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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 free 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 transfer 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 (SSSC).

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, FL
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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.
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The FACTS technology is not a single high-power Controller, but rather a
collection of Controllers, which can be applied individually or in coordination with
others to control one or more of the interrelated system parameters mentioned above.
A well-chosen FACTS Controller can overcome the specific limitations of a designated
transmission line or a corridor. Because all FACTS Controllers represent applications
of the same basic technology, their production can eventually take advantage of
technologies of scale. Just as the transistor is the basic element for a whole variety of
microelectronic chips and circuits, the thyristor or high-power transistor is the basic
element for a variety of high-power electronic Controllers.

FACTS technology also lends itself to extending usable transmission limits in a
step-by-step manner with incremental investment as and when required. A planner
could foresee a progressive scenario of mechanical switching means and enabling
FACTS Controllers such that the transmission lines will involve a combination of
mechanical and FACTS Controllers to achieve the objective in an appropriate, staged
investment scenario.

Some of the Power Electronics Controllers, now folded into the FACTS concept
predate the introduction of the FACTS concept by co-author Hingorani to the technical
community. Notable among these is the shunt-connected Static VAR Compensator
(SVC) for voltage control which was first demonstrated in Nebraska and commercial-
ized by GE in 1974 and by Westinghouse in Minnesota in 1975. The first series-
connected Controller, NGH-SSR Damping Scheme, invented by co-author Hingorani,
a low power series capacitor impedance control scheme, was demonstrated in Califor-
nia by Siemens in 1984. It showed that with an active Controller there is no limit
to series capacitor compensation. Even prior to SVCs, there were two versions of
static saturable reactors for limiting overvoltages and also powerful gapless metal
oxide arresters for limiting dynamic overvoltages. Research had also been undertaken
on solid-state tap changers and phase shifters. However, the unique aspect of
FACTS technology is that this umbrella concept revealed the large potential
opportunity for power electronics technology to greatly enhance the value of power
systems, and thereby unleashed an array of new and advanced ideas to make it
a reality. Co-author Gyugyi has been at the forefront of such advanced ideas.
FACTS technology has also provided an impetus and excitement perceived by the
younger generation of engineers, who will rethink and re-engineer the future power
systems throughout the world.

It is also worth pointing out that, in the implementation of FACTS technology,
we are dealing with a base technology, proven through HVDC and high-power
industrial drives. Nevertheless, as power semiconductor devices continue to improve,
particularly the devices with turn-off capability, and as FACTS Controller concepts
advance, the cost of FACTS Controllers will continue to decrease. Large-scale use
of FACTS technology is an assured scenario.

1.2 FLOW OF POWER IN AN AC SYSTEM

At present, many transmission facilities confront one or more limiting network parame-
ters plus the inability to direct power flow at will.

In ac power systems, given the insignificant electrical storage, the electrical
generation and load must balance at all times. To some extent, the electrical system
is self-regulating. If generation is less than load, the voltage and frequency drop, and
thereby the load, goes down to equal the generation minus the transmission losses.
However, there is only a few percent margin for such a self-regulation. If voltage is
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propped up with reactive power support, then the load will go up, and consequently
frequency will keep dropping, and the system will collapse. Alternately, if there is
inadequate reactive power, the system can have voltage collapse.

When adequate generation is available, active power flows from the surplus
generation areas to the deficit areas, and it flows through all parallel paths available
which frequently involves extra high-voltage and medium-voltage lines. Often, long
distances are involved with loads and generators along the way. An often cited example
is that much of the power scheduled from Ontario Hydro Canada to the North East
United States flows via the PJM system over a long loop, because of the presence of
a large number of powerful low impedance lines along that loop. There are in fact
some major and a large number of minor loop flows and uneven power flows in any
power transmission system.

1.2.1 Power Flow in Parallel Paths

Consider a very simple case of power flow [Figure 1.1(a)], through two parallel
paths (possibly corridors of several lines) from a surplus generation area, shown as
an equivalent generator on the left, to a deficit generation area on the right. Without
any control, power flow is based on the inverse of the various transmission line
impedances. Apart from ownership and contractual issues over which lines carry how
much power, it is likely that the lower impedance line may become overloaded and
thereby limit the loading on both paths even though the higher impedance path is not
fully loaded. There would not be an incentive to upgrade current capacity of the
overloaded path, because this would further decrease the impedance and the invest-
ment would be self-defeating particularly if the higher impedance path already has
enough capacity.

