency and with a
particular configuration of the FACTS-devices. One observation that can be made
in the figure is that the added capacity by coordinated optimal FACTS-control can
stabilize a system that would otherwise be unstable as in the case for contingency
number 1 in the Figure 11.11.

2500
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0 Base 1 2 3 4 5 6
Case Contingency

Fig. 11.11. Loadability analysis of the power system from Figure 11.5 showing the power
margin (PM) for base case and contingency cases
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For the shown contingency cases the set-values are pre-calculated. New prede-
fined actions have to be determined continuously according to slightly changing
operational conditions and especially after a contingency to be prepared for at
least the following one like described in chapter 10. If there is no time to perform
the pre-calculation because of multiple contingencies, a post calculation approach
has to be applied like the prediction method in section 11.2.6.

But if the contingency is more severe and there is not time to perform the pre-
diction, which means that the system for instance suffers a short-term voltage in-
stability, either predefined actions on a system base or conventional protections
like under-voltage protection schemes have to act. In conclusion the control
scheme is as follows:

e Steady state or predicted stable operation: The set-values follow the continuous
change of the system operation. Predefined actions are determined continuously
to act after next contingency

e One contingency occurs (long-term instability): If available and necessary, pre-
defined actions are taken. The prediction process is started and stabilising ac-
tions are taken or predefined for next contingency.

e (Cascaded contingencies occur (long-term instability): The prediction process is
started and stabilising actions are taken or predefined for next contingency.

e Short-term instability: Either predefined system wide actions are taken or con-
ventional protection schemes are acting.

11.3.2 Remote Feedback Control

Instead of using full system observability like in the previous section, the re-
mote feedback control schemes use selected remote measurements to detect stabil-
ity problems in a power system and to determine adapted FACTS setpoints. For
simple network topologies, guidelines for the design of feedback controllers to co-
ordinate multiple FACTS-devices can be described. The main advantage of these
schemes is that they are simple to implement and stand-alone, but they must be
customized for each particular network.

This approach is applicable when the system situation is simple enough and the
problems which might occur are limited in number and are well predictable. The
remote feedback controller can be derived from a rule base defining a set of ac-
tions to be taken in a number of situations. Therefore this kind of control is part of
the autonomous system description in chapter 10.

For the situation in Figure 11.5 a remote feedback controller can be designed.
The Power Flow Control Device (PFD) has a nominal setpoint for the active
power transfer equal to the power transfer through the line before the device is ac-
tivated. However, as disturbances are applied or the load level changes, the PFD
will keep the power transfer through itself close to the reference value until it has
saturated. Applying this control the PFD is limiting the maximum transfer over the
corridor, because it is not coordinated with the SVCs. It even may reduce the
benefits of the SVCs. This is due to the detrimental behavior of the PFD, which
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introduces additional reactance to reduce the flow through line 6-9 when the load
in the southern area is increased. Applying the optimal control, however makes it
possible to use the PFD to its full potential to increase transfer capacity. The trans-
fer capacity increase becomes significant about 11 % over the corridor. The capac-
ity increase is achieved through a setpoint adaptation for the PFD as well as the
SVC at bus 12.

Figure 11.12 shows how a secondary control loop based on feedback control
can be used to achieve near-optimal control. This new secondary loop uses the
voltage of bus 24 as feedback signal and operates on the PFD power reference.
The PFD secondary loop is using a PI controller with deadband +0.08 pu, output
limits of +4 pu, the gain K, = 100 and the rise time 7, = 1 s.

Figure 11.13 shows the PV-curves obtained through dynamic simulation of the
system with the PFD and two SVCs. The three curves show results with FACTS-
devices disabled, with the FACTS-devices using conventional local controllers
and with the feedback based secondary control scheme.
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Fig. 11.12. Secondary control loop for two SVCs and one power flow control device (PFD)
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Fig. 11.13. PV curves for the system in Figure 11.5 without FACTS, for conventional local
FACTS control (normal) and a secondary control scheme

In a second case study it will be shown how wide-area control can be used also
in the case of active power flow control when the network topology is more com-
plex than a simple radial corridor as in the first case study. The case design has
been inspired by a collapse situation in the central part of the European intercon-
nected network represented by a simplified system in Figure 11.14. The wide-area
control scheme is designed only from the point of view of one area (Area 2). It is
clear however, that the best solution for the system as a whole would be a global
controller for all FACTS-devices in the system. However, since different TSO’s
operate the system, it would not be easy to implement such a control scheme be-
cause of organizational reasons. We therefore consider only regional wide-area
controls.

The scheme here has been designed to avoid corridor overloads and not to
maximize NTC (loadability) as in the other case. For a control system with this
complexity, the optimization based scheme from the previous section 11.3.1 could
also be considered, but a remote feedback control based on pre-defined rules is
applicable as well.

The corridor between Area 1 and Area 2 (L1) has a transfer limit of 1.2 pu (on
a 1000 MVA base). The corridor between Area 1 and Area 4 (L2) normally has a
higher transfer limit, but after a line trip the transfer limit will be decreased to
about 1 pu. This corridor is equipped with a phase shifting transformer (T1)
equipped with a local power-flow control loop. The low voltage part of the corri-
dor within Area 2 (LS5) has a transfer limit of 0.65 pu. This corridor is actually
composed of many parallel lines and cannot easily be equipped with compensation
or power flow controllers. Area 1 is primarily an exporting area, Area 2 is import-
export neutral, Area 3 is exporting and Area 4 is an importing area.
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Fig. 11.14. Four area system representing a part of the European interconnected network.
Transfer limits are marked with block arrows. Power Flow Controller Devices D1 and D2
with Wide Area Control Scheme.

For a first scenario the elements D1 and D2 are neglected. A critical scenario
for this configuration is that corridor L2 experiences a line trip which decreases
the transfer limit to 1 pu. Therefore, the active power reference value for T1 is re-
duced to the same value. Figure 11.15 shows the power flows on the corridors fol-
lowing this setpoint decrease.

The flow through corridor L2 decreases to a value close to its reference, how-
ever the transformer saturates at its maximum tap step. As the flow decreases
through L2, the flow is shifted to the corridor L1 which is overloaded as well as
the lines L3 and L4. At this stage the loading of corridor LS5 is still below the
transfer limit. This case illustrates that the central Area 2 is vulnerable to overload,
when the PSTs in Area 1 or Area 3 are used to redirect power-flows away from
corridors L2 or L8. This is a natural consequence of Area 2 having the only un-
controlled path leading to the import Area 4.

In order to provide better controllability on the north-south corridor consisting
of line L3 and L4, which is the main path, power flow control devices are consid-
ered for installation in this corridor. We first consider two phase-shifting trans-
formers (PST), identical to T1 installed at the locations D1 and D2. The two new
PSTs are using constant active power references. Figure 11.16 shows simulation
results for this case. The two new devices successfully keep the flow on corridor
L1 well below the limit, but as a consequence more power is forced through the
low voltage corridor LS, which is overloaded instead.

The previously described scenario clearly demonstrates that the standard con-
stant power reference controllers for the PSTs at D1 and D2 are too egoistic. They
successfully keep the flow at L3 and L4 close to the reference value, but their con-
trol leads to overload in the low voltage corridor.
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> T T T T T
S14 —— Corridor L2 i
g — Corridor L2 (ref) ||
= 1.2}
(0]
n?_) 1 | L 1 L L L

0 100 200 300 400 500 600
s T T T
2 14¢ —— Corridor L1 |1
z — Limit
212
5]
g 1t 1
o Il 1 Il Il Il

0 100 200 300 400 500 600
5 0.8 : : ‘
e —— Corridor L5 | |
507} /ﬁ —— Limit §
g T 8
[e]
o 0.5 Il 1 Il Il Il

0 100 200 300 400 500 600

Time /s

Fig. 11.16. Power transfers in the corridors with PSTs at D1 and D2



314 11 Wide Area Control of FACTS

In the following, a wide-area controller based on feedback is designed using the
power transfer through L1 and L5 as measurements and the power references for
D1 and D2 as actuator. The controller has the following priorities as rules for its
actions as follows:

e Priority 1 - Avoid overload of low voltage corridor L5 (0.65 pu),

e Priority 2 - Avoid overload of corridor L1 (1.00 pu),

e Priority 3 - Control power flow through L3 and L4 to predefined reference
(2.74 pu in this case),

e Alarm operator if the two conflicting Priority 1 and Priority 2 objectives cannot
be fulfilled simultaneously.

The first two objectives become conflicting since reducing overload on the lower
voltage level comes at the cost of lowering the apparent impedance (using the
PSTs) of L3 and L4. This will increase the flow on the uncontrolled L1 corridor.
In case of alarm, the operators must request the operators of Area 1 to reduce pro-
duction until the overload situation in Area 2 is solved.

By inspection of the network topology, we can design the following controller
logic that would address the above described objectives:

e In case of overload on L3, increase setpoints for D1 and D2

¢ In case of overload on L1 and if there is sufficient margin on LS5 corridor, de-
crease power reference for D1 and D2

e [f there is an overload on L1 and not sufficient margin on L5 corridor, the op-
erator should be alarmed, so that a request for relieving the corridor by genera-
tion reduction in Area 1 can be made.

e [f there is no overload on either L1 or L5 keep reference constant on D1 and D2

Figure 11.17 shows the responses to the initial power reference change at L2 when
the wide-area controller is used as a secondary controller for the PSTs at D1 and
D2. As decided by the prioritization of the objectives, the secondary controller re-
lieves the overload on L5 but allows overload on L1. The benefit is that L3, L4
and L5 are together used to its maximum. Since both overload constraints could
not be met simultaneously, an alarm signal is given at about 190 seconds that
shows that further actions are necessary to relieve overload. Because of the re-
sponse time of the PSTs D1 and D2, there is an overshoot in the limit for LS.

In conclusion the wide-area control scheme allows using the installed transmis-
sion capacity between Area 2 and 4 to its maximum, independent of what is hap-
pening in the areas around. The scheme acts fully automatic and is transparent for
the operator. In case of limitations a warning is generated asking for manual inter-
actions. These actions could be included as well in the wide-area scheme requiring
setting up the scheme between different TSO operation areas.

The same approach which was discussed here with PSTs can be applied to fast
controllable power flow controllers like the Dynamic Flow Controller (DFC) as
well. Figure 11.18 shows the respective results for the same scenario.
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The approach which was discussed here is fulfilling the requirements of the
NISC-architecture in chapter 9. The solution shown is one practical representation
of the rule base according to the autonomous system approach from chapter 10. In
case of topology changes within the corridor between Area 2 and 4 the rules might
be adapted. Other functionalities of the FACTS-devices like damping control or a
coordination of the power flow control devices with reactive compensation like
SVCs to maximize the transfer capability (see section 11.3.1) can be implemented
additionally.

The case studies in this chapter have shown that significant added value of
FACTS-devices can be gained by introducing wide-area control that coordinates
the setpoints of FACTS-controllers. Only with the consideration of the approaches
presented in the chapters 9, 10 and 11 a beneficial use of power flow controlling
FACTS-devices can be achieved. Normal operations as well as emergency situa-
tions have been considered. The speed and continuous control capability of
FACTS-devices make them especially useful for improving transfer capacity in
emergency situations, since they can adapt to new flow situations much faster than
traditional devices.
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12 Modeling of Power Systems for Small Signal
Stability Analysis with FACTS

Small signal stability in a power system is the ability of the system to ascertain a
stable operating condition following a small perturbation around its operating
equilibrium. Power system disturbances can be broadly classified into two catego-
ries; large and small. Disturbances such as generation tripping, load outage, faults
etc have severe influences on the system operation. These are large disturbances
and the dynamic response and the stability conditions of the system are assessed
within the standard framework of transient stability analysis and control. The sys-
tem is modeled as a non-linear dynamic process. A large number of references
dealing with this problem exist in power engineering literature [1]-[3]. Essentially
the researchers have applied non-linear system theories and simulations to estab-
lish a clear understanding of the dynamic behavior of power system under such
conditions. Effective tools to analyze and devise various non-linear control strate-
gies are now in place.

The power system largely operates under quasi-equilibrium state except when
undergoing large disturbance situations. The disturbances of small magnitude are
very common. Such disturbances can come from the random fluctuation in loads
induced by weather conditions etc. These small and gradual disturbances do not
lead to severe excursion of system operating variables such as machine angle and
speed from their operating equilibrium values. It is observed that the electrome-
chanical oscillations observed in the post-fault recovery stage of the system are
usually linear in nature [4]. The theory of linear system analysis has provided a
deep insight into the operating behavior of an interconnected power system under
such situations. The assumption of a linear system model around an operating
equilibrium has revealed many interesting conclusions. Most often these conclu-
sions are not consistent with what have been observed in the field under similar set
of operating circumstances. A better understanding of the nature of the system dy-
namics helps to plan control strategies for secure operation.

This chapter will focus on modelling and analysis of power system dynamic
behavior under small disturbances. A brief description of the modelling of various
components in power systems including FACTS-devices is given. This chapter
will focus on the dynamic model of FACTS-devices as their steady state power
flow models have already been discussed in the earlier chapters. The overall sys-
tem model is linearized for small signal stability analysis through eigenvalue ap-
proach. The small signal analysis will be applied in an interconnected power sys-
tem model with FACTS-devices. The approach of modal controllability [4] will be
described and applied to examine control capability of FACTS-devices from vari-
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ous locations in the systems. We will also describe the methods of modal ob-
servability [4] to identify the most effective feedback signals for the control design
of the FACTS-devices to produce greater stability margin. The aim of this chapter
is

e to develop a clear understanding of how linear system theory can provide en-
hanced insight into power system dynamic behavior under various operating
situations,

e todevelop a better understanding of the control needs and specifications.

