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Preface

Both authors of this book, Hingorani and Gyugyi, have been deeply involved in
pioneering work in this new technology of Flexible AC Transmission System (FACTS).
Hingorani pioneered the concept and managed a large R&D effort from EPRI, and
Gyugyi invented and pioneered several key FACTS Controllers while leading a devel-
opment team at Westinghouse. In fact, both have been involved in pioneering advances
in many other applications of power electronics. :

FACTS is one aspect of the power electronics revolution that is taking place in
all areas of electric energy. A variety of powerful semiconductor devices not only
offer the advantage of high speed and reliability of switching but, more importantly,
the opportunity offered by a variety of innovative circuit concepts based on these
power devices enhance the value of electric energy. This introduction is partly devoted
to briefly conveying this perspective before discussing various specifics of Flexible AC
Transmission, the subject matter of this book. After all, technologies from the transistor
to microelectronics have revolutionized many aspects of our lives; there is no reason
why power devices shouldn’t have a significant impact on our lives as well, at least where
energy is concerned. The power electronics revolution is happening, and applications of
power electronics will continue to expand.

In the generation area, the potential application of power electronics is largely
in renewable generation. Photo voltaic generation and fuel cells require conversion
of dc to ac. Generation with variable speed is necessary for the economic viability of
wind and small hydrogenerators. Variable-speed wind generators and small hydrogen-
erators require conversion of variable frequency ac to power system frequency. These
applications of power electronics in the renewable generation area generally require
converter sizes in the range of a few kilowatts to a few megawatts. Continuing
breakthroughs will determine if these technologies will make a significant impact on
electric power generation. In any case, they serve the vital needs of small, isolated
loads where taking utility wires would be more expensive. In thermal power plants,
considerable energy could be saved with the use of variable speed drives for pumps
and compressors.

In the coming decades, electrical energy storage is expected to be widely used
in power systems as capacitor, battery, and superconducting magnet technologies
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move forward. Batteries are widely used already for emergency power supplies. These
require ac/dc/ac converters in the range of a few kilowatts to a few tens of megawatts.
On the other hand, variable speed hydrostorage requires converters of up to a few
hundred megawatts.

In the distribution area, an exciting opportunity called Custom Power enables
at-the-fence solutions for delivery to industrial and commercial customers, value-
added reliable electric service (which is {ree from significant voltage reductions) distor-
tions, and over-voltages. It is now well known that voltage reductions of greater than
15 or 20% and of duration greater than a few cycles (resulting from lightning faults
and switching events on the transmission and distribution system) lead to significant
losses for the increasingly automated processing and manufacturing industry. The
Custom Power concept incorporates power electronics Controllers and switching
equipment, one or more of which can be used to provide a value-added service to the
customers. In general, these Custom Power applications represent power electronics
in the range of a few tens of kilowatts to a few tens of megawatts of conversion or
switching equipment between the utility supply and the customer.

In the transmission area, application of power electronics consists of High-Volt-
age Direct Current (HVDC) power transmission and FACTS. HVDC, a well-estab-
lished technology, is often an economical way to interconnect certain power systems,
which are situated in different regions separated by long distances (over 50 km subma-
rine or 1000 km overhead line), or those which have different frequencies or incompati-
ble frequency control. HVDC involves conversion of ac to dc at one end and conversion
of dc to ac at the other end. In general, HVDC represents conversion equipment sizes
in the range of a hundred megawatts to a few thousand megawatts. Worldwide, more
than 50 projects have been completed for a total transmission capacity of about 50,000
MW (100,000 MW conversion capacity) at voltages up to 600 kV. For remote, modest
loads of a few to ten MW, breakeven distance for HVDC may be as low as 100 km.

In general, FACTS—the subject matter of this book and a relatively new technol-
ogy—has the principal role to enhance controllability and power transfer capability
in ac systems. FACTS involves conversion and/or switching power electronics in the
range of a few tens to a few hundred megawatts.