Figure 1.1(b) shows the same two paths, but one of these has HVDC transmission.
With HVDC, power flows as ordered by the operator, because with HVDC power
electronics converters power is electronically controlled. Also, because power is elec-
tronically controlled, the HVDC line can be used to its full thermal capacity if adequate
converter capacity is provided. Furthermore, an HVDC line, because of its high-speed
control, can also help the parallel ac transmission line to maintain stability. However,
HVDC is expensive for general use, and is usually considered when long distances
are involved, such as the Pacific DC Intertie on which power flows as ordered by
the operator.

As alternative FACTS Controllers, Figures 1.1(c) and 1.1(d) show one of the
transmission lines with different types of series type FACTS Controllers. By means
of controlling impedance [Figure 1.1(c)] or phase angle [Figure 1.1(d)], or series
injection of appropriate voltage (not shown) a FACTS Controller can control the
power flow as required. Maximum power flow can in fact be limited to its rated limit
under contingency conditions when this line is expected to carry more power due to
the loss of a parallel line.

1.2.2 Power Flow in a Meshed System

To further understand the free flow of power, consider a very simplified case in
which generators at two different sites are sending power to a load center through a
network consisting of three lines in a meshed connection (Figure 1.2). Suppose the
lines AB, BC, and AC have continuous ratings of 1000 MW, 1250 MW, and 2000
MW, respectively, and have emergency ratings of twice those numbers for a sufficient
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Figure 1.1 Power flow in parallel paths: (a) ac power flow with parallel paths; (b)
power flow control with HVDC; (c) power flow control with variable
impedance; (d) power flow control with variable phase angle.
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length of time to allow rescheduling of power in case of loss of one of these lines. If
one of the generators is generating 2000 MW and the other 1000 MW, a total of 3000
MW would be delivered to the load center. For the impedances shown, the three lines
would carry 600, 1600, and 1400 MW, respectively, as shown in Figure 1.2(a). Such a
situation would overload line BC (loaded at 1600 MW for its continuous rating of
1250 MW), and therefore generation would have to be decreased at B, and increased
at A, in order to meet the load without overloading line BC.

Power, in short, flows in accordance with transmission line series impedances
(which are 90% inductive) that bear no direct relationship to transmission ownership,
contracts, thermal limits, or transmission losses.

If, however, a capacitor whose reactance is —5 ohms ({2) at the synchronous
frequency is inserted in one line [Figure 1.2(b)], it reduces the line’s impedance from
10 Q to 5 Q, so that power flow through the lines AB, BC, and AC will be 250, 1250,
and 1750 MW, respectively. It is clear that if the series capacitor is adjustable, then
other power-flow levels may be realized in accordance with the ownership, contract,
thermal limitations, transmission losses, and a wide range of load and generation
schedules. Although this capacitor could be modular and mechanically switched, the
number of operations would be severely limited by wear on the mechanical components
because the line loads vary continuously with load conditions, generation schedules,
and line outages.

Other complications may arise if the series capacitor is mechanically controlled.
A series capacitor in a line may lead to subsynchronous resonance (typically at 10-50
Hz for a 60 Hz system). This resonance occurs when one of the mechanical resonance
frequencies of the shaft of a multiple-turbine generator unit coincides with 60 Hz

1400 MW -5Q 1750 MW

3000 MW 3000 MW

load load
gooo MW gooo MW
(a) (b)
1750 MW —4.24° 1750 MW
A, — ,C A, — C

3000 MW
load

3000 MW
load

(©) (d)

Figure 1.2 Power flow in a mesh network: (a) system diagram; (b) system diagram
with Thyristor-Controlled Series Capacitor in line AC; (c) system dia-
gram with Thyristor-Controlled Series Reactor in line BC; (d) system
diagram with Thyristor-Controlled Phase Angle Regulator in line AC.
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minus the electrical resonance frequency of the capacitor with the inductive impedance
of the line. If such resonance persists, it will soon damage the shaft. Also while the
outage of one line forces other lines to operate at their emergency ratings and carry
higher loads, power flow oscillations at low frequency (typically 0.3-3 Hz) may cause
generators to lose synchronism, perhaps prompting the system’s collapse.