12.1 Small Signal Modeling

12.1.1 Synchronous Generators

The primary sources of electrical energy are the synchronous generators. They are
electromechanical energy conversion devices that are driven at synchronous speed
by steam, hydro and gas turbines, depending on the source of mechanical energy.
The rotor houses a field winding which is excited through direct current to pro-
duce flux. The flux produces a rotational voltage in the stator windings which are
connected to the grid. The magnitude of the voltage is controlled through an
automatic voltage regulator (AVR). Power output is varied through controlled
admission of steam or water or gas using a governor. The general approach to
synchronous machine modelling is quite mature. The high frequency stator tran-
sient is usually ignored. Besides the field winding, the rotor might have a closed
physical winding. The solid rotor body provides a closed rotor winding effect. At
a speed other than synchronous, voltage is induced and currents circulate. They
provide damping action against rotor speed deviation. Consequently the windings
are known as damper winding. The rotor damping effect is modeled by closed
windings of suitable inductances and time constants. The number of damper wind-
ings used to represent rotor damping effect depends on the nature of study. For
small signal stability, two damper windings in the g-axis and one damper in the
field axis are adequate. One can neglect the damper winding for model simplifica-
tion at the cost of introducing some degree of conservatism in small signal stabil-
ity results.

Let us assume an interconnected power system with m machine and n bus. We
consider four windings on the rotor (one field and one damper in d-axis and two
dampers in g-axis). For i = 1 to m, the following equations represent machine dy-
namics [5]. We have considered a d-q axis modeling of machine with the g-axis
leading the d-axis and taken generator current as positive, i.e. IEEE convention [6]
and [7].

do.
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The stator current equations are algebraic in nature because of the assumption
made earlier. They are:

(X o x J ) (X ; j
V.Cos (8, —0)—~ 4 bt)p r \Tdi Tdi )y
i i i X ( -

-X
’ _ ql _
(Xdi Isi ) Xdi Xlst

)
Iy

wai FRsilgi =X 14 =0 (12.8)
-X

V;Sin(6; =6+ jEdi —= 2gi qi”Iqi Rl =0 (12.9)

(Xqi _Xlsij (Xqi _Xlsij

where, for the i machine

4. rotor angle (radian)

@ : rotor speed (radian per second)

Epi: exciter voltage on stator base (p.u.)

E,; (Ey4): quadrature (direct) axis transient voltage (p.u.).

Viai (Wiqi): flux linkage in the direct (inner quadrature) axis damper (p.u.)

1, (Iy): stator g-axis(d-axis) component of currents (p.u.)
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v, 6: bus voltage magnitude and angle respectively.

Xit stator leakage reactance (p.u.)

Ry;: stator resistance (p.u.)

Xa» Xui, Xai: direct axis synchronous, transient and sub-transient reactance
(p.u.) respectively.

X, X, X, © quadrature axis synchronous, transient and sub-transient reactance
(p-u.) respectively.

Tior T direct axis open circuit transient and sub-transient time constants
(seconds) respectively.

Tyor Tyo : quadrature axis open circuit transient and sub-transient time con-

stants (seconds) respectively

12.1.2 Excitation Systems

The excitation system provides the necessary rotor flux to induce a voltage in the
stator. The excitation voltage Ej; is never manipulated directly but is changed
through the action of the exciter. Excitation systems are broadly classified into
two types: slow DC excitation and fast static excitation [4].

A typical slow excitation system (termed DC1A exciter) [4] consists of four ba-
sic blocks as shown in Fig 12.1. They are the exciter, amplifier, excitation-
stabilizer and terminal voltage sensor. A basic model for an exciter is given by
equation (12.10) where S, is the saturation in the exciter. It is approximated as an
exponential function. The constants K, and T, relate to exciter gain and time con-
stant respectively. The K, varies with the operating conditions. For each operating
condition, it is assumed that K, is such as to make the voltage regulator output
zero in the steady state. In order to automatically control the terminal voltage a
measured voltage signal must be compared to a reference voltage and amplified to
produce the exciter input, V,. The amplifier can be a pilot exciter or a solid state
amplifier. In either case, the amplifier is modeled as a first order differential equa-
tion as shown in equation (12.11). The regulator is often equipped with a stabiliz-
ing transformer that is modeled by equation (12.12).

The symbols K,, T, and Kj; Ty are the gain and time constant of the amplifier
and stabilizer circuit respectively. The terminal voltage sensor is modeled as a first
order block with a filter time constant 7, and shown in equation (12.13).

U] |
To—a = KeEu+5,(Ep)Epu|tV, (12.10)
av

T —l=-v +KvV. 5 V . <V <V (12.11)
a dt r a’'i rmin r rmax

dR K
/o g

1, —L=-r, +%Eﬁ, (12.12)
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Fig. 12.1. Block Diagram of a DC1A-type Excitation System

av ; 1
r__ 1y _V] (12.13)
dt Tr L tr !

Modern large machines are equipped with fast acting type Thyristor based exci-
tation systems. The exciter power is drawn from the generator bus through an ex-
citer transformer. Such a type of excitation system (ST1A) is often modeled as a
single time-constant block [4]. The error signal is used as input and E as output.
Figure 12.2 shows a small signal representation for a high gain (of the order 200 to
400) and fast (of the order of a few milliseconds) exciter. Normally, 7, is ne-
glected. When T, is ignored, the dynamics are described by the following two
equations:

dv 1

oy _y ] (12.14)
dt Tr L tr t

Eg =KaWeer =V (12.15)

In the case where the voltage regulator gain K, is too large for better transient
stability performance, the damping torque introduced by the exciter becomes
negative. In order to ensure a well-damped post-fault response of the system, the
regulator block is preceded by a transient gain reduction (TGR) block. However,
with properly designed power system stabilizer (PSS) this block is not necessary.

Fig. 12.2. Block Diagram of a Fast ST1A-type Excitation System
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12.1.3 Turbine and Governor Model

In a power plant, the generator is driven either by a steam-turbine or a hydraulic
turbine. Depending on the size, construction and principle of operation, different
small signal models can be derived. For a steam turbine with tandem compound
structure, various stages should be modeled adequately to represent the torsional
dynamics [4]. The dynamic modeling of turbine and governor plays an important
role in small signal stability studies. Interesting conclusions were drawn from a
utility based field study in turbine and governor model validation. It was reported
[8] that about 40% of simulated response could be observed during large genera-
tion trips in Western Electric Co-ordination Council (WECC) system. This al-
lowed a response based modeling for the turbine governor system. The validated
model produced a system response that matched closely the measured response of
the system. Normally, for the electromechanical modes in the frequency range of
0.2 to 2.0 Hz, the dynamic interaction of these turbine masses can be an important
consideration, if the associated governor is not properly tuned. All present day
speed-governing systems are expected to be properly tuned, making the turbine
less interactive. The inclusion of a small signal model of the turbine can increase
the frequency of the low frequency electromechanical modes very slightly. As
long as governors are properly tuned with adequate dead-band they will not have
any adverse effect on power system damping. In view of this and for the sake of a
simple model, the mechanical input to generator is assumed constant. However,
for mid-term and long-term stability studies, which address system recovery from
severe upsets with time, accurate modeling of turbine, governor is essential.

12.1.4 Load Model

In power system stability and power flow studies, the loads are modeled as seen
from the bulk delivery point at transmission voltage level. Based on the way volt-
age and frequency influence loads at the delivery point, they are classified into
two broad categories: static and dynamic.

In the static approach, both real and reactive loads are modeled as a non linear
function of voltage magnitude. It also includes average frequency deviation (Af).
A static load model expresses the characteristics of the load at any instant of time
as algebraic functions of the bus voltage magnitude and frequency at that instant.
The active power component, P, and reactive power component, Q, are considered
separately. The voltage dependency of the load characteristics is represented by
the exponential model [4] as given in the following two equations.

P="P(V) (12.16)

0=0,0) (12.17)
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v o= | V_
vV o= (Vo j (12.18)

Py, Qpand V) are the values at the initial operating condition. The parameters of
this model are the exponents ‘a’ and ‘b’. With these exponents equal to 0, 1, 2, the
model represents load of a constant power (CP), constant current (CC) or constant
impedance (CI) type respectively. The exponent ‘a’ (or ‘b’) are sensitivities of
power to voltage at V= V. For composite system loads, the exponent 'a' usually
lies in the range between 0.5 and 1.8. Exponent 'b' varies as a non-linear function
of the voltage. For Q at higher voltages, 'b' tends to be significantly higher than

a’. An alternative model that has been widely used to represent the voltage de-
pendency of loads is the polynomial model.

_\2 _
P= P0|:p1(V) +p,V +p3:| (12.19)

0= QO[QI(V)Z + q2\7+ q3} (12.20)

This model is commonly referred to as the ZIP model as it is composed of con-
stant impedance Z, constant current / and constant power P components. The pa-
rameters of the model are the coefficients ‘p;” to ‘p3’ and ‘q,’ to ‘g,’ that denote
the proportion of each component. The frequency dependency of the load charac-
teristic is usually represented in the exponential and polynomial models by a fac-
tor as follows:

(V) [1+1< f} (12.21)
0=0,(V)" [H K Af} (12.22)
0 qf :
P=P )2 vV (1 K A )
=Py P (V)" +pyV oy (14K AF (12.23)
) _
0= QO[ql(V) +q,V + q3}(l+ K, Af) (12.24)

Typically, K, ranges from 0 to 3.0 and K, ranges from -2.0 to 0.0.

Power system loads during a disturbance behave dynamically. However, be-
cause of the distributed nature of loads, it is difficult to get an equivalent dynamic
representation of them. A large single induction motor load is modeled in the d-q
reference frame almost in the same way as the synchronous generator. Some re-
searchers represent loads through differential equations involving load voltage
magnitude and angle as state variables. A power recovery model has been sug-
gested in [9] for analyzing voltage stability related problems. It is shown that such
models can capture voltage instability events more realistically.

The response of most of the composite loads to voltage and frequency changes
is fast and the steady state condition for the response is reached very quickly. This
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is true at least for modest changes in the voltage/frequency. The use of the static
models described in the previous sections is justified in such cases.

There are, however, many cases where it is necessary to account for the dynam-
ics of the load components. Studies of inter-area oscillations, voltage instability
and long term stability often require load dynamics to be modeled. A study of sys-
tems with large concentrations of motors also requires the representation of load
dynamics. Reference [4] discusses various models in use for stability studies and
proposes a general model that encompasses a large variety of models with suitable
modification of the coefficients. A CIGRE task force, formed to investigate the
causes of the Swedish system blackouts in 1983, produced the following recom-
mendations [10] on the effect of load models in stability studies in stressed power
systems.

de , v,
PL:P0+P+K[7W T +va VL+T 7 (1225)
) 2 12.26
QL:Q0+Q+KqW - +va1VL+va2VL (12.26)

Where, P and Q are static power loads, P, and Q are the constant power por-
tion of the induction motor load and the rest depends on bus voltage and frequency
deviation. The symbols V; and 6, are the bus voltage magnitude and phase angle
respectively. In our research we have simplified the load model shown in equation
(12.25) and (12.26) according to:

1% np de dv
- _L L L 12.27
P, PLO[V ] +pr T +vaT T ( )
LO
1% nq de
_ L L
QL——QLO(VLO] +-qu T (12.28)

12.1.5 Network and Power Flow Model

Power is transmitted over long distance through overhead lines of high voltage
ranging from 230 kV to 1,100 kV. These overhead lines are classified according to
length, based on the approximations used in their modeling:

e  Short line: Lines shorter than 50 miles (80 km) are represented as equivalent
series impedance. The shunt capacitance is neglected.

e  Medium line: Lines, with length in the range of 80 km to about 200 km, are
represented by nominal T equivalent circuits.

e Long Line: Lines longer than about 200 km fall in this category. For such
lines the distributed effects of the parameters are significant. They need to be
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represented by equivalent T circuits or alternatively as cascaded sections of
shorter lengths, with each section represented by a nominal 7 equivalent.

For stability studies involving low frequency oscillations it is reasonable to as-
sume a lumped parameter model. The approximation introduces a bit of conserva-
tism in the margin of stability. However for simulation of lightning or switching
transients, the distributed parameter model is used. High voltage transmission ca-
bles are also modeled in a similar way to overhead lines but they have much larger
shunt capacitance than that of EHV lines of similar length and voltage rating.

In the steady state power frequency network model, the power flow equations
at each node can be expressed as:

PG,k - PL,k = Z Vkvm (ka cos (Hk - em )+ Bkm sin (Hk - em )) (12.29)

m=1

Qi = Qs = Z ViV, (ka sin (Hk -9, )_ B, cos (ek -0, )) (12.30)

m=1
The symbols P and Qg are real and reactive power generated respectively at
the k" bus. They are expressed as functions of bus voltage magnitude, angle and
armature current as:

Py =V, cos( & -6, )qu =V, sin( &, =0, ), (12.31)

QG,k = _Vk sin( 5]( —Hk )qu _Vk COS( 5]{ —9k )Idk (1232)

12.1.6 FACTS-Models

In this section, the steady-state and small-signal dynamic models of three most
commonly used FACTS-devices are described. They are Static VAr Compensator
(SVCO), Controllable Phase Shifter (CPS) and Thyristor Controlled Series Capaci-
tors (TCSC). We will mainly describe their steady state power flow characteristic
and small signal dynamic characteristics. The power injection model has been
used for steady-state representation of these devices as it is most suitable for in-
corporation into an existing power flow algorithm without altering the bus admit-
tance matrix. The power injection equations governing this type of model are de-
scribed for each of the devices. The small-signal dynamic models of the series
connected devices are presented considering a single time constant block repre-
senting the response time of the power electronics based converters. For the shunt
voltage control devices, a separate voltage control loop is involved with suitable
response time of the voltage sensing hardware and time constants of the voltage
regulator block.
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12.1.6.1 SVC-Model

A commonly used topology of a Static VAr compensator (SVC), shown in Fig
12.3, comprises a parallel combination of a Thyristor Controlled Reactor and a
fixed capacitor. It is basically a shunt connected static var generator/absorber
whose output is adjusted to exchange capacitive or inductive current so as to
maintain or control specific parameters of the electrical power system, typically
bus voltage.