On the end-use side, power electronics conversion and switching technology has
been a fast-growing area for over two decades for a wide range of needs. The fact is
that electricity is an incredible form of energy, which can be converted to many
different forms to bring about new and enabling technologies of high value. Conversion
to pulses and electromagnetic waves has given us computers and communications.
Conversion to microwave has led to microwave ovens, industrial processes, and radar.
In arc form, electricity serves its high value in arc furnaces, welding, and so on. Efficient
lighting, lasers, visuals, sound, robots, medical tools, and of course, variable speed
drives and the expanding need for dc power supplies are among the many other
examples. Complementing the Custom Power technology is the whole area of power
conditioning technology used by customers, under the term Power Quality. Uninter-
ruptible power supplies (UPS) and voltage regulators represent a major growth area
in power electronics. In end use, the converter sizes range from a few watts to tens
of megawatts.

Considering the opportunities in power electronics through reduction in cost,
size and losses, we are in an early stage of the power electronic revolution, and there
is a bright future ahead for those who are involved. Potentially, there is a significant
commonality and synergism between the different areas of applications in generation,
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transmission, distribution, and end use. FACTS technology, being new, has a lot to
borrow from the power electronics conversion, switching, and control ideas in other
areas. Also there is considerable overlap in the megawatt size, and hence there is
“potential use of standard components and subassemblies among many applications
noted above and new ones in the future. Therefore, it is suggested that those individuals
involved in power electronics not confine their interest to one narrow application
area.

In this book the term “FACTS Controller” or just “Controller” with capital C,
is used to generally characterize the various power electronic circuit topologies or
equipment that perform a certain function such as current control, power control, and
so on. In many papers and articles, the term “FACTS device” is used. Since the Power
Semiconductor device is also referred to as a “device”, the authors have chosen to
use the term “Controller”. The reason for using capital C is to distinguish Controllers
from the controllers used for industrial controls. Besides, the word “device” sounds
like a component, and the authors request the readers to use the word Controller for
FACTS Controllers.

The authors’ intent in writing this book on FACTS is to provide useful informa-
tion for the application engineers rather than for a detailed post-graduate college
course. Therefore, there is an emphasis on physical explanations of the principles
involved, and not on the mathematically supported theory of the many design aspects
of the equipment. Nevertheless, post-graduate students will also greatly benefit from
this book before they launch into the theoretical aspect of their research. This book
will help post-graduate students acquire a broad understanding of the subject and a
practical perspective enabling them to use their talents on real problems that need
solutions. _

The book does not go into the details of transmission design and system analysis,
on which there are already several good published books.

Chapter 1: “FACTS Concept and General Considerations” explains all about
FACTS to those involved in corporate planning and management. Engineers who wish
to acquire sufficient knowledge to sort out various options, participate in equipment
specifications, and become involved with detailed engineering and design will find
significant value in reading the entire book in preparation for more lifelong learning
in this area.

Chapter 2: “Power Semiconductor Devices” is a complex subject, and the subject
matter of many books. In this book, sufficient material is provided for the FACTS
application engineer for knowing those options.

Those familiar with the subject of HVDC know that practically all the HVDC
projects are based on use of thyristors with no gate turn-off capability, assembled into
12-pulse converters, which can be controlled to function as a voltage-controlled rectifier
(ac to dc) or as inverter (dc to ac). The voltage can be controlled from maximum
positive to maximum negative, with the current flowing in the same direction; that is,
power flow reverses with reversal of voltage and unidirectional current. Such convert-
ers, known as current-sourced converters, are clearly more economical for large HVDC
projects, but are also useful in FACTS technology. Current-sourced converters based
on thyristors with no gate turn-off capability only consume but cannot supply reactive
power, whereas the voltage-sourced converters with gate turn-off thyristors can supply
reactive power.

The most dominant converters needed in FACTS Controllers are the voltage-
sourced converters. Such converters are based on devices with gate turn-off capability.
In such unidirectional-voltage converters, the power reversal involves reversal of
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current and not the voltage. The voltage-sourced converters are described in Chapter
3 and the current-sourced converters in Chapter 4.

Chapters 5 to 9 are specific chapters on the main FACTS Controllers. There are
a wide variety of FACTS Controllers, and they have overlapping and competing
attributes in enhancing the controllability and transter capability of transmission. The
best choice of a Controller for a given need is the function of the benefit-to-cost
consideration.

Chapter 5 describes various shunt Controllers, essentially for injecting reactive
power in the transmission system, the Static VAR Compensator (SVC) based on
conventional thyristors, and the Static Compensator (STATCOM) based on gate turn-
off (GTO) thyristors.

Chapter 6 describes various series Controllers essentially for control of the trans-
mission line current, mainly the Thyristor-Controlled Series Capacitor (TCSC) and
the Static Synchronous Series Compensator (§SSC).