If all or a part of the series capacitor is thyristor-controlled, however, it can be
varied as often as required. It can be modulated to rapidly damp any subsynchronous
resonance conditions, as well as damp low frequency oscillations in the power flow.
This would allow the transmission system to go from one steady-state condition to
another without the risk of damage to a generator shaft and also help reduce the risk
of system collapse. In other words, a thyristor-controlled series capacitor can greatly
enhance the stability of the network. More often than not though, it is practical for
part of the series compensation to be mechanically controlled and part thyristor
controlled, so as to counter the system constraints at the least cost.

Similar results may be obtained by increasing the impedance of one of the lines
in the same meshed configuration by inserting a 7 Q reactor (inductor) in series with
line AB [Figure 1.2(c)]. Again, a series inductor that is partly mechanically and partly
thyristor-controlled, it could serve to adjust the steady-state power flows as well as
damp unwanted oscillations.

As another option, a thyristor-controlled phase-angle regulator could be installed
instead of a series capacitor or a series reactor in any of the three lines to serve the
same purpose. In Figure 1.2(d), the regulator is installed in the third line to reduce
the total phase-angle difference along the line from 8.5 degrees to 4.26 degrees. As
before, a combination of mechanical and thyristor control of the phase-angle regulator
may minimize cost.

The same results could also be achieved by injecting a variable voltage in one
of the lines. Note that balancing of power flow in the above case did not require more
than one FACTS Controller, and indeed there are options of different controllers and
in different lines.

If there is only one owner of the transmission grid, then a decision can be made
on consideration of overall economics alone. On the other hand, if multiple owners
are involved, then a decision mechanism is necessary on the investment and ownership.

1.3 WHAT LIMITS THE LOADING CAPABILITY?

Assuming that ownership is not an issue, and the objective is to make the best use of
the transmission asset, and to maximize the loading capability (taking into account
contingency conditions), what limits the loading capability, and what can be done
about it?

Basically, there are three kinds of limitations:

m Thermal
m Dielectric
= Stability

Thermal Thermal capability of an overhead line is a function of the ambient
temperature, wind conditions, condition of the conductor, and ground clearance. It
varies perhaps by a factor of 2 to 1 due to the variable environment and the loading
history. The nominal rating of a line is generally decided on a conservative basis,
envisioning a statistically worst ambient environment case scenario. Yet this scenario
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occurs but rarely which means that in reality, most of the time, there is a lot more
real time capacity than assumed. Some utilities assign winter and summer ratings, yet
this still leaves a considerable margin to play with. There are also off-line computer
programs that can calculate a line’s loading capability based on available ambient
environment and recent loading history. Then there are the on-line monitoring devices
that provide a basis for on-line real-time loading capability. These methods have
evolved over a period of many years, and, given the age of automation (typified by
GPS systems and low-cost sophisticated communication services), it surely makes
sense to consider reasonable, day to day, hour to hour, or even real-time capability
information. Sometimes, the ambient conditions can actually be worse than assumed,
and having the means to determine actual rating of the line could be useful.

During planning/design stages, normal loading of the lines is frequently decided
on a loss evaluation basis under assumptions which may have changed for a variety
of reasons; however losses can be taken into account on the real-time value basis of
extra loading capability.

Of course, increasing the rating of a transmission circuit involves consideration
of the real-time ratings of the transformers and other equipment as well, some of
which may also have to be changed in order to increase the loading on the lines. Real-
time loading capability of transformers is also a function of ambient temperature,
aging of the transformer and recent loading history. Off-line and on-line loading
capability monitors can also be used to obtain real time loading capability of transform-
ers. Also, the transformer also lends itself to enhanced cooling.

Then there is the possibility of upgrading a line by changing the conductor to
that of a higher current rating, which may in turn require structural upgrading. Finally,
there is the possibility of converting a single-circuit to a double-circuit line. Once the
higher current capability is available, then the question arises of how it should be
used. Will the extra power actually flow and be controllable? Will the voltage conditions
be acceptable with sudden load dropping, etc.? The FACTS technology can help in
making an effective use of this newfound capacity.