The reactive power injection of a SVC connected to bus k is given by

Q,=V/?B (12.33)

By, = B¢ — By; the symbols B¢ and By, are the respective susceptances of the fixed
capacitor and the Thyristor Controlled Reactor. It is also important to note that a
SVC does not exchange real power with the system.

g
I

sve

]

Fig. 12.3. SVC block diagram

The small-signal dynamic model of an SVC is given in Fig 12.4 [7]. 4B, is de-
fined as AB-A4B;. The differential equations from this block diagram can easily be
derived as

C;LABWC = 1_|:_ Ach + (1 - &JAerL'C - ﬂAVf—svc
1 K K , K ; K
sve v2 2 (1234)
+ ﬂ[A szfsvc + Avref
TVZTXVL‘
d 1
A r—svc = [_ AVV—YVC - KVAVf—YVC + varef + KVVYY—?VC ] (12~35)
dt ) T,, ‘ ‘ ' n
d 1
= =—[av,-av,
AV =2 [Av, — (12.36)

m

K, T,; T, are the gain and time constants of the voltage controller respectively;
Ty, is the time constant associated with SVC response while T, is the voltage
sensing circuit time constant. The SVC can work either in voltage control mode or
in susceptance control mode.
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Fig. 12.4. SVC dynamic model

12.1.6.2 TCPS-Model

A Thyristor Controlled Phase Shifter (TCPS) can exert a continuous shift on the
phase angle of voltage between the two ends of the line in which the TCPS is con-
nected. A typical TCPS consists of an exciter and booster transformer pair. Fig
12.5 shows a typical TCPS connected in the line between bus k and m with its ex-
citer transformer being fed by bus k. The injected voltage can be modeled as an
ideal voltage source V,, in series with the line impedance Z,,. The injection model
[11] is obtained by replacing the voltage source by an equivalent current source /,,
in parallel with the line as shown in Fig 12.5 where I, and [, are given by equa-
tion (12.37) and (12.38) and the injected power at both ends by (12.39) and
(12.40).

[ =V (12.37)

se ka .
I,=1-1, (12.38)
S, =Vi(-1,-1,) (12.39)
S, =V, (I.,) (12.40)

The power injections Sy and S, are given as

Se =V, (_I_rh -1, )* (12.41)
S, =V, (1,) (12.42)

The real and reactive components of the above two equations provide expres-
sion for nodal power injections which can be incorporated into network power
flow equations. They are as follows:

Pinj,k =V.V, [ka {cosakm - Cos(ekm + ¢)} + By, {sin Opn — Sin(ekm + ¢)}:| (12.43)
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Qi =ViV [ka {sin@,,, —sin(6,, +¢)} - By, {cosb,,, —cos(,, + ¢)}} (12.44)
Py =V,Vi| Gu{cos,, —cos(8,, —9)} + B, {sind,, —sin(6,, —9)} |  (12.45)

Ojm =VuVi [Gmk{sinemk —sin(6,; — @)} — B,y {cos6,, —cos(8,, —¢)}] (12.46)
where 6, =6, -6,.

The small-signal dynamic model of a controllable phase shifter is given in Fig
12.6. The small signal model is given by:

d 1
;A¢ = T—[— Ap+Ag,, +A9,, ] (12.47)

cps

The symbol T, represents the response time of the Thyristors.

/*\

I

A P4
(=3 1

Fig. 12.5. TCPS block diagram
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Fig. 12.6. TCPS dynamic model

12.1.6.3 TCSC-Model

A Thyristor Controlled Series Capacitor (TCSC) is a capacitive reactance com-
pensator that consists of series capacitor banks shunted by Thyristor Controlled
Reactors in order to provide a smoothly variable series capacitive reactance. Let
us consider that the TCSC is connected in the line between bus k and m. In this
case the resistance of the line is neglected for simplicity of the calculation. If I is
the current flowing through the line, the TCSC having capacitive reactance X, can
be represented by a voltage source V,, as shown in Fig 12.7, where V,, is given by
Vi = jX. I. The injection model [11] is obtained by replacing the voltage source by
an equivalent current source I in parallel with the line as shown in Fig 12.7 where
I is given by I; =V, / X},, . The current source /; corresponds to the injection pow-
ers Sy and S, which are given by

§k = VT( (_[s )* ;§m = \7m (]s )* . These expressions are resolved into

real and reactive components to produce the following nodal power injection ex-
pressions:

k.
Pk (k _ 1) km SIH (9 - m ) (1248)
k.
Ce= n? o Vo = ViV, cos (8, = 6,)] (12.49)
k. A
Pu = Gy m Vi Buesin (6, -6.) (12.50)
k.
Qm (k _ 1) |:Vm2 - Vka COS(gm - 91{ )] (1251)
where, k6=ﬁ.
L

The small-signal dynamic model [7] of a controllable series capacitor is given
in Fig. 12.8. The symbol T represents the response time of the Thyristor. The
model for various other FACTS-devices can be developed in similar manner.
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Fig. 12.7. TCPS block diagram
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Fig. 12.8. TCPS dynamic model

12.1.7 Study System

The standard modeling approach described earlier will be applied to a study sys-
tem. Fig. 12.9 shows a single line diagram of a 16-machine and 68-bus system
model [7]. This is a reduced order equivalent of the New England Test System
(NETS) and the New York Power System (NYPS) model. There are nine genera-
tors in NETS area and three in NYPS area. The three neighboring utilities are rep-
resented as three equivalent large generators #14, #15 and #16. The generators,
loads and imports from other neighboring areas are representative of operating

conditions in the early 1970s.

......

NYPS
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ad § 450
L
3 51
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Fig. 12.9. 16-machine 68-bus study system
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The first eight machines have slow excitation (IEEE type DC1A) whilst ma-
chine #9 is equipped with a fast acting static excitation system (IEEE ST1A). This
machine is also assumed to have a speed input power system stabilizer (PSS) to
ensure adequate damping of the electromechanical mode of this machine. The rest
of the machines are under manual excitation control. We will analyze this system
later for various modeling approximation and power flow and load characteristics
to develop a better understanding of the system dynamics. We will also carry out
the analysis with three FACTS-devices, SVC, TCSC and TCPS, in this system to
see their influence on system dynamics.

12.2 Eigenvalue Analysis

12.2.1 Small Signal Stability Results of Study System

It is mentioned earlier that small signal stability is the ability of the system to
maintain stable equilibrium when subjected to small disturbances. For small dis-
turbances the response of the system will have linear behavior i.e. the equations
that describe the resulting response of the system may be linearized for the pur-
pose of analyses.

The behavior of a dynamic system such as a power system, as described in the
earlier sections, can be expressed as a set of first order differential and algebraic
(DAE) equations of the form:

x=f(x,zu) (12.52)
0=g(x,zu) (12.53)
y=h(x,z,u) (12.54)

where, x is a state vector, z is an algebraic variable vector, u is an input vector and
y is an output vector.

From a power system’s perspective, the state vectors x are generator angle,
speed, transient voltage, flux; excitation system voltage and AVR output etc. The
algebraic variables z are bus voltage magnitude, angle, stator currents etc. The
control variables u are excitation control reference voltage, mechanical input etc.
The choice of output y variables depends on stabilizing signals such as line power,
machine speed, bus voltage magnitude etc.

Let us linearize equations (12.52) to (12.54) around an initial (x,z,,uy) operat-
ing equilibrium and express the result as:

A= P s Y ac e Yoo (12.55)
ox 0z Ju
Oza—gAx+a—gAz+a—gAu (12.56)

ox 0z Ju
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oh oh oh
Ay=—~Ax+—Az+—A 12.57
Y ox " 0z o ou ! ( )

The algebraic variable Az can be eliminated from the above to produce a state-
space description of the system given by:

Ax = AAx+ BAu (12.58)
Ay = CAx + DAu (12.59)
where,
—1 4
Azai_al(a_gj 9% . Bzaf_af(ag) 9% (12.60)
ox dz\dz /) ox du 0dz\dz /) Ou
-1 -1
ox 0Jz\dz) ox Jdu 0Jz\dz ) Ou

The symbol A from equations (12.58) and (12.59) will be dropped in an effort
to follow the notation of standard state space description. Unless stated otherwise,
henceforth all perturbed variables will mean incremental variables. This approach
of representing power system behavior in DAE form is largely followed for small
signal analysis.

The eigenvalues A of A are the roots of the characteristic equation:

det(AI —A)=0 (12.62)

Symmetric or Hermitian matrices will have real eigenvalues. On the other hand,
non symmetric or non Hermitian matrices will have a few complex eigenvalues
occurring in conjugate pairs. The complex conjugate eigenvalues are due to the
fact that the matrix A is real and so the characteristic polynomial has real coeffi-
cients.

Let us take any complex conjugate eigenvalues A, ,= o+j@. The real part G re-
lates to damping and the imaginary part @ relates to the frequency of oscillation.
In power system small signal stability literatures, usually damping ratio p and lin-
ear frequency f (Hz) are used. These are related to 4; as follows:

(o .

= + 7 : e E— =L
Ai=0, % jo.;p, W’fi o (12.63)

Let us use the classical model of all the generators with constant impedance
load. In the classical model the airgap flux remains constant; so the effect of volt-
age regulator and damper circuit are absent. Only swing equations involving vari-
ables 0 and w are considered. The system will have thirty two state variables and
so it will have as many eigenvalues. The eigenvalues are displayed in Table 12.1.
There is one zero eigenvalue, one negative real and fifteen pairs of eigenvalues
that occurs as complex conjugates. In this case the complex conjugate eigenvalues
are known as electromechanical modes as they originate from the swing equations.
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Table 12.1. Eigenvalues in classical model

A J2; fi (Hz)
0.0
-0.1328 1.000 0.00
-0.0626+j2.4212 0.026 0.38
-0.0697+j3.1469 0.022 0.50
-0.05074j3.9564 0.013 0.63
-0.0810+£j4.9710 0.016 0.79
-0.0927+j6.1810 0.015 0.98
-0.0684+j6.7719 0.005 1.15
-0.0387+j7.2178 0.007 1.22
-0.0568+j7.6901 0.009 1.26
-0.0752+j7.9630 0.006 1.27
-0.05424j7.9915 0.006 1.34
-0.0537+j8.4600 0.006 1.55
-0.06174j9.7802 0.006 1.55
-0.0716+j9.7820 0.007 1.55
-0.0701+j9.8349 0.007 1.56
-0.1161+j11.467 0.010 1.82

We first explain the origin of the zero eigenvalue. The machine speeds and an-
gles are expressed in absolute terms thereby introducing redundancies in the state
variables and the resulting state matrix is singular. The zero eigenvalue is because
of redundancy in angle but this can be removed by taking one machine angle as a
reference and expressing all other angles with respect to it. This will result in re-
duction of angle state variable of the reference machine from the differential equa-
tions. Sometimes a second zero eigenvalue can exist when the generator torque is
independent of machine speed deviations, i.e. mechanical damping is neglected
and governor action is not represented. Because non-uniform damping is used, the
second zero eigenvalue in this case does not exist. This situation can also arise
when the ratios of inertia constant to damping coefficient in all the machines are
uniform which can be avoided by setting the speed of one machine as reference
(following the assumption of infinite inertia of a speed referenced machine) and
expressing speed deviation of other machines with respect to the reference one. If
one particular machine angle and speed are taken as reference, the dynamics of
that particular machine will not affect the swing equation. In practice it is not
done, as this introduces difficulties in indexing and manipulating various matrices
and vectors in vector based computation. Usually the eigenvalues will not be ex-
actly zero as initial conditions are not exact because of mismatches in power flow
convergence, however small they might be.

The eigenvalues characterised by frequencies 0.38, 0.50, 0.63 and 0.79 Hz are
known as inter-area modes [4] involving machines across a large portion of the
system. The other eigenvalues in the table are local modes, involving one or two
machines and hence the effect is localised.

We now show eigenvalue analysis results for detailed machine models, both
with and without FACTS-devices, and for different network configuration and
load situations. The eigenvalues for the system using full models are computed
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and displayed in Table 12.2. Each machine is modelled to have three damper
windings, one field winding and an excitation control system. The first eight gen-
erators use DC excitation, while machine #9 is equipped with fast excitation. The
load is constant impedance in nature. Other machines are placed on manual excita-
tion control. One can see that one local mode is unstable, which is connected to
machine #9. This is due to a fast excitation control system in that machine. This
mode is stabilised with the help of a speed input PSS. The behaviour of the system
with the PSS is also shown in Table 12.2. It can be observed readily that the inclu-
sion of damper windings in the model has increased the damping of the electro-
mechanical modes in general. The effect of excitation control is also seen to have
improved the frequencies of oscillations.