Chapter 7 describes various static voltage and phase angle regulators, which
are a form of series Controllers, mainly the Thyristor-Controlled Voltage Regulator
(TCVR) and Thyristor-Controlled Phase Angle Regulator (TCPAR).

Chapter 8 describes the combined series and shunt controllers, which are in a
way the ultimate controllers that can control the voltage, the active power flow, and
the reactive power flow. These include the Unified Power Flow Controller (UPFC)
and the Interline Power Flow Controller (IPFC).

Chapter 9 describes two of the special-purpose Controllers, the NGH SSR Damp-
ing Controller and the Thyristor-Controlled Braking Resistor (TCBR).

Chapter 10 describes some FACTS applications in operation in the United
States, including WAPA Kayenta TCSC, BPA Slatt TCSC, TVA STATCOM, and
AEP Inez UPFC. ‘

There already is a large volume of published literature. At the end of each
chapter, authors have listed those references that represent the basis for the material in
that chapter, as well as a few other references that are directly relevant to that chapter.

Narain G. Hingorani
Hingorani Power Electronics
Los Altos Hills, CA

Laszlo Gyugyi
Siemens Power Transmission & Distribution
Orlando, FIL,




i
s%
i
P)E
i
&
&
8

Acknowledgments

First and foremost, both authors acknowledge EPRI and its members, for providing
an organization and support that enabled Dr. Hingorani to conceptualize, fund, and
manage an R&D strategy with the necessary resources. This support also was vital
for Dr. Gyugyi to conceptualize the converter-based approach and direct the develop-
ment of several key FACTS Controllers at Westinghouse under the sponsorship of
EPRI and its members.

Dr. Hingorani acknowledges several members of existing and past EPRI staff,
including Stig Nilsson, Dr. Neal Balu, Ben Damsky, the late Dr. Gil Addis, Dr. Ram
Adapa, Dr. Aty Edris, Dr. Harshad Mehta, and Dominic Maratukulam for competent
management of many projects funded with various companies and universities. The
authors further acknowledge the continued support of FACTS technology advance-
ment by the current management of EPRI’s Power Delivery Group, including Dr.
Karl Stahlkopf, Mark Wilhelm, and Dr. Robert Schainker, with special thanks to Dr.
Aty Edris who has been an active participant in the more recent FACTS projects.

Dr. Gyugyi would like to acknowledge his past and present colleagues at the
Westinghouse Science & Technology Center, who significantly contributed to the
FACTS and related power electronics technology development. In the 1960s and
1970s, John Rosa, Brian R. Pelly, and the late Peter Wood were part of the early
development efforts on circuit concepts, along with Eric Stacey who joined in these
development efforts. Subsequently, Michael Brennen, Frank Cibulka, Mark Gern-
hardt, Ronald Pape, and Miklos Sarkozi were the core members of the technical team
that developed the Static Var Compensator. Special acknowledgment is due to the
present team that developed the converter-based FACTS Controller technology and
whose work provided the basis for part of this book. In particular, Dr. Colin Schauder,
whose conceptual and lead-design work were instrumental in the practical realization
of the high-power converter-based Controllers, and whose publications provided im-
portant contributions to this book; Eric Stacey, whose participation generated many
novel ideas and practical designs for power converter circuits; Gary L. Rieger, who
effectively coordinated several joint development programs, and also read the manu-
script of Chapters 5 through 8 and made suggestions to improve the text; Thomas

xvii



i

Acknowledgments

Lemak and Leonard Kovalsky, who competently managed the major FACTS projects;
George Bettencourt, Don Carrera, Yu-Fu Lin, Mack Lund, Ronald Pape, Donald
Ramey, Dr. Kalyan Sen, Matthew Weaver, and others who contributed to the details
of these projects. A sincere, personal gratitude is expressed to Miklos Sarkozi, who
constructed many of the illustrations used in this book. Special thanks are also due
to Dr. Kalyan Sen, who performed some computations and simulations for the book.

Dr. Gyugyi wishes also to express his thanks to the executives of the Westinghouse
Electric Corporation, who supported and funded the FACTS technology development,
and to Siemens Power Transmission and Distribution who, having acquired Westing-
house FACTS and Custom Power business, continue to embrace the technology and
pursue its application to utility systems. A particular debt of gratitude is extended to
John P. Kessinger, General Manager, Siemens FACTS & Power Quality Division for
his encouragement and support of this book.