Dielectric From aninsulation point of view, many lines are designed very conser-
vatively. For a given nominal voltage rating, it is often possible to increase normal
operation by +10% voltage (i.e., 500 kV-550 kV) or even higher. Care is then needed
to ensure that dynamic and transient overvoltages are within limits. Modern gapless
arresters, or line insulators with internal gapless arresters, or powerful thyristor-con-
trolled overvoltage suppressors at the substations can enable significant increase in
the line and substation voltage capability. The FACTS technology could be used to
ensure acceptable over-voltage and power flow conditions.

Stability There are a number of stability issues that limit the transmission capa-
bility. These include:

® Transient stability

= Dynamic stability

® Steady-state stability

= Frequency collapse

m Voltage collapse

= Subsynchronous resonance

Excellent books are available on this subject. Therefore, discussion on these
topics in this book will be brief, and limited to what is really essential to the explanation
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of FACTS Controllers. The FACTS technology can certainly be used to overcome any
of the stability limits, in which case the ultimate limits would be thermal and dielectric.

1.4 POWER FLOW AND DYNAMIC
STABILITY CONSIDERATIONS
OF A TRANSMISSION INTERCONNECTION

Figure 1.3(a) shows a simplified case of power flow on a transmission line. Locations
1 and 2 could be any transmission substations connected by a transmission line.
Substations may have loads, generation, or may be interconnecting points on the
system and for simplicity they are assumed to be stiff busses. E, and E, are the
magnitudes of the bus voltages with an angle § between the two. The line is assumed
to have inductive impedance X, and the line resistance and capacitance are ignored.

As shown in the phasor diagram [Figure 1.3(b)] the driving voltage drop in the
line is the phasor difference E, between the two line voltage phasors, E; and E,. The
line current magnitude is given by:

I = E;/X, and lags E; by 90°

It is important to appreciate that for a typical line, angle & and corresponding
driving voltage, or voltage drop along the line, is small compared to the line voltages.
Given that a transmission line may have a voltage drop at full load of perhaps 1%/
10 km, and assuming that a line between two stiff busbars (substations) is 200 km
long, the voltage drop along this line would be 20% at full load, and the angle & would
be small. If we were to assume, for example, that with equal magnitudes of E; and E,,
and X of 0.2 per unit magnitude, the angle § would be only 0.2 radians or 11.5 degrees.

The current flow on the line can be controlled by controlling E; or X or 8. In
order to achieve a high degree of control on the current in this line, the equipment
required in series with the line would not have a very high power rating. For example,
a 500 kV (approximately 300 kV phase-ground), 2000 A line has a three-phase
throughput power of 1800 MVA, and, for a 200 km length, it would have a voltage
drop of about 60 kV. For variable series compensation of say, 25%, the series equipment
required would have a nominal rating of 0.25 X 60 kV X 2000 A = 30 MVA per
phase, or 90 MVA for three phases, which is only 5% of the throughput line rating
of 1800 MVA. Voltage across the series equipment would only be 15 kV at full
load, although it would require high-voltage insulation to ground (the latter is not a
significant cost factor). However, any series-connected equipment has to be designed
to carry contingency overloads so that the equipment may have to be rated to 100%
overload capability.

Nevertheless the point of this very simple example is that generally speaking
the rating of series FACTS Controllers would be a fraction of the throughput rating
of a line.

Figure 1.3(b) shows that the current flow phasor is perpendicular to the driving
voltage (90° phase lag). If the angle between the two bus voltages is small, the current
flow largely represents the active power. Increasing or decreasing the inductive imped-
ance of a line will greatly affect the active power flow. Thus impedance control, which
in reality provides current control, can be the most cost-effective means of controlling
the power flow. With appropriate control loops, it can be used for power flow control
and/or angle control for stability.