Table 12.2. Electromechanical modes in detailed model

Detailed model without PSS Detailed model with PSS

pi fi (Hz) P fi (Hz)
0.0165 0.3916 0.0643 0.3830
0.0436 0.5022 0.0436 0.5019
0.0345 0.6263 0.0560 0.6193
0.0498 0.7907 0.0499 0.7907
0.0627 1.0710 0.3061 0.8539
0.0578 1.1583 0.0630 1.0707
-0.0043 1.1895 0.0589 1.1584
0.0793 1.2050 0.0798 1.2045
0.0743 1.2716 0.0574 1.2640
0.0070 1.2951 0.0745 1.2718
0.0349 1.3516 0.0502 1.3418
0.0976 1.5400 0.0977 1.5400
0.0690 1.5455 0.0681 1.5470
0.0906 1.5639 0.0907 1.5637
0.0615 1.8760 0.0616 1.8759

The effect of FACTS on the damping of electromechanical modes is also inves-
tigated. We assume TCPS, TCSC and SVC are located in the network to facilitate
power flow and provide network voltage support. The TCPS is assumed to be in-
stalled in the line between bus 37 and bus 68, the TCSC between bus 69 and bus
50 and the SVC is located at bus 18. The effect of each of these devices is investi-
gated separately. The results are displayed in Table 12.3. It can be seen that the
steady state outputs from theses FACTS-devices do not improve the damping. We
also include three devices and computed their combined effect in system damping.
The observation was that the overall system damping did not improve appreciably.
This means additional control known as supplementary power oscillation damping
is necessary for improved system response. We now examine the effect of various
levels of power flow on the damping of these electromechanical modes. We as-
sume a 700 MW flow between NETS and NYPS as base and adjust the load and
generation in both the areas to create a flow that varies from 100 MW to 900 MW.
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Table 12.3. Effects of FACTS on electromechanical modes

No FACTS SVC (only) TCSC (only) TCPS(only)
Pi Jfi (Hz) Pi Jfi Hz) Pi Ji Hz) P Jfi (Hz)
0.06 0.38 0.06 0.38 0.06 0.39 0.06 0.38
0.04 0.50 0.04 0.50 0.04 0.50 0.04 0.50
0.05 0.62 0.05 0.62 0.05 0.62 0.05 0.62
0.05 0.79 0.05 0.79 0.05 0.79 0.05 0.79
0.30 0.85 0.30 0.85 0.30 0.85 0.30 0.85
0.06 1.07 0.06 1.07 0.06 1.07 0.06 1.07
0.06 1.16 0.06 1.16 0.06 1.16 0.06 1.16
0.08 1.20 0.08 1.20 0.08 1.20 0.08 1.20
0.06 1.26 0.06 1.26 0.05 1.26 0.05 1.26
0.07 1.27 0.07 1.27 0.07 1.27 0.07 1.27
0.05 1.34 0.05 1.34 0.05 1.34 0.05 1.34
0.10 1.54 0.10 1.54 0.09 1.54 0.10 1.54
0.07 1.54 0.07 1.54 0.07 1.54 0.06 1.54
0.09 1.56 0.09 1.56 0.09 1.56 0.09 1.56
0.06 1.87 0.06 1.87 0.06 1.87 0.06 1.87

The results are shown in Table 12.4. It is seen that at higher level of power
flow, the damping and frequencies of the first inter-area mode reduces. The other
modes do not show much change because they are not affected by the power flow

between theses two areas but instead are affected by flows between other areas.

This is owing to the reduced voltage at the two ends, which is picked up by the
AVR in each area. The degradation of damping is not much because of the fact
that only one area (NETS) has slow excitation control and the other area (NYPS)
is on manual excitation control.

Table 12.4. Effects of power flow on electromechanical modes

100 MW 500 MW 700 MW 900 MW
Pi fi (Hz) Pi fi (Hz) Pi fi (Hz) Pi Jfi (Hz)
0.07 0.39 0.07 0.38 0.06 0.38 0.06 0.37
0.04 0.50 0.04 0.50 0.04 0.50 0.04 0.50
0.06 0.64 0.06 0.63 0.05 0.62 0.05 0.60
0.05 0.79 0.05 0.79 0.05 0.79 0.04 0.79
0.30 0.85 0.30 0.85 0.30 0.85 0.30 0.85
0.06 1.07 0.06 1.07 0.06 1.07 0.06 1.06
0.06 1.15 0.06 1.15 0.06 1.16 0.06 1.16
0.08 1.20 0.08 1.20 0.08 1.20 0.08 1.20
0.06 1.26 0.06 1.26 0.05 1.26 0.05 1.26
0.07 1.28 0.07 1.27 0.07 1.27 0.07 1.26
0.05 1.34 0.05 1.34 0.05 1.34 0.05 1.34
0.10 1.54 0.10 1.54 0.09 1.54 0.10 1.54
0.07 1.54 0.07 1.54 0.07 1.54 0.06 1.54
0.09 1.56 0.09 1.56 0.09 1.56 0.09 1.56
0.06 1.87 0.06 1.87 0.06 1.87 0.06 1.87
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Usually fast excitation control significantly reduces the damping of low fre-
quency modes. The frequency also reduces slightly with power flow because of
reduced synchronising power co-efficient at relatively high rotor angles.

We now investigate the effect of load characteristics on the damping. Table
12.5 displays the results. So far in all our calculations, constant impedance (CI)
loads are assumed. We have investigated the effect of various load characteristics
such as constant current (CC), constant power (CP) and dynamic load at a few
buses. The results in Table 12.5 show that the damping action from the constant
power type of load is least. This is why the voltage and angle stability margin in-
volving constant power type of load is low. The induction motor type load on the
other hand produces better damping because they are asynchronous in nature. It is
very difficult to quantify the effect of loads on damping. It is system specific and
depends on the relative locations of loads, generation and tie lines in the system.
The effect of tie line strength on system damping is investigated next and the re-
sults are displayed in Table 12.6.

We assume 700 MW flows with different tie line strength. The base case is
with all ties in operation. One line between bus 53 and 54 connecting NETS with
NYPS is then taken out. The eigenvalue analysis shows that the damping of the
first three inter-area modes is reduced. In addition, if one line between bus 60 and
61 is taken out, the damping is reduced further. This quantitatively confirms our
simple understanding that the power system with weak tie-line strength experi-
ences oscillations. The mechanism of reduction in damping can be attributed to
higher angular separation between the two areas. The maximum power transfer
capacity reduces because of high transmission impedance. This demands increase
in angular separation between two areas for the same amount of power flow. As
the voltages at different buses are reduced; the overall operating situation leads to
reduced damping and frequency of oscillations.

Table 12.5. Effect of load characteristics on electromechanical modes

CC CP CI Dynamic

Pi Ji (Hz) Pi Ji (Hz) Pi Ji (Hz) Pi Ji (Hz)
0.05 0.38 0.05 0.36 0.06 0.38 0.07 0.38
0.04 0.51 0.04 0.53 0.04 0.50 0.04 0.50
0.06 0.62 0.06 0.64 0.05 0.62 0.07 0.62
0.05 0.79 0.05 0.79 0.05 0.79 0.04 0.79
0.30 0.88 0.29 0.91 0.30 0.85 0.30 0.85
0.06 1.07 0.06 1.07 0.06 1.07 0.06 1.07
0.06 1.15 0.06 1.15 0.06 1.16 0.06 1.16
0.08 1.20 0.08 1.20 0.08 1.20 0.08 1.20
0.06 1.26 0.06 1.26 0.05 1.26 0.06 1.26
0.07 1.27 0.07 1.27 0.07 1.27 0.07 1.27
0.05 1.34 0.05 1.34 0.05 1.34 0.05 1.34
0.10 1.54 0.10 1.54 0.09 1.54 0.10 1.54
0.07 1.54 0.07 1.54 0.07 1.54 0.07 1.54
0.09 1.56 0.09 1.56 0.09 1.56 0.09 1.56

0.06 1.87 0.06 1.87 0.06 1.87 0.06 1.87
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Table 12.6. Effect of tie-line strength on electromechanical modes

No outage Line 53-54 out Line 60-61, 53-54 out

Li Ji (Hz) Pi /i (Hz) Pi fi (Hz)
0.06 0.38 0.05 0.36 0.04 0.36
0.04 0.50 0.04 0.50 0.04 0.50
0.05 0.62 0.04 0.59 0.04 0.57
0.05 0.79 0.05 0.79 0.05 0.79
0.30 0.85 0.30 0.85 0.30 0.85
0.06 1.07 0.06 1.07 0.06 1.05
0.06 1.16 0.06 1.15 0.06 1.15
0.08 1.20 0.08 1.20 0.08 1.20
0.05 1.26 0.06 1.25 0.06 1.26
0.07 1.27 0.07 1.27 0.07 1.27
0.05 1.34 0.04 1.31 0.05 1.34
0.09 1.54 0.10 1.54 0.10 1.54
0.07 1.54 0.07 1.54 0.07 1.54
0.09 1.56 0.09 1.56 0.09 1.56
0.06 1.87 0.06 1.87 0.06 1.87

12.2.2 Eigenvector, Mode Shape and Participation Factor

If A; is an eigenvalue of A, v; and w; are non zero column and row vectors respec-
tively such that the following relations hold:

(A=ATW, =0 (12.64)
w,(A=A1)=0 (12.65)

The vectors v; and w; are known as right and left eigenvectors of matrix A. In a ma-
trix with all distinct eigenvalues (not strictly necessary) one can arrange all eigen-
vectors and eigenvalues through compact matrix notations such as:

AV =VA (12.66)
WA = AW (12.67)
where,
V= (v1 Vy .V, vn) (12.68)
W = (Wlt M)Z2 h Wn—lt Wn[y (1269)
A=diag(A, A .. A, A) (12.70)

The eigenvector matrices can be used as transformation matrices to transform the
state variables x into decoupled modal variables z,,. The advantage of this trans-
formation is that these variables are decoupled. The time domain behaviour of
each of them completely represents the contribution of a particular eigenvalue (4;)
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to overall system response. Pre-multiplying (12.66) by V' and (12.67) by W’ mo-
dal matrix A can be obtained. One can transform physical state variables x into
modal variables z with the help of eigenvector matrices V and W as follows:

x=Vz (12.71)
z=Wx (12.72)

The right eigenvector (v;) is known as mode shape corresponding to A;. The
mode shape is very useful in identifying a group of coherent generators in a multi-
machine system. We compute right eigenvector corresponding to eigenvalue
0.0626+£j2.4212 in Table 12.1. The entries in the eigenvector corresponding to
machine speed are shown in Fig. 12.10. This shows two clusters of generators os-
cillating against each other. This is very important information for devising con-
trol strategies.

Of the fifteen complex conjugate eigenvalues, the first four when ranked in as-
cending order of frequency are known as the inter-area modes. In a large power
system, it is important to quantify the role of any particular generator in one par-
ticular mode. This helps to simplify the dynamic characterization of the entire sys-
tem by the reduced dynamic model to make the analysis and control synthesis
much easier. It is natural to suggest that the significant state variables influencing
a particular mode are those having large entries corresponding to the right eigen-
vector of A;. The problem of entries in an eigenvector is that they can not be com-
pared with each other because they have different units and scaling i.e. entries in
the eigenvector corresponding to state variables such as speed, angle, flux, voltage
etc. can not be compared. Let us take a closer look at equations (12.71) and
(12.72).

Fig. 12.10. Mode shape of first inter-area mode
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The relation between the physical state and modal variables provides an impor-
tant insight. Any arbitrary element v,; in V can be seen as contribution of the i
mode in the k™ state variable, i.e. activity of the i mode in the k" state variable.
On the other hand w;, corresponds to a weighted contribution of the k" state vari-
able to i" mode. The product wy vy is, however, a dimensionless measure known
as participation factor [12]. Both V and W can be assumed to be orthogonal and
they can be scaled suitably such that w,v; =1.0. The conditions in (12.64) and
(12.65) would still be satisfied. The more generic definition of participation factor

[5] is given as:

Vi | Wi
kT ken (12.73)

Z Vie|[Wii

k=1

The participation factors for all of the fifteen complex modes are computed and
shown in Table 12.7

Table 12.7. Normalized Participation factors

Eigenvalues (A4,) Normalized participation factors Machine
-0.0626+j2.4212 0.10,0.06,0.05,0.03,0.03,0.03,0.026 13,15,16,9,14,6,3
-0.0697+j3.1469 0.24,0.23,0.02 16,14,15
-0.0507+j3.9564 0.25,0.04,0.03,0.03,0.03,0.027 13,9,6,12,5
-0.0810+j4.9710 0.32,0.13,0.04 15,14,16
-0.0927+j6.1810 0.38,0.03,0.02 9,5,6
-0.0684+j6.7719 0.16,0.15,0.06,0.034,0.03,0.02 2,3,5,6,4,7
-0.0387+j7.2178 0.38,0.07 12,13
-0.0568+j7.6901 0.20,0.14,0.09,0.05 5,6,7.4
-0.0752+j7.9630 0.25,0.24 2,3
-0.0542+j7.9915 0.20,0.10,0.08,0.02 10,1,8,12
-0.0537+j8.4600 0.24,0.12,0.11 10,8,1
-0.0617+j9.7802 0.22,0.20,0.03,0.025 8,1,7,6
-0.07164j9.7820 0.21,0.17,0.03,0.03,0.03 7,6,4,8,1
-0.0701+9.8349 0.30,0.12,0.05 4,5,7
-0.1161+j11.467 0.47 11

The participation factors for angle and speed for a particular machine are the
same. We arrange them in descending order and show a few of them. The entries
in the last column show the corresponding machines. It is seen that in low fre-
quency electromechanical modes machines from different areas participate. These
are known as inter-area modes [4]. At relatively high frequencies (>1.0 Hz), sig-
nificant contribution is from one or two machines in a power plant. These are
known as local and or intra-plant modes [4]. This is very useful when studying the
behaviour of one machine with respect to the rest of the system. Participation fac-
tors reveal vital information for controlling low frequency oscillations of a system.
Machines with higher participations are very effective for dampening oscillations
and hence are the candidate machines to equip with power system stabiliser (PSS).
For inter-area modes, PSS for many machines are needed and hence control de-
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sign becomes a co-ordinated multivariable control design problem. One PSS is
theoretically sufficient to control a local mode and obviously it is placed in the
machine having the highest participation factor.