Dr. Gyugyi acknowledges the Institution of Electrical Engineers whose kind
permission allowed some of the material he earlier provided primarily on the Unified
Power Flow Controller for the planned IEE book, Flexible AC Transmission Systems
Technology: Power Electronics Applications in Power Systems be utilized herein.

Special credit is due to the pioneering utilities who are at the forefront of
exploiting advanced technologies and maintaining high-level technical and manage-
ment expertise to undertake first-of-a-kind projects. Principals among these are Jacob
Sabath and Bharat Bhargava of Southern California Edison in collaboration with EPRI
and Siemens for the NGH SSR Damping Scheme; Charles Clarke, Mark Reynolds,
Bill Mittelstadt, and Wayne Litzenberger of Bonneville Power Administration in
collaboration with EPRI and GE for the 500 kV modular Thyristor-Controlled Series
Capacitor; William Clagett, Thomas Weaver, and Duane Torgerson of Western Area
Power Administration in collaboration with Siemens for the Advanced Series Com-
pensator; Terry Boston, Dale Bradshaw, T. W. Cease, Loring Rogers, and others
of Tennessee Valley Authority in collaboration with EPRI and Westinghouse (now
Siemens) for the Static Compensator; Bruce Renz, Ray Maliszewski, Ben
Mehraban, Manny Rahman, Albert Keri, and others of American Electric Power in
collaboration with EPRI and Westinghouse (now Siemens) for the Unified Power
Flow Controller; and Philip Pellegrino, Shalom Zelingher, Bruce Fardanesh, Ben
Shperling, Michael Henderson, and others of New York Power Authority in collabora-
tion with EPRI and Siemens for the Convertible Static Compensator/Interline Power
Flow Controller.

The authors recognize the pioneering role of General Electric in introduction
of Static VAR Compensation in the utility industry. Recognition is also due to Donald
McGillis of Hydro-Québec, Canada, and Dr. Arslan Erinmez, of the National Grid
Company, England, and their colleagues, and for their pioneering work in the large
scale application of Static Var Compensators. They played a significant role in making
those two utilities the largest users of SVCs, each with over a dozen installations.

The authors appreciate the professional organizations—IEEE Power Engineering
Society, IEE, and CIGRE-—as the source of invaluable learning and information made
available through publications, special reports, Working Groups, and paper and panel
sessions. Indeed IEEE Power Engineering Society executives, including Ted Hissey
and Wally Behnki, were quick to recognize new opportunities of FACTS technology
and took initiatives to jump start Power Engineering Society activities through special
sessions and Working Group activities through the T&D Committees. Under the
chairmanship of Dr. Hingorani, and now Dr. Dusan Povh, FACTS became a thriving
activity alongside HVDC in Study Committee 14 of CIGRE. In the Power Engineering




Acknowledgments

Society, the authors are thankful to FACTS and HVDC Subcommittee and Power
Electronics Equipment Subcommittee under the Chairmanships of Dr. John Reeve,
Stig Nilson, Einar Larsen, Richard Piwko, Wayne Litzenberger, Kara Clark, Peter
Lips, Gerhard Juette, and others for spearheading FACTS agenda in their meetings.
In addition, the authors acknowledge Dr. Arslan Erinmez, Dr. Pierre-Guy Therond,
Dr. Adel Hammad, Dennis Woodford, and Michael Baker for generating important
source material to the author’s knowledge base. Special acknowledgment is due to
Professor Willis Long for orchestrating material and a diverse faculty for an excellent
course on FACTS for professional development at the University of Wisconsin. Dr.
Hingorani further acknowledges Dr. Vic Temple for reviewing the chapter on power
semiconductor devices, and his son Naren for his editorial help. It would make a long
list for the authors to acknowledge their professional colleagues working worldwide,
who are among the leading innovators and contributors to the transmission and power

electronics technologies.

R T e TS

]

Narain G. Hingorani
Hingorani Power Electronics
Los Altos Hills, CA

R

SRR

e

Laszlo Gyugyi

Siemens Power Transmission & Distribution
Orlando, FL






SR PN A e N Y

FACTS Concept
and General System
Considerations

1.1 TRANSMISSION INTERCONNECTIONS

Most if not all of the world’s electric power supply systems are widely interconnected,
involving connections inside utilities’ own territories which extend to inter-utility
interconnections and then to inter-regional and international connections. This is done
for economic reasons, to reduce the cost of electricity and to improve reliability of
power supply.