Figure 1.3(c), corresponding to Figure 1.3(b), shows a phasor diagram of the
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Figure 1.3 Ac power flow control of a transmission line: (a) simple two-machine

system; (b) current flow perpendicular to the driving voltage; (c) active
and reactive power flow phasor diagram; (d) power angle curves for
different values of X; (e) regulating voltage magnitude mostly changes
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mostly changes active power; (f) injecting voltage phasor in series with
the line. (Note that for clarity the phasors are identified by their magni-
tudes in this figure.)
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relationship between the active and reactive currents with reference to the voltages
at the two ends.
Active component of the current flow at E| is:

I, = (E;sin 6)/X
Reactive component of the current flow at E; is:
I, = (E, — E, cos 8)/X
Thus, active power at the E; end:
P, = E, (E,sin §)/X
Reactive power at the E; end:
Q,=E,(E,— E;cos8)/X (1.1)
Similarly, active component of the current flow at E, is:
I, = (E;sin 6)/X
Reactive component of the current flow at E, is:
I, = (E, — E cos §)/X
Thus, active power at the E, end:

P2 = Ez (E1 sin 6)/X

w

Reactive power at the E, end:
O, =E,(E,— E cos )/ X 1.2)
Naturally P, and P, are the same:
P=E, (E;siné)/X (1.3)

because it is assumed that there are no active power losses in the line. Thus, varying the
value of X will vary P, Q,, and Q, in accordance with (1.1), (1.2), and (1.3), respectively.

Assuming that E; and E, are the magnitudes of the internal voltages of the two
equivalent machines representing the two systems, and the impedance X includes the
internal impedance of the two equivalent machines, Figure 1.3(d) shows the half sine-
wave curve of active power increasing to a peak with an increase in & to 90 degrees.
Power then falls with further increase in angle, and finally to zero at § = 180°. It is
easy to appreciate that without high-speed control of any of the parameters E;, E,,
E, — E;, X and 4, the transmission line can be utilized only to a level well below that
corresponding to 90 degrees. This is necessary, in order to maintain an adequate
margin needed for transient and dynamic stability and to ensure that the system does
not collapse following the outage of the largest generator and/or a line.

Increase and decrease of the value of X will increase and decrease the height
of the curves, respectively, as shown in Figure 1.3(d). For a given power flow, varying
of X will correspondingly vary the angle between the two ends.

Power/current flow can also be controlled by regulating the magnitude of voltage
phasor E; or voltage phasor E,. However, it is seen from Figure 1.3(e) that with change
in the magnitude of E;, the magnitude of the driving voltage phasor E, — E, does not
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change by much, but its phase angle does. This also means that regulation of the
magnitude of voltage phasor E; and/or E, has much more influence over the reactive
power flow than the active power flow, as seen from the two current phasors corre-
sponding to the two driving voltage phasors E; — E, shown in Figure 1.3(e).

Current flow and hence power flow can also be changed by injecting voltage in
series with the line. It is seen from Figure 1.3(f) that when the injected voltage is in
phase quadrature with the current (which is approximately in phase with the driving
voltage, Figure 1.3(f), it directly influences the magnitude of the current flow, and
with small angle influences substantially the active power flow.

Alternatively, the voltage injected in series can be a phasor with variable magni-
tude and phase relationship with the line voltage [Figure 1.3(g)]- It is seen that varying
the amplitude and phase angle of the voltage injected in series, both the active and
reactive current flow can be influenced. Voltage injection methods form the most
important portfolio of the FACTS Controllers and will be discussed in detail in subse-
quent chapters.

1.5 RELATIVE IMPORTANCE OF
CONTROLLABLE PARAMETERS

With reference to the above discussion and Figure 1.3, it is worth noting a few basic
points regarding the possibilities of power flow control:

= Control of the line impedance X (e.g., with a thyristor-controlled series capaci-
tor) can provide a powerful means of current control.

= When the angle is not large, which is often the case, control of X or the angle
substantially provides the control of active power.

= Control of angle (with a Phase Angle Regulator, for example), which in turn
controls the driving voltage, provides a powerful means of controlling the
current flow and hence active power flow when the angle is not large.

= Injecting a voltage in series with the line, and perpendicular to the current
flow, can increase or decrease the magnitude of current flow. Since the current
flow lags the driving voltage by 90 degrees, this means injection of reactive
power in series, (e.g., with static synchronous series compensation) can provide
a powerful means of controlling the line current, and hence the active power
when the angle is not large.

® Injecting voltage in series with the line and with any phase angle with respect
to the driving voltage can control the magnitude and the phase of the line
current. This means that injecting a voltage phasor with variable phase angle
can provide a powerful means of precisely controlling the active and reactive
power flow. This requires injection of both active and reactive power in series.