12.3 Modal Controllability, Observability and Residue

One drawback of the participation factor approach described in the previous sec-
tion is that it only deals with the states and so it does not consider input and output
parameters. It can not effectively identify controller site and appropriate feedback
signal in the absence of information on input and output, which is more important
when output feedback is employed. The effectiveness of control can, however, be
indicated through controllability and observability indices. This is important as
control cost is influenced to a great deal by the controllability and observability of
the plant. These issues are addressed through modal controllability, observability
and residue. This is briefly described next. The transfer function equivalent of
equations (12.58) and (12.59) is:

G=C(sI—A)'B+D (12.74)

Let us drop the direct transmission term D, as it does not influence the mode
(exclusion does not affect our conclusion but simplifies the explanation) and re-
write the first part of the right hand side as G,(s). We also make use of the or-
thogonal relationship between V and Wi.e. VW =I

G.(s)=Cc(st —A)'B
=CVW (sI — A)'VWB
=cvyGr-aw " 'ws

=CV (SI - A )71WB (1275)
_ Z" Cv,w.B
[ETR /1,‘
Ri

n
=; s — 4,

R; is known as the modal residue, being the product of modal observability Cv;
and modal controllability w;B. It is seen from (12.75) that modes with poor damp-
ing i.e. A4; with small absolute real part, will significantly influence the magnitude
of the transfer function G, if it is scaled up by the residue R; at and around the fre-
quency corresponding to the imaginary part of 4; This means that controllability of
the input signal and observability of the feedback signal become very important.
The choice of feedback signal should be made after careful consideration. The
feedback signal must have a high degree of sensitivity at and around the swing
mode to be damped out. This will show as a high peak in the bode diagram. In
other words, this means that the swing mode must be observable in the feedback
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signal. The output signal must have little or no sensitivity to other swing modes.
This is an obvious expectation from the perspective of minimum interaction
amongst modes through the controller. A FACTS-device in a transmission line
will only influence those modes responsible for power swings observed on that
line. The expensive control effort could be wasted if it responds to local swings
within an area at one end of the line. The effect of the feed forward term on the
output is also very important. The feedback signal should have little or no sensitiv-
ity to its own output in the absence of a power swing. This is known as inner loop
sensitivity [13] and does not involve swing mode dynamics. It results from feed
forward effect of a signal by-passing the swing mode loop. In single-input-single-
output (SISO) design, the output matrix C and input matrix B in equation (12.75)
are row and column vectors respectively and hence the residue would be a com-
plex scalar. As the residue is a complex variable, both magnitude and phase be-
come important. The higher magnitude of the residue implies reduced control ef-
fort (gain) whereas higher phase lag requires multiple phase compensation blocks
in the feedback path.

The FACTS-devices are never sited in a location of the system with highest
modal controllability. Steady state power flow and dynamic voltage support dic-
tate the criteria for locating. Nevertheless, if the devices are smaller in size and the
sole purpose of having them installed in the system is to enhance small signal sta-
bility margin, the modal controllability can be used to find the most effective loca-
tion. The modal controllability index (w;B) at bus location (shunt device) or line
(series device) can provide valuable information about the potential locations. We
have computed the modal controllability indices of an SVC in all bus locations of
the study system, which is further normalized with respect to the highest modal
controllability vector. The absolute values are displayed in Table 12.8.

Table 12.8. Normalized modal controllability indices at various bus locations

bus lo- cont in- bus lo- cont in- bus lo- cont in- bus lo- cont

cation dices cation dices cation dices cation indices
01 0.37 18 1.00 35 0.11 52 0.75
02 0.58 19 0.09 36 0.17 53 0.27
03 0.62 20 0.97 37 0.79 54 0.52
04 0.85 21 0.93 38 0.18 55 0.67
05 0.99 22 0.95 39 0.11 56 0.69
06 0.89 23 0.95 40 0.11 57 0.65
07 0.89 24 0.92 41 0.03 58 0.66
08 0.54 25 0.56 42 0.04 59 0.62
09 0.20 26 0.58 43 0.12 60 0.60
10 0.13 27 0.68 44 0.12 61 0.25
11 0.10 28 0.38 45 0.05 62 0.70
12 0.13 29 0.30 46 0.12 63 0.69
13 0.06 30 0.25 47 0.23 64 0.78
14 0.02 31 0.22 48 0.19 65 0.71
15 0.03 32 0.16 49 0.06 66 0.73
16 0.05 33 0.16 50 0.08 67 0.85

17 0.14 34 0.15 51 0.01 68 0.89
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It is seen that bus 18 is the most effective location for SVC to offer effective
damping of the first inter-area mode (0.39 Hz). This is for a particular power flow,
specific to a type of load and network conditions. Changes in any of theses condi-
tions may produce a different bus location with the highest controllability. The
modal observability (Cv;) indices on the other hand relate to feedback signals.
Once the location is selected, the modal controllability is fixed. One particular
type of signal such as power or line current or speed can be taken and the modal
observability indices would be computed. The comparison of modal observability
of two types of signal such as bus voltage magnitude and power in a line must not
be done. Even though they are expressed in p.u., one p.u. voltage does not neces-
sarily ensure one p.u. of line power. We have computed modal observability of
line real power for SVC located at bus 18. The 700 MW power with constant im-
pedance load and full tie line strength was considered i.e. operating condition was
similar to that used for computing the modal observability. The results are shown
in Table 12.9.

It is seen that the active power in the line between bus 13 and bus 17 has the
highest normalized modal observability magnitude (in this case 1.00). There are
many other signals having high modal observability too. The results in Table 12.9
reveal an interesting fact. The power signal in the line 13-17 with modal ob-
servability of 1.00 is the most effective signal to dampen first inter-area mode with
least control effort. However, the signal needs to be transmitted from a remote lo-
cation, making it less reliable. The observability of power signals in the lines
originating from bus 18 are 0.14 (line 18-42), 0.30 (line 18-50) and 0.41 (line 16-
18). These are local signals and so they are reliable, but need higher control effort
when compared to remote signals. Synchronised phasor measurement technology
coupled with dedicated high speed fibre optic network is available to use remote
signal for damping of oscillations [7].

Table 12.9. Normalized modal indices for various line power signal

line be- obserb line be- obserb line be- obserb line be-  obserb
tween indices tween indices tween indices tween indices
13-17 1.00 18-49 0.32 25-54 0.18 56-57 0.12
45-51 0.72 15-42 0.32 66-67 0.17 21-68 0.12
50-51 0.60 31-38 0.31 12-36 0.17 39-44 0.12
34-35 0.59 43-44 0.31 30-61 0.17 19-20 0.12
35-45 0.58 17-43 0.30 59-60 0.17 31-53 0.12
18-50 0.56 18-50 0.30 58-59 0.16 56-66 0.11
34-36 0.52 37-68 0.28 67-68 0.16 21-22 0.10
47-53 0.52 47-48 0.24 58-63 0.15 06-22 0.09
53-54 0.49 14-41 0.21 62-63 0.14 24-68 0.09
40-41 0.44 54-55 0.21 30-31 0.14 01-54 0.09
40-48 0.43 52-55 0.20 18-42 0.14 27-37 0.09
16-18 0.41 37-52 0.20 44-45 0.14 30-32 0.09
38-46 0.38 19-68 0.19 32-33 0.13 03-62 0.09
60-61 0.37 37-52 0.19 30-53 0.13 09-29 0.09
17-36 0.37 41-42 0.19 25-26 0.13 30-32 0.09

46-49 0.35 57-60 0.19 21-68 0.12 09-29 0.09
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In this chapter, the modelling of various components of power systems is dis-
cussed. A power injection and small signal model of various FACTS-devices are
described. The eigenvalue analysis on a 16-machine and 68-bus study system
model is carried out using various modelling complexities. The influence of vari-
ous system operating conditions on the damping and frequencies of electrome-
chanical modes are analysed. It is concluded that power flow, load characteristics
and network topologies affect the damping and frequency of inter-area mode sig-
nificantly. The method of participation factor is applied to compute relative par-
ticipation of machine in a particular mode to identify most effective machine for
installing power system stabilizer. The methods of modal controllability and ob-
servability are explained. The modal controllability indices of a static var compen-
sator at various bus locations of the study system are computed as an effective ap-
proach to identify best location. The computed modal observability indices in
power signals from various lines provide useful information on the most effective
stabilising signal.
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13 Linear Control Design and Simulation of
Power System Stability with FACTS

Inter-area oscillations in power systems are triggered by, for example, distur-
bances such as variation in load demand or the action of voltage regulators due to
a short circuit. The primary function of the damping controllers is to minimize the
impact of these disturbances on the system within the limited dynamic rating of
the actuator devices (excitation systems, FACTS-devices). In H,, control term,
this is equivalent to designing a controller that minimizes the infinity norm of a
chosen mix of closed-loop quantities.

The concept of H, techniques for power system damping control design is
about ten years old [1]-[5]. An interesting comparison between various techniques
is made in [6]. There are two approaches for solving a standard H, optimization
problem: analytical and numerical. While the analytical approach seeks a positive
semi definite solution to the Riccati equation [7], the numerical approach is to
solve the Riccati inequality to optimize the relevant performance index. Although
the Riccati inequality is non-linear, there are linearization techniques to convert it
into a set of linear matrix inequalities (LMIs) [8][7], which simplifies the compu-
tational process.

The analytical approach is relatively straightforward but generally produces a
controller that suffers from pole-zero cancellations between the plant and the con-
troller [9]. The closed-loop damping ratio, which is very important in power sys-
tem control design, can not be captured in a straight forward manner in a Riccati
based design [10]. The numerical approach to the solution, using the linear matrix
inequality (LMI) approach, has a distinct advantage as these design specifications
can be addressed as additional constraints. Moreover, the controllers obtained us-
ing a numerical approach do not, in general, suffer from the problem of pole-zero
cancellation [11].

Application of the H,, approach using LMIs has been reported in [12][13] for
design of power system stabilizers (PSS). A mixed-sensitivity approach with an
LMI based solution was applied for the design of damping control for super-
conducting magnetic energy storage (SMES) devices [10][14][15]. Recently this
approach has been extended for the design of damping control provided by differ-
ent FACTS-devices [16][17][5]. This chapter describes the basic concept of
mixed-sensitivity design formulation with the problem translated into a general-
ized H,, problem [8][7]. The entire control design methodology is illustrated by a
couple of case studies on a study power system model. The damping control per-
formance is validated in both frequency domain and time domain.
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The second half of this chapter focuses on extending these design techniques to
a time delayed system. We assume that in centralized design remote signals are in-
stantly available. However, in reality, depending on signal transmission protocol, a
delay is introduced. This would transform the system into a delayed system, which
the control algorithm must take into consideration. We have applied a predictor
based approach [5]. An SVC is used to damp oscillations through a delayed re-
mote signal. The performance of the control has been validated on the same study
system and conclusions are made.

13.1 H-Infinity Mixed-Sensitivity Formulation

The standard mixed-sensitivity formulation for output disturbance rejection and
control effort optimization is shown in Fig. 13.1, where G (s) is the open loop sys-
tem model and K (s) is the controller to be designed. The sensitivity S = (I-GK )']
represents the transfer function between the disturbance input w(s) and the meas-
ured output y(s). In the case of a power system, typically the sensitivity S is the
impact of load changes on the oscillations of angular or machine speed. So it is re-
quired to minimize | S| . It is also required to minimize Ho, norm of the trans-
fer function between the disturbance and the control output to optimize the control
effort within a limited bandwidth. This is equivalent to minimizing | KS | w.
Thus, the minimization problem can be summarized as follows:

o

where S is the set of all internally stabilizing controllers K.

It is, however, not possible to simultaneously minimize both § and KS over the
whole frequency spectrum. This is not required in practice either. The disturbance
rejection is usually required at low frequencies. Thus S can be minimized over the
low frequency range where as, KS can be minimized at higher frequencies where
limited control action is required.

min (13.1)

KeS

o

Wi(s) Zy
Wz(s) 22
setpoint W
" Ty K(s) u G(s) v v

Fig. 13.1. Mixed-sensitivity formulation
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Appropriate weighting filters W;(s) and W,(s) are used to emphasize the mini-
mization of each individual transfer function at the different frequency ranges of
interest. The minimization problem is formulated such that S is less than W1(s)'1
and KS is less than Wg(s)'l. The standard practice, therefore, is to select W;(s) as
an appropriate low pass filter for output disturbance rejection and to select W(s)
as a high-pass filter to reduce the control effort over the high frequency range. The
problem can be restated as follows:

find a stabilizing controller, such that:

w,S
W,KS

13.2 Generalized H-Infinity Problem with Pole Placement

min <l (13.2)

KesS

The mixed-sensitivity design problem is translated into a generalized H,, problem.
The first step is to set up a generalized regulator P corresponding to the mixed-
sensitivity formulation. For simplicity, it is assumed that the weights W; and W,
are not present but will be taken care of later. Without the weights, the mixed-
sensitivity formulation in Fig. 13.1 can be redrawn in terms of the A, B and C ma-
trices of the system, as shown in Fig. 13.2. Without any loss of generality, it can
be assumed that D=0.
From Fig. 13.2, it can be readily seen that:

%= Ax+ Bu (133)
7z, =Cx+w (13.4)
L,=uU (13.5)
y=Cx+w (13.6)
. -z,
W, Z,

X

”””” W
. .\
K B - c FE)——

+X b'e
y u ‘+ s Y Y

Fig. 13.2. Generalized regulator set-up for mixed-sensitivity formulation
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The state-space representation of a generalized regulator P is given as:

| [A o B

X
o€ Lo, (13.7)
. 0 0 7
y c I 0

X: state variable vector of the power system (e.g. machine angle,

machine speed etc),

disturbance input (e.g. a step change in excitation system reference),
control input (e.g. output of PSS or FACTS-devices),

measured output (e.g. power flow, line current, bus voltage etc ),
regulated output.

N RS

For the weighting filters of the generalized regulator, i.e. the state-space repre-
sentations of W; and W,, are placed in a diagonal form using the sdiag function
available in Matlab [18]. The result is multiplied with P (without the weights) us-
ing the smult function also available in Matlab.