1.1.1 Why We Need Transmission Interconnections

We need these interconnections because, apart from delivery, the purpose of
the transmission network is to pool power plants and load centers in order to minimize
the total power generation capacity and fuel cost. Transmission interconnections enable
taking advantage of diversity of loads, availability of sources, and fuel price in order
to supply electricity to the loads at minimum cost with a required reliability. In general,
if a power delivery system was made up of radial lines from individual local generators
without being part of a grid system, many more generation resources would be needed
to serve the load with the same reliability, and the cost of electricity would be much
higher. With that perspective, transmission is often an alternative to a new generation
resource. Less transmission capability means that more generation resources would
be required regardless of whether the system is made up of large or small power
plants. In fact small distributed generation becomes more economically viable if there
is a backbone of a transmission grid. One cannot be really sure about what the optimum
balance is between generation and transmission unless the system planners use ad-
vanced methods of analysis which integrate transmission planning into an integrated
value-based transmission/generation planning scenario. The cost of transmission lines
and losses, as well as difficulties encountered in building new transmission lines, would
often limit the available transmission capacity. It seems that there are many cases
where economic energy or reserve sharing is constrained by transmission capacity,
and the situation is not getting any better. In a deregulated electric service environment,
an effective electric grid is vital to the competitive environment of reliable electric

service.
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On the other hand, as power transfers grow, the power system becomes increas-
ingly more complex to operate and the system can become less secure for riding
through the major outages. It may lead to large power flows with inadequate control,
excessive reactive power in various parts of the system, large dynamic swings between
different parts of the system and bottlenecks, and thus the full potential of transmission
interconnections cannot be utilized,

The power systems of today, by and large, are mechanically controlled. There
is a widespread use of microelectronics, computers and high-speed communications
for control and protection of present transmission systems; however, when operating
signals are sent to the power circuits, where the final power control action is taken,
the switching devices are mechanical and there is little high-speed control. Another
problem with mechanical devices is that control cannot be initiated frequently, because
these mechanical devices tend to wear out very quickly compared to static devices.
In effect, from the point of view of both dynamic and steady-state operation, the
system Is really uncontrolled. Power system planners, operators, and engineers have
learned to live with this limitation by using a variety of ingenious techniques to make
the system work effectively, but at a price of providing greater operating margins and
redundancies. These represent an asset that can be effectively utilized with prudent
use of FACTS technology on a selective, as needed basis.

In recent years, greater demands have been placed on the transmission network,
and these demands will continue to increase because of the increasing number of nonutil-
ity generators and heightened competition among utilities themselves. Added to this is
the problem that it is very difficult to acquire new rights of way. Increased demands on
transmission, absence of long-term planning, and the need to provide open access to
generating companies and customers, all together have created tendencies toward less
security and reduced quality of supply. The FACTS technology is essential to alleviate
some but not all of these difficulties by enabling utilities to get the most service from
their transmission facilities and enhance grid reliability. It must be stressed, however,
that for many of the capacity expansion needs, building of new lines or upgrading current
and voltage capability of existing lines and corridors will be necessary.

1.1.2 Opportunities for FACTS

What is most interesting for transmission planners is that FACTS technology
opens up new opportunities for controlling power and enhancing the usable capacity
of present, as well as new and upgraded, lines. The possibility that current through a
line can be controlled at a reasonable cost enables a large potential of increasing the
capacity of existing lines with larger conductors, and use of one of the FACTS Control-
lers to enable corresponding power to flow through such lines under normal and
contingency conditions.

These opportunities arise through the ability of FACTS Controllers to control
the interrelated parameters that govern the operation of transmission systems including
series impedance, shunt impedance, current, voltage, phase angle, and the damping
of oscillations at various frequencies below the rated frequency. These constraints
cannot be overcome, while maintaining the required system reliability, by mechanical
means without lowering the useable transmission capacity. By providing added flexibil-
ity, FACTS Controllers can enable a line to carry power closer to its thermal rating,
Mechanical switching needs to be supplemented by rapid-response power electronics.
It must be emphasized that FACTS is an enabling technology, and not a one-on-one
substitute for mechanical switches.