= Because the per unit line impedance is usually a small fraction of the line
voltage, the MVA rating of a series Controller will often be a small fraction
of the throughput line MVA.

= When the angle is not large, controlling the magnitude of one or the other
line voltages (e.g., with a thyristor-controlled voltage regulator) can be a very
cost-effective means for the control of reactive power flow through the intercon-
nection.

= Combination of the line impedance control with a series Controller and voltage
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regulation with a shunt Controller can also provide a cost-effective means to
control both the active and reactive power flow between the two systems.

1.6 BASIC TYPES OF FACTS CONTROLLERS

In general, FACTS Controllers can be divided into four categories:

m Series Controllers
= Shunt Controllers
m Combined series-series Controllers
» Combined series-shunt Controllers

Figure 1.4(a) shows the general symbol for a FACTS Controller: a thyristor arrow
inside a box.

Series Controllers: [Figure 1.4(b)] The series Controller could be a variable
impedance, such as capacitor, reactor, etc., or a power electronics based variable source
of main frequency, subsynchronous and harmonic frequencies (or a combination) to
serve the desired need. In principle, all series Controllers inject voltage in series with
the line. Even a variable impedance multiplied by the current flow through it, represents
an injected series voltage in the line. As long as the voltage is in phase quadrature
with the line current, the series Controller only supplies or consumes variable reactive
power. Any other phase relationship will involve handling of real power as well.

Shunt Controllers: [Figure 1.4(c)] As in the case of series Controllers, the shunt
Controllers may be variable impedance, variable source, or a combination of these.
In principle, all shunt Controllers inject current into the system at the point of connec-
tion. Even a variable shunt impedance connected to the line voltage causes a variable
current flow and hence represents injection of current into the line. As long as the
injected current is in phase quadrature with the line voltage, the shunt Controller only
supplies or consumes variable reactive power. Any other phase relationship will involve
handling of real power as well.

Combined series-series Controllers: [Figure 1.4(d)] This could be a combination
of separate series controllers, which are controlled in a coordinated manner, in a
multiline transmission system. Or it could be a unified Controller, Figure 1.4(d), in
which series Controllers provide independent series reactive compensation for each
line but also transfer real power among the lines via the power link. The real power
transfer capability of the unified series-series Controller, referred to as Interline Power
Flow Controller, makes it possible to balance both the real and reactive power flow
in the lines and thereby maximize the utilization of the transmission system. Note that
the term ‘“‘unified” here means that the dc terminals of all Controller converters are
all connected together for real power transfer.

Combined series-shunt Controllers: [Figures 1.4(e) and 1.4(f)] This could be a
combination of separate shunt and series Controllers, which are controlled in a coordi-
nated manner [Figure 1.4(e)], or a Unified Power Flow Controller with series and
shunt elements [Figure 1.4(f)]. In principle, combined shunt and series Controllers
inject current into the system with the shunt part of the Controller and voltage in
series in the line with the series part of the Controller. However, when the shunt and
series Controllers are unified, there can be a real power exchange between the series
and shunt Controllers via the power link.
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1.6.1 Relative Importance of Different Types of Controllers

It is important to appreciate that the series-connected Controller impacts the
driving voltage and hence the current and power flow directly. Therefore, if the purpose
of the application is to control the current/power flow and damp oscillations, the
series Controller for a given MVA size is several times more powerful than the
shunt Controller.

As mentioned, the shunt Controller, on the other hand, is like a current
source, which draws from or injects current into the line. The shunt Controller is
therefore a good way to control voltage at and around the point of connection
through injection of reactive current (leading or lagging), alone or a combination
of active and reactive current for a more effective voltage control and damping
of voltage oscillations.

This is not to say that the series Controller cannot be used to keep the line
voltage within the specified range. After all, the voltage fluctuations are largely a
consequence of the voltage drop in series impedances of lines, transformers, and
generators. Therefore, adding or subtracting the FACTS Controller voltage in series
(main frequency, subsynchronous or harmonic voltage and combination thereof) can
be the most cost-effective way of improving the voltage profile. Nevertheless, a shunt
controller is much more effective in maintaining a required voltage profile at a substa-
tion bus. One important advantage of the shunt Controller is that it serves the bus
node independently of the individual lines connected to the bus.