The task now is to find an LTI control law u = Ky for some H,, performance
index y> 0, such that | T,, | o< v where, T, denotes the closed-loop transfer
function from w to z. If the state-space representation of the LTI controller is
given by:

X, =Ax, +By (13.8)
u=Cx,+D,y
then the closed-loop transfer function 7,, from w to z is given by
Ty (s) = D +Co (sI -Ay) ' By where,

A+ B,D,C B,C
0= ok et (13.9)

B.C, A,

B, +B,D,D,,

B =

el { B, D, (13.10)
C,= [Cl +D,,D,C, Dlzck] (13.11)
D,=D,+D,D.D, (13.12)

In addition to guaranteeing robustness by satisfying | 7,.. | « <y, another de-
sign requirement in power systems is to ensure that the oscillations settle within
10-15 s [14]. This is achieved if the closed-loop poles corresponding to the critical
modes have the minimum damping ratio. In consideration of this, the above prob-
lem statement can be modified to include the pole-placement constraint so that the
problem is now: find an LTI control law u = Ky such that:

o 7]l <v
e Poles of the closed-loop system lie in D
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S-plane Imag
Iner
Angle 0
Real
-— 0
—infinity
all poles should be
placed within the
conic sector

Fig. 13.3. Conic sector region for pole-placement

D defines a region in the complex plane having certain geometric shapes like
disks, conic sectors, vertical/horizontal strips, etc. or intersections of these. A
‘conic sector’, with inner angle ¢ and apex at the origin is an appropriate region
for power system applications as it ensures a minimum damping ratio

Smin = cos™! g for the closed-loop poles.

13.3 Matrix Inequality Formulation

The bounded real lemma [11] and Schur’s formula for the determinant of a parti-
tioned matrix [7], enable one to conclude that the H., constraint / T,. Jw < v is
equivalent to the existence of a solution Xe= X TS 0 to the following matrix ine-
quality:

XwAcl + ACITXW B(,‘I XcoCclT
:n -yl D, |<0 (13.13)
CrlXoo Dcl _71

A ‘conic sector’ with inner angle # and apex at the origin is chosen as the re-

gion D within which the pole-placements are confined to. The closed-loop sys-
tem matrix A, has all its poles inside the conical sector D if and only if there exists
Xp= Xp'> 0, such that the following matrix inequality is satisfied [21].

[sin O(A, X, +X,A,") cosO(A,X, - XDAC,T)] -0

, . . (13.14)
cosO(X,A, —A,X,) sin@(X,A, +A,X,)
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The design specifications are feasible if and only if (13.13) and (13.14) hold for
some positive semi-definite matrices X and X, and some controller K with state-
space (A, By, C;, and Dy). However, the problem is not jointly convex in X, and
Xp unless it is solved for the same matrix X. In view of this, the sub-optimal H,
problem with pole-placement can be stated as follows:

find X >0 and a controller K, such that (13.13) and (13.14) are satisfied with X
= X, = Xp [20][21].

The inequalities (13.13) and (13.14) containing A.X and C.X are functions of the
controller parameters, which themselves are functions of X. This makes the prod-
ucts A,X and C.X non-linear in X. However, a change of controller variables can
convert the problem into a linear one. This will be described in the next section.

13.4 Linearization of Matrix Inequalities

The controller variables are implicitly defined in terms of the (unknown) matrix X.
Let X and X' be partitioned as:

X = R M X = S N 13.15
\mM" v )T ANT vV (13.15)
For o - R T) and I = r s , X satisfies the identity X/I; = II,. The
Moo o N
new controller variables are defined in (13.16) to (13.19).
A=NAM" +NB,C,R+SB,C.M" +S(A+B,D,C,)R (13.16)
B=NB,+SB,D, (13.17)
C=CM"+D,C,R (13.18)
D=p, (13.19)
The identity XX = I together with (13.15) gives:
MN" =1-RS (13.20)

If M and N have full row rank, then the controller matrices A;, B, C;, and Dy

can always be computed from A,B,C,D,R,S,M and N. Moreover, the controller
matrices can be determined uniquely if the controller order is chosen to be equal to
that of the generalized regulator [21].

Pre- and post-multiplying the inequality X > 0 by I7,” and IT, respectively, and
carrying out appropriate change of variables according to (13.16), (13.17), (13.18)
and (13.19) allows obtaining the following linear matrix inequality (LMI):
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R 1 0
P b (13.21)

Similarly, by pre- and post-multiplying the inequality (13.13) by diag (/7,", I, I)
and diag (I1,, I, I) respectively and carrying out appropriate change of variables
according to (13.16), (13.17), (13.18) and (13.19), the following LMI is obtained.

T
|:‘//11 Vo }<0 (13.22)
Vau Vn

where

AR+RA" +B,C+C"B,” B, +B,DD,,
v, = h (13.23)
(B,+B,DD,) —yI
A+(A+B,DC,)" SB, +BD
W, = 7 I (13.24)
C,R+D,,C D, + D, DD,,

A'S+SA+BC,+C/ B (C+D,DC,)
Y = AR (13.25)
C +D, DC, —yI

Proceeding in a similar fashion by pre- and post-multiplying the inequality
(13.14) by II," and IT, respectively, and carrying out the change of variables ac-
cording to (13.16), (13.17), (13.18) and (13.19), the following LMI is obtained. A
detailed explanation of this process can be found in [20][21].

[sin 0g+g') cosb(¢p—¢ )]<0 (13.26)
cos@(¢° —¢@) sinf(¢g +9)
where
AR+Bzé A+BZDIA)21
¢ = ) (13.27)

A SA+ BC,
The system of LMIs in (13.21), (13.22) and (13.26) are solved for

R.S, A 1;, C and D . A full-rank factorization of the matrix /-RS is computed via
singular value decomposition (SVD) such that MN"= I-RS holds for M and N be-

A A A A

ing square and invertible. With known values of R, S,A,B,C,D,M and N,
the system of linear equations (13.16), (13.17), (13.18) and (13.19) can be solved
for Dy, B, Ciand A; in that order. The controller K is obtained and the resultant
controller places the closed-loop poles in D and satisfies | 7). | o« <.
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13.5 Case Study

In this section, the prototype power system model, described in chapter 12, is used
to illustrate the control design methodology in detail. The performance and ro-
bustness of the design is also validated.

13.5.1 Weight Selection

As mentioned earlier, the standard practice in H, mixed-sensitivity design is to
choose the weight W;(s) as an appropriate low pass filter for output disturbance re-
jection and chose W,(s) as a high-pass filter to reduce the control effort in the high
frequency range. For the prototype system, the weights are accordingly chosen as
follows:

30
Wisr =130
s (13.28)
W.(s) = 10s
: s+100

The frequency responses of these weight functions are shown in Fig. 13.4. Tt
can be seen that the two weights intersect at around 10 rad/s, noting that the criti-
cal modes to be controlled are below the frequency of 10 rad/s. Thus, the minimi-
zation of the sensitivity is emphasized up to this frequency and the control is con-
strained soon after.

20,

10- Wz(s) B
w,(s)

10° 10" 10 10 10 10 10t
frequency, rads/s

Fig. 13.4. Frequency response of weighting filter
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13.5.2 Control Design

To facilitate the control design, and to reduce the complexity of the designed con-
troller, the nominal system model was reduced to a 7" order equivalent as de-
scribed in chapter 12. The generalized regulator problem was formulated accord-
ing to (13.7) using the simplified system model and the weights in (13.28). The
control design problem is to minimize y such that (13.21), (13.22) and (13.26) are
satisfied.

A series of functions which, are available with the LMI toolbox [22] in Matlab
[18], is used to formulate and solve the optimization problem. The first step is to
define the solution variables (also called the LMI variables). The variables

R,S,A,B,C are defined using the appropriate Matlab toolbox function. The
size of the variables and their structure is specified through this function. Having
defined the solution variables, the next step is to set up the LMIs (13.21), (13.22)
and (13.26) in terms of these variables. Each of the terms of an LMI and their re-
spective positions are specified using the function from LMI toolbox. In this de-
sign, a ‘conic sector’ of inner angle 2 cos™' 0.15 with apex at the origin was
chosen as the pole-placement region to ensure a minimum damping ratio of 0.15
for the closed-loop system. To achieve this, the value of # in (13.26) was set to
cos™ 0.15.The three sets of LMIs are combined in a system of LMI. The optimal

values of R, S, A, B,C are retrieved from the output of the optimization func-

tion by using the suitable function from the toolbox. The control variables A;, By,
Cy, and D, are computed accordingly with the help of equations (13.16), (13.17),
(13.18) and (13.19).

T - . ,
full controller
30 — reduced controller

60 ‘ ‘ ‘
107 107" 10° 10’ 10 10 10

frequency, rad/s

Fig. 13.5. Frequency response of full and reduced order controller
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The order of the controller obtained from this design routine is equal to the or-
der of the reduced system order plus the order of the weights. As there are three
weights associated with the three measured outputs and one with the control input,
the size of the designed controller is 14 (9+3+1). The designed controller was
simplified further to a 10th order equivalent without affecting the frequency re-
sponse, as shown in Fig. 13.5. The frequency response of the sensitivity .S and the
controller sensitivity product KS are plotted in Figs. 13.6 and 13.7.

25

4+

gain, dB

-12 T
3 10 10 10 10
frequency, rad/s

Fig. 13.6. Frequency response of sensitivity (S)

30

~60 I 1 I I I

2 -1 0

10 10 10 10' 10 10 10

frequency, rad/s

Fig. 13.7. Frequency response of control time sensitivity (KS)
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As discussed before, S should be low at the lower frequencies to achieve distur-
bance rejection but comparatively high values can be tolerated at higher frequen-
cies. This is achieved in the designed controller as seen from Fig. 13.6. In contrast,
to ensure satisfactory performance, KS should be low at high frequencies to reduce
the control effort.

The design steps can be summarized as follows:

e Simplify the system model;

e Formulate the generalized regulator using the simplified system model and the
mixed-sensitivity weights;

¢ Define the LMI variables using the /mivar function;

e Construct the terms of the LMIs using the Imiterm function;

e Assemble the individual LMIs into a set of LMIs employing the getlmis func-
tion;

e Solve the J optimization problem with the set of LMI constraints using the
mincx function;

e Retrieve the optimum value of the solution variables through the dec2mat func-
tion;

e Determine the controller using the optimum value of the solution variables; and

¢ Simplify the designed controller.

Alternatively, the design problem can be solved by suitably defining the objectives
in the argument of the function hinfinix, available with the LMI Toolbox [22] for
Matlab [18]. The pole-placement constraint can be imposed by using the Imireg
function, which is an interactive interface for specifying different LMI regions.

Table 13.1. Damping ratios and frequencies of the inter-area modes

Mode Without Control With Control
No. 5 f(Hz) éf f(Hz)
1 0.0626 0.3913 0.2336 0.3590
2 0.0435 0.5080 0.1316 0.5094
3 0.0554 0.6232 0.1456 0.6384
4 0.0499 0.7915 0.0550 0.7843

13.5.3 Performance Evaluation

The eigenvalues of the closed-loop system were computed to examine the per-
formance of the designed controller in terms of improving the damping ratios of
the inter-area modes. The results are summarized in Tables 13.1. It can be seen
that the damping ratios of the three critical inter-area modes, shown in boldface,
are improved in the closed loop.

It is to be noted that by imposing the pole-placement constraint, as described
earlier, a minimum damping ratio of 0.15 could be ensured for the simplified
closed-loop system. However, the results shown here are based on the full and
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original system model. Therefore the damping ratios under certain situations are
less than 0.15. Nonetheless, they are still adequate enough to ensure that oscilla-
tions settle within 12-15 s.

The damping action of the designed controller was examined under different
types of disturbances in the system. These included, amongst others, changes in
power flow levels over key transmission corridors and change in type of loads.
Table 13.2 displays the damping ratios of the inter-area modes for a range of
power flows across the interconnection between the areas NETS and NYPS in the
study system.

The performance of the controller was tested with various load models includ-
ing a constant impedance (CI), a mixture of constant current and constant imped-
ance (CC+CI), a mixture of constant power and constant impedance (CP+CI) and
with dynamic load characteristics. The damping ratios of the inter-area modes are
listed in Table 13.3 for different types of load characteristics. From the damping
ratios displayed in the tables below it can be concluded that the action of the de-
signed controller is robust against widely varying operating conditions.

Table 13.2. Damping ratios and frequencies of the critical inter-area modes at different lev-
els of power flow between NETS and NYPS

Power Flow Mode 1 Mode 2 Mode 3
(MW) & fiH2) & fiH2) & fiHz)
100 0.2420 0.3566 0.1374 0.5106 0.1351 0.6640
500 0.2371 0.3578 0.1338 0.5097 0.1419 0.6451
700 0.2336 0.3590 0.1316 0.5094 0.1456 0.6384
900 0.2300 0.3609 0.1289 0.5093 0.1491 0.6251

Table 13.3. Damping ratios and frequencies of the critical inter-area modes for different
load models

Type of Mode 1 Mode 2 Mode 3
Load g f(Hz) g f(Hz) é«’ f(Hz)
CI 0.2336 0.3590 0.1316 0.5094 0.1456 0.6384

CI+CC 0.2313 0.3608 0.1308 0.5175 0.1314 0.6353
CI+CP 0.2251 0.3621 0.1309 0.5260 0.1175 0.6351
Dynamic 0.2304 0.3582 0.1399 0.5135 0.1456 0.6381

13.5.4 Simulation Results

One of the most severe disturbances, in terms of producing poorly damped inter-
area oscillations, is a three-phase fault in one of the key transmission circuits. For
temporary faults, the circuit breaker re-closes after few cycles and normal opera-
tion is restored. For a permanent fault, the line is tripped out of operation. The
other types of disturbances in the system, such as change of load characteristics
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and sudden change in power flow, are less severe compared to three faults and are
not considered here.

The simulations were carried out to determine system performance during
probable fault scenarios in the NETS and NYPS inter-connection. There are three
inter-connections between NETS and NYPS connecting buses #60-#61, #53-#54
and #27-#53, respectively. Each of these inter-connections consists of two lines
and an outage of one of these lines weakens the interconnection considerably. To
examine the effect of such disturbances, a series of solid three-phase solid faults,
each of about 80 ms (about 5 cycles) in duration, were simulated in the following
locations:

(a) bus #60 followed by auto-reclosing of the circuit breaker

(b) bus #53 followed by outage of one of the tie-lines between buses #53-#54
(c) bus #53 followed by outage of one of the tie-lines between buses #27-#53
(d) bus #60 followed by outage of one of the tie-lines between buses #60-#61

Simulations were carried out in Matlab Simulink [23] for 25 s employing the
trapezoidal integration method with a variable step size. The disturbance was cre-
ated 1 s after the start of the simulation. The dynamic response of the system fol-
lowing the disturbance is shown in Figs. 13.8, 13.9 and 13.10. These figures illus-
trate the relative angular separation between the generators located in separate
geographical regions. Inter-area oscillations are mostly manifested in these angu-
lar differences and are, therefore, chosen for display. It can be seen that inter-area
oscillations settle within the desired performance specification of 12-15 s for a
range of post-fault operating conditions. The TCSC was limited to provide be-
tween 0.1 to 0.8 p.u. of compensation. The variation in the percentage compensa-
tion provided by the TCSC is shown in Fig. 13.10.

Fault at bus 60 with autoreclosing Fault at bus 53 with line 53-54 out
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Fig. 13.8. Dynamic response of the system
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13.6 Case Study on Sequential Design

In this section, a case study considering sequential design of damping controllers
for multiple FACTS-devices is presented. The basic control design formulation is
exactly the same as in the previous section. However, a separate controller is de-
signed for each of the FACTS-devices sequentially. The feedback signals are cho-
sen appropriately out of those locally available.

13.6.1 Test System

The study system described in chapter 12 is used again. Three FACTS-devices are
considered to be installed as shown in Fig. 13.11. The TCSC is installed in the line
between buses #18 and #50 to provide compensation (k.) of 50%. An SVC is pre-
sent at bus #18 to provide voltage support in the presence of the 1500 MW power
transfer between area #5 and NYPS. The SVC is set to provide 117 MVAr to en-
sure nominal voltage at bus #18. A TCPS with a steady state phase angle (¢) set-
ting of 10 degrees is installed in the line connecting buses #13 and #17 to facilitate
3000 MW power transfer from the equivalent generation G13 to the rest of the
NYPS. The aim of this exercise is to design three separate damping controllers K,
K, and Kj;, which use locally available signals only, such that inter-area oscilla-
tions are damped. The location of the FACTS-devices and the corresponding
damping controllers are shown in Fig. 13.11, where y;, ¥, and y; are the measured
feedback signals and u;, u, and u; are the derived control signals.

NETS

7777777777

S v#vEaw
a
G w

e T2 - O 54 -
€e) G1

G1l4
AREA#3

Fig. 13.11. Sixteen machine five area study system with three FACTS-devices
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13.7.2 Control Design

The control design formulation described in Section 13.6.2 produces centralized
controllers in multi-variable form. The design is now to be carried out in a sequen-
tial manner. The basic idea is to design a damping controller for one device to start
with. The closed-loop system using this controller is used to design the controller
for the second device. Exactly the same procedure is repeated for the third device.
At each stage of this sequential design, the system model is updated with the de-
signed controller model. In this process, the order of the system increases as each
loop is closed depending on the number of states associated with the controllers of
the individual FACTS-devices.

The sequential design of the controllers K;, K, and K; for the TCSC, SVC and
TCPS has been carried out in sequence. The choice of this sequence improves the
damping of modes #1, #2 and #3 in that order. Other sequences were tested and
found to produce slightly different controllers but, in each case, similar perform-
ance was achieved. The same set of weights given in (13.29) and (13.30) has been
found to work well for the design of all three controllers.

995 +11400

W, (s)=10.8475—
s +1565+12504

(13.29)

0.10555° +0.0375s+0.0094
s(s+0.0020)°
Each of the controllers was reduced to lower order by balanced truncation with-
out significantly affecting the frequency response. The gains of the controllers (but
not the controller structure) were scaled slightly to produce a damping ratio that
ensured the oscillations settled in 10-12 seconds.

W,(s)=10.8475 (13.30)

13.6.3 Performance evaluation

The eigenvalues of the closed-loop system produced by sequential loop closure
were examined. Table 13.4 shows the eigenvalues considering only the controller
K, for the TCSC. The damping of mode #1 shown in boldface, is improved pri-
marily with very little effect on modes #2, #3 and #4. Similarly Table 13.5 shows
that the controller primarily associated with the SVC improves the damping of
mode #2, shown in boldface, besides improving mode #1 slightly. Finally, as
shown in Table 13.6, the controller for the TCPS mainly improves the damping of
mode #3, shown in boldface, besides adding to the damping ratios of modes #1
and #2. The combined action of the three controllers improves the damping of all
three critical inter-area modes to adequate level.
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Table 13.4. Damping ratios and frequencies of inter-area modes with the controller of the
TCSC (Control loops of the SVC and TCPS open)

Mode Open-loop Closed-loop
No f f(Hz) f f(Hz)
1 0.0626 0.3945 0.1544 0.3434
2 0.0434 0.5105 0.0545 0.4991
3 0.0560 0.6269 0.0656 0.6191
4 0.0499 0.7923 0.0502 0.7918

Table 13.5. Damping ratios and frequencies of inter-area modes with the controllers of the
TCSC and SVC (control loop of the TCPS open)

Mode Open-loop Closed-loop
No £ f(Hz) £ f(Hz)
1 0.1544 0.3434 0.1795 0.3158
2 0.0545 0.4991 0.1031 0.4549
3 0.0656 0.6191 0.0643 0.6184
4 0.0502 0.7918 0.0603 0.7864

Table 13.6. Damping ratios and frequencies of inter-area modes with the controllers of the
TCSC, SVC and TCPS (all the control loops closed)

Mode Open-loop Closed-loop
No & f(Hz) & f(Hz)
1 0.1795 0.3158 0.3140 0.2682
2 0.1031 0.4549 0.2266 0.4444
3 0.0643 0.6184 0.1105 0.4585
4 0.0603 0.7864 0.0600 0.7858

13.6.4 Simulation Results

As a part of the performance testing and validation exercise, a non-linear simula-
tion was carried out under the same set of operating conditions described in sec-
tion 13.5.4. Again, a series of disturbances, consisting of a solid three-phase fault
lasting for 80 ms (5 cycles) followed by the contingency conditions depicted in
Figures 13.8 to 13.10, were applied to the system.

The angular separation between machines G1 and G15 located in different ar-
eas is shown in Fig. 13.12 under different operating scenarios. In each case, the
designed controllers of the TCSC, SVC and TCPS are able to settle the oscilla-
tions within 12-15 s. The outputs of the individual FACTS-devices are shown in
Fig. 13.13, 13.14 and 13.15 for the same operating conditions. Appropriate limits
were imposed on the variation of the control variables, as seen from their output
response. The limit imposed on the TCSC is the same as before. For the SVC, the
output variation limit was set to -150 (inductive) to 200 (capacitive) MVAr. The
limit on the phase angle of the TCPS was set to between 0 and 20 degrees.
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13.7 H-Infinity Control for Time Delayed Systems

In large scale power systems, inter-area response can be damped more effectively
through the use of wide-area measurement systems (WAMS), like introduced in
chapter 11. Optical fiber communication is the right kind of technology for sens-
ing and measurement systems used to implement the wide-area measurement sys-
tems. The advent of global positioning system (GPS) technology has made time
stamping fairly routine and measurements of phase and other temporal informa-
tion are, therefore, attainable through the use of commercially available equipment
[24]. The information architecture, proposed in [25] is capable of providing
timely, secure, reliable information exchange among various entities in a power
system.

With the rapid advancements in Wide Area Measurement System (WAMS-)
Technologies coupled with a fast and reliable data transmission infrastructure, the
prospect of centralized control of power systems has gained momentum. Damping
of inter-area oscillations through remote measurements, therefore, is becoming
more feasible. From an economic viewpoint, implementation of centralized con-
trol using remote signals often turns out to be more cost effective than installing
new control devices [26]. The obvious question is, at what speed are these remote
measurements available to the control site? Employing phasor measurement units
(PMUg), it is possible to deliver the signals at a speed as high as a 30 Hz sampling
rate [3],[24]. It is possible to deploy the PMUs at strategic locations of the grid
and obtain a coherent picture of the entire network in real time [24]. Many utilities
in the USA and Europe have already installed demonstration projects.

The infrastructure cost and associated complexities, however, restrict the use of
such sophisticated signal transmission hardware on a larger commercial scale. As
a more viable alternative, the existing communication channels can be effectively
used to transmit the signals from remote locations. The major problem is the delay
involved between the instant of measurement and that of the signal being available
to the controller. In the previous sections, no time-delay was considered as fast
transmission of the necessary signals (typically within 0.02-0.05 s) was assumed.
As the delay was considerably less than the smallest time period of the inter-area
modes, it was not necessary to consider it in the design stage. A conservative es-
timate of the delay can typically be in the range of 0.5-1.0 s depending on the dis-
tance, transmission protocol and several other factors. Such a long delay should be
accounted for in the design stage itself, to ensure effective control action.

The power system is treated as a dead-time system involving a long delay in
transmitting the measured signals from remote locations to the controller site. It is
not straightforward to control such time-delayed systems [27]. Normal Ho con-
trollers are unlikely to guarantee satisfactory control of time-delayed systems. The
Smith predictor [28][29] approach, proposed in the early fifties, was the first ef-
fective tool for handling such control problems. The difficulties associated with
the design of H, controllers for time-delayed systems and potential solutions us-
ing the predictor based approach is discussed later.
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Since its arrival in the 1950s, a number of variations of the Smith predictor has
been proposed in the literature. One of the drawbacks of the classical Smith pre-
dictor (CSP) approach is that it is very difficult to ensure a minimum damping ra-
tio of the closed loop poles, when the open-loop system model has lightly damped
poles (as often encountered in power systems). A modified Smith predictor (MSP)
approach proposed in [30], was used to overcome the drawbacks of the CSP.
However, the control design using the MSP approach might run into numerical
problems for systems with fast stable poles. To overcome the drawbacks of CSP
and MSP, a unified Smith predictor (USP) approach was proposed very recently
by Zhong [31]. The USP approach effectively combines the advantageous features
of both the CSP and MSP.

In this section, we illustrate the application of the USP approach for designing a
damping controller for a power system with time-delayed signals. The predictor
based control design methodology is illustrated by applying a case study to the
same power system model described earlier. The performance and robustness of
the designed controller is validated using frequency domain analysis and time do-
main simulations.

13.8 Smith Predictor for Time-Delayed Systems

In a time-delayed or dead-time system, either the measured output takes a certain
time before it affects the control input or the action of the control input takes a cer-
tain time before it influences the measured outputs. Typical dead time systems
consist of input and/or output delays. The general control setup for a system hav-
ing an output delay is shown in Fig. 13.16, where,

P, (s) P12(s):|

(13.31)
P, (s) Py, (s)

P(s) :{

The closed-loop transfer matrix from d to z is: T,y=P;;+P.Ke™ " (I-P5,Ke™)
'P,;. An equivalent structure is shown in Fig. 13.17. This suggests that there exists
an instantaneous response through the path P;; (path 1 in Fig. 13.17) without any
delay.

z d
P -
Yy u
Y
o -sh m K

e

Fig. 13.16. Control setup for dead-time systems
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21

Fig. 13.17. An equivalent representation of dead-time systems

It can be seen that during the period t = O~h after d is applied, the output z is
not controllable, since it is only determined by P;; and d, with no response coming
through the controlled path (path 2). This means that the H,, performance index

I T | o is likely to be dominated by a response that cannot be controlled, which
is not desirable. It is extremely difficult to design a controller for such systems
[27]. The Smith predictor (SP) represents the first effective tool for tackling such
control problems. The primary idea is to eliminate any uncontrollable response
that is likely to govern the H,, performance index. One possible way of achieving
this is to introduce a uniform delay in both paths (path 1 and path 2), as shown in
Fig. 13.19. There are two steps towards achieving this. Firstly, the delay blocks e’
" at points 1 and 2 need to be shifted to point 3 by introducing a suitable predictor
block in parallel with K. Secondly, a delay block needs to be introduced into path
1. The first step is achieved by introducing a Smith predictor block Z = Py(s) —
P>(s)e™", as shown by the dotted box in Fig. 13.18.

o

Fig. 13.18. Introduction of Smith predictor and delay block
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Fig. 13.19. Uniform delay in both paths

The second task of bringing a delay in path 1 is done while forming the gener-
alized regulator prior to control design. The presence of the predictor block Z and
the delay in path 1 ensures that the responses (through path 1 and path 2) govern-
ing the performance index are delayed uniformly, as shown in Fig. 13.19.

A predictor-based controller for the dead-time system P(s) = Py(s) " consists of
a predictor Z = Pay(s) — Pax(s)e”™ and a stabilizing compensator K, as shown in Fig.
13.20. The predictor Z is an exponentially stable system such that P,+Z is rational
i.e. it does not involve any uncontrollable response governing the H,, performance
index.

The shortcomings of the CSP approach for systems having poorly damped
open-loop poles are overcome with the MSP approach [27]. Let us consider a gen-
eralized delay-free system given by equation 13.32.

Fig. 13.20. Smith predictor formulation
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A B B

P(s)=|C Dl 02 I TIE

(s)= 1 1 2T p P (13.32)
¢, D, D, ! *

For a delay of & seconds, the generalized regulator formulation using the MSP
approach [27] is as follows:

A "B, B,
P(s)=| C, 0 D, (13.33)
C,e™ D, 0

where P(s) is P (5) including the effect of the delay block between d and z, as

shown in Fig. 13.20.