Series Controller solution may require, but not necessarily, a separate series
Controller for several lines connected to the substation, particularly if the application
calls for contingency outage of any one line. However, this should not be a decisive
reason for choosing a shunt-connected Controller, because the required MVA size of
the series Controller is small compared to the shunt Controller, and, in any case, the
shunt Controller does not provide control over the power flow in the lines.

On the other hand, series-connected Controllers have to be designed to ride
through contingency and dynamic overloads, and ride through or bypass short circuit
currents. They can be protected by metal-oxide arresters or temporarily bypassed by
solid-state devices when the fault current is too high, but they have to be rated to
handle dynamic and contingency overload.

The above arguments suggest that a combination of the series and shunt Control-
lers [Figures 1.4(e) and 1.4(f)] can provide the best of both, i.e., an effective power/
current flow and line voltage control.

For the combination of series and shunt Controllers, the shunt Controller can
be a single unit serving in coordination with individual line Controllers [Figure 1.4(g)].
This arrangement can provide additional benefits (reactive power flow control) with
unified Controllers.

FACTS Controllers may be based on thyristor devices with no gate turn-off
(only with gate turn-on), or with power devices with gate turn-off capability. Also, in
general, as will be discussed in other chapters, the principal Controllers with gate
turn-off devices are based on the dc to ac converters, which can exchange active and/
or reactive power with the ac system. When the exchange involves reactive power
only, they are provided with a minimal storage on the dcside. However, if the generated
ac voltage or current is required to deviate from 90 degrees with respect to the line
current or voltage, respectively, the converter dc storage can be augmented beyond
the minimum required for the converter operation as a source of reactive power only.
This can be done at the converter level to cater to short-term (a few tens of main
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Figure 1.4 Basic types of FACTS Controllers: (a) general symbol for FACTS Con-
troller; (b) series Controller; (c) shunt Controller; (d) unified series-
series Controller; (e) coordinated series and shunt Controller; (f) unified
series-shunt Controller; (g) unified Controller for multiple lines; (h)
series Controller with storage; (i) shunt Controller with storage; (j)
unified series-shunt Controller with storage.

frequency cycles) storage needs. In addition, another storage source such as a battery,
superconducting magnet, or any other source of energy can be added in parallel
through an electronic interface to replenish the converter’s dc storage. Any of the
converter-based, series, shunt, or combined shunt-series Controllers can generally
accommodate storage, such as capacitors, batteries, and superconducting magnets,
which bring an added dimension to FACTS technology [Figures 1.4(h), 1.4(i), and

14G)].
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The benefit of an added storage system (such as large dc capacitors, storage
batteries, or superconducting magnets) to the Controller is significant. A Controller
with storage is much more effective for controlling the system dynamics than the
corresponding Controller without the storage. This has to do with dynamic pumping
of real power in or out of the system as against only influencing the transfer of real
power within the system as in the case with Controllers lacking storage. Here also,
engineers have to rethink the role of storage, particularly the one that can deliver or
absorb large amounts of real power in short bursts.

A converter-based Controller can also be designed with so-called high pulse
order or with pulse width modulation to reduce the low order harmonic generation
to a very low level. A converter can in fact be designed to generate the correct
waveform in order to act as an active filter. It can also be controlled and operated in
a way that it balances the unbalance voltages, involving transfer of energy between
phases. It can do all of these beneficial things simultaneously if the converter is
so designed.

Given the overlap of benefits and attributes, it can be said that for a given
problem one needs to have an open mind during preliminary evaluation of series
versus shunt and combination Controllers and storage versus no storage.

1.7 BRIEF DESCRIPTION AND DEFINITIONS OF

FACTS CONTROLLERS

The purpose of this section is to briefly describe and define various shunt, series, and
combined Controllers, leaving the detailed description of Controllers to their own
specific chapters.

Before going into a very brief description of a variety of specific FACTS Control-
lers, it is worth mentioning here that for the converter-based Controllers there are
two principal types of converters with gate turn-off devices. These are the so-called
voltage-sourced converters and the current-sourced converters. As shown in the left-
hand side of Figure 1.5(a), the voltage-sourced converter is represented in symbolic
form by a box with a gate turn-off device paralleled