The computation of matrix exponential e in (13.33) suffers from numerical
problems, especially for systems having fast stable eigen-values. In the worst case
it might well be non-computable. This problem can even arise with reasonably
small amount of delay, if some of the stable eigenvalues are very fast.

In H. mixed-sensitivity formulation for power system damping control design,
the presence of fast stable eigenvalues in the augmented system cannot be ruled
out. Possible sources of fast stable eigenvalues include the fast sensing circuits
(T ~ 0.02s ), fast damper circuits (7 ~ 0.05s ) and even the weighting filters.
These often lead to numerical instability when solving the problem using LMIs.
These problems are overcome through the use of the USP [31] formulation,
achieved by decomposing the delay free system model P into a critical part P. and
a non-critical part P,.. The critical part contains the poorly damped poles of the
system, whereas the non-critical part consists of poles with sufficiently large nega-
tive real values. The next section describes the generalized problem formulation
using this approach.

13.9 Problem Formulation using Unified Smith Predictor

As indicated in the previous section, the first step towards formulating the control
problem using the USP approach is to decompose the delay-free system model
into critical and non-critical parts. This is normally done by applying a suitable
linear coordinate transformation on the state space representation of the system. In
this work, a suitable transformation matrix V is chosen such that the transformed
matrix J = VAV is in the Jordan canonical form and is free from complex entries.
The transformation matrix V is chosen using the eig function available in Matlab
[18]. The elements of the transformed matrix J were converted from complex di-
agonal form to a real diagonal form using the cdf2rdf function in Matlab [18]. The
transformed augmented delay-free system model P, is given by:
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VAV V7B A0 B.
P;z(s){ 2} 0 A4, B, (13.34)
Cc,)V D
: 2 C(‘ Cn(‘ D22

where A, is the critical and A, is the non-critical part of A. The augmented
system model P, can be split as P), = P+ P, , Where:

A, B,
P (s)= {Cg Dzj (13.35)
P ( )_ Anc Bnc 13.36
nc s)= Cnc 0 ( . )

The predictor for the critical part is formulated using the MSP approach by ap-
plying a completion operator [27]. On a rational transfer matrix
G =C(sl-A )"B+D, the completion operator 7 WA e "G} is defined as follows:

A B A B
m{e”c}{Ce-M OHC D}"l (13.37)

c

Using (13.37), the predictor for the critical part P, is given by (13.38). More de-
tails are provided in reference [27].

A. BL- Ac BL' — sl U} S
zc(s)=7r,,{e“”11}={CeiArh 0}—& D}e"’%"g(s)—fl(s)e‘h (13.38)

c

The predictor for the non-critical part is constructed following the CSP formu-
lation and is given by:
Z,.(5)=P.(s)= P (s)e" (13.39)

nc

The USP, denoted by Z, is simply the sum of Z. and Z,, as shown in Fig. 13.21.

aug -sh
P2 s) P (s)e
Z
Cc
v u
—sh
P,(s)-P (s)e”
Z

Fig. 13.21. Unified Smith predictor
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It is given by:
Z(s)= Py (s)— P, (s)e™™ (13.40)
where P =P _+ P™. Using (13.34), (13.36) and (13.38), the realization for

P;;"g can be expressed in the form:

aug A BZ
2=l o
2% h

oA 0 §
Eh =V 4
0 I

(13.41)
where

(13.42)

nc

The augmented system model P*¢ is obtained by connecting the original dead-
time system and the USP in parallel, as shown in Fig.13.21. The new set of meas-

ured outputs is y , . The expression for P is given by:
—sh
P = {P“(S) P”(s)eaug} (13.43)
P, (s) P,(s)

aug

The generalized regulator P can be formulated from P™ after inserting the de-
lay block e in between d and z, as shown by a dotted box in Fig. 13.21. The

steps to arriving at the final expression for P are detailed in [31]. The final form
of the generalized regulator is as follows:

A 0 E;'B, B, |
0 A [0 e =1, ]v7'B, 0
P= 0 (13.44)
¢ cvy, 0 D,
| C,E, 0 D,, 0

Having formulated the generalized regulator P, following the USP approach,
the objective is to design a controller K to meet the desired performance specifica-
tions. If K ensures the desired performance for P then the controller predictor
combination K, = K(I—ZK)" is guaranteed to achieve the same for the original
dead-time system [27].

13.10 Case Study

In this section, the prototype power system model described earlier is considered
to illustrate the control design methodology in details. The performance and ro-
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bustness of the design is also validated. A conservative estimate of 0.75 s was
considered as the signal transmission delay, with a view to cover the worst case
scenario. We have used an SVC as the FACTS-device in the system.

13.10.1 Control Design

The control design problem was formulated using the standard mixed-sensitivity
approach [16][17] with modifications to include the effect of delay. The overall
control setup is shown in Fig. 13.22, where:

G,(s): power system model,
Gys): SVC model,

Wi(s), Wy(s): weighting filters,
K(s):  controller to be designed,
Z(s): Smith predictor,

d: disturbance at the system output,
z weighted exogenous outputs,

Vol measured output and

u: control input.

setpoint | | d
=0 | 15
e E Yy vy SRE ETES

+ P

‘[ -1y
G(s)
7Z(s)

Fig. 13.22. Control setup with mixed-sensitivity design formulation

The design objective is as follows:

Find a controller K from the set of internally stabilizing controllers S such that:

w,S
W,KS

where S=(I-GK)” is the sensitivity. The solution to the problem was sought nu-
merically using the LMI solver with an additional pole-placement constraint.

min
KeS

(13.45)

oo
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Once the generalized regulator is formulated following the steps given in sec-
tion 13.3, the basic steps for control design are exactly similar to those outlined
earlier. The weights were chosen as follows:

100 100s
s+100° "2 = 51100 (13:46)

The frequency responses for the weighting filters are shown in Fig. 13.23. They
are in accordance with the basic requirement of mixed-sensitivity design.

To facilitate the control design and to reduce the complexity of the designed
controller, the nominal system model was reduced to a lower order. Using the
simplified system model and the above-mentioned weights, the generalized prob-
lem was formulated according to (13.44). The solution was sought numerically us-
ing suitably defined objectives in the argument of the function hinfmix of the LMI
Toolbox in Matlab [18]. The pole-placement constraint was imposed by using a
‘conic sector’ of inner angle 2cos™(0.175) with apex at the origin. The order of the
controller obtained from the LMI solution was equal to the reduced order aug-
mented system order plus the order of the weights. The designed controller was
reduced to an 8" order equivalent using Schur’s method without affecting the fre-
quency response as shown in Fig. 13.24.

Wi (s) =

60

ol (SR T L i

40
w

30 W)

20 1

gain, dB

W (s)

-50 L L L ; L L
10 10 10 10
frequency, rad/s

Fig. 13.23. Frequency response of the weighting filters
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gain, dB

|
10’ 10 10
frequency, rad/s

Fig. 13.24. Frequency response of the full and reduced controller

13.10.2 Performance Evaluation

The eigenvalues of the closed-loop system were computed to examine the per-
formance of the designed controller in terms of improving the damping ratios of
the inter-area modes. A 4™ order Pade approximation was used to represent the de-
lay (= 0.75 s) in the frequency domain.

13.10.3 Simulation Results

The controller for the SVC was designed following exactly the same procedure as
used for the TCSC earlier in this chapter. The same disturbance, as considered in
the previous section, was examined. The dynamic response of the system follow-
ing this disturbance is shown in Fig. 13.25. This figure illustrates the relative an-
gular separation between the generators G1 and G15. It is clear that the inter-area
oscillation is damped out in 12-15 s, even though the feedback signals arrive at the
control location after a finite time delay of 0.75 s. The variation of the output of
the SVC is shown in Fig. 13.26. It is within a range of -1.5 p.u. to 2.0 p.u.

The performance of the controller for different delays is shown in Figs. 13.27
and 13.28. The simulation results in Fig. 13.29 demonstrate the detrimental effect
of not considering the delay at the design stage, if there is one in practice. The re-
sults highlight a potential application of the USP approach for power system. It
could be used for the design of damping control with different types of FACTS-
devices, where the transmission of remote feedback signals involves a finite
amount of time delay.
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Fig. 13.25. Dynamic response of the system with SVC; controller designed considering
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Signal transmission delay: 0.5 s
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Fig. 13.27. Dynamic response of the system with a delay of 0.5 s
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Fig. 13.28. Dynamic response of the system with a delay of 1.0 s
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Fig. 13.29. Dynamic response of the system; controller designed without considering delay

In this chapter, the basic concept of mixed-sensitivity design formulation has been
elaborated. The problem has been translated into a generalized Ho, problem. The
solution to the problem was sought numerically using LMIs with pole-placement.
The control design methodology was illustrated by two case studies. In the first
case, a centralized controller was designed for a single FACTS-device. Feedback
signals from three remote locations were employed for the controller. In the sec-
ond case, a sequential design methodology was adopted for multiple FACTS-
devices. Local feedback signals were used to design decentralized controllers for
individual FACTS-devices. The performance and robustness of the design was
validated using frequency domain analysis and non-linear simulations.

A methodology for power system damping control design that accounts for de-
layed arrival of feedback signals from remote locations is also described. A pre-
dictor based H., control design strategy has been presented for such time-delayed
systems. The design procedure based on the USP approach has been applied for
the centralized design of a power system damping controller for FACTS-devices
such as TCSC and SVC. A combination of the USP and the designed controller
was found to work satisfactorily under different operating scenarios, even though
the stabilizing signals could reach the controller site only after a finite time.

In this chapter, a fixed time delay has been considered for all the communica-
tion channels. In practice, this might not always be the case as the distances from
the measurement sites differ. Therefore, different amount of delay for each signal
needs to be considered during the design. Further research is currently being con-
ducted in this area.
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autonomous control, 269 direct voltage injection, 63
autonomous system, 270 DVR, 4, 19
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balanced system, 224
bay control level, 270, 275 economic benefit, 248
building blocks, 261 eigenvalues, 335
bus voltage control, 47 emergency control, 303
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HVDC, 4

hybrid control model, 176
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impedance (reactance) control, 47

impedance compensation, 95

Implicit Bus-Impedance Method, 139

increase of transmission capacity, 248

induction motor load, 326

inductive compensation, 32

initialization, 78

Insulated Gate Bipolar Transistor, 6
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Interline Power Flow Controller, 4, 22,
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Kalman filter, 297

line impedance compensation, 65
line temperature, 296
linear frequency, 335
linear programming, 102
linear system analysis, 319
Load Flow Controller, 239
load model, 324
loadability, 198, 302
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loss optimal, 254
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LTI control law, 350
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market simulation, 249

matrix inequality formulation, 351
mixed-sensitivity formulation, 348
modal controllability, 343

modal observability, 320, 343
mode shape, 341
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modular controller design, 262
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multi-control functions, 29
multi-converter, 59

multi-functional, 59
multi-terminal VSC-HVDC, 123
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network control level, 270, 277
Newton equation, 143

Newton’s method, 103
Newton-Raphson Method, 139
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Non-Intrusive System Control, 259
non-linear control, 319

Nonlinear Interior Point OPF, 106
nonlinear programming, 101
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OPF-Formulation, 104

optimal power flow, 101
optimized power flow, 307
oscillation monitoring, 292, 297
overload, 273

overvoltage protection, 16
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parallel path, 272

participation factor, 342
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Phase Shifting Transformer, 4, 239
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polar coordinates, 28
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power converters, 8

power electronics, 5

power flow calculations, 27
power mismatch equations, 142
Power Transfer Distribution Factor, 246
PQ bus, 28, 141

PQ control, 85

PQ machine, 142
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PV control, 85
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quadratic programming, 103

reactive power control, 31
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reactive power flow control, 46, 62

remote control of (maximum) apparent
power, 33

remote feedback control, 309

remote reactive power flow control, 33

remote voltage magnitude control, 33

robustness, 262

secondary converter, 86

security constrained transfer capability,
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semiconductors, 5

sequential design, 361

Series Compensation, 3, 16

series devices, 15

short circuit, 274

shunt devices, 10

singular decomposition, 189

slack bus, 27, 140

small disturbances, 319

small impedance, 95

small signal stability, 319

small signal stability control, 281

Smith predictor, 367
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stacking, 7

STATCOM, 3, 13, 152

state calculation, 292, 301

STATic COMpensator, 13

Static Synchronous Compensator, 152

Static Var Compensator, 11

Static Voltage Restorer, 4

steady state voltage stability, 232

Substation Control Level, 270, 277

Sub-Synchronous Resonance, 17

SVC, 3,11, 328

SVR, 4

switching patern, 9

symmetrical components control, 172

synchronous generator, 320

tap position, 242, 256

TCPS, 329

TCSC, 3, 15, 17

thermal constraints, 34

thermal monitoring, 292, 296
three-phase OPF, 184

three-phase power flow, 139, 220
Thyristor, 5

Thyristor Controlled Phase Shifter, 329
Thyristor Controlled Reactor, 328

Thyristor Controlled Series Capacitors,
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Thyristor converter, 8

time-delayed systems, 366

time-synchronized, 290

topology analysis, 277

topology calculation, 292

topology changes, 274

topology detection, 301
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Transistor, 5

transmission functions, 260
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turbine model, 324

TWIN converter, 9
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unbalanced three-phase voltage stability,
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unbalanced three-phase power system,
232

Unified Power Flow Controller, 4, 21,
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unified Smith predictor, 367

unified transfer capability, 205, 206
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voltage constraints, 34, 47, 67
voltage control, 31

voltage shifting, 62

voltage stability analysis, 189
voltage stability limit, 197
voltage stability monitoring, 292
voltage stability prediction, 303
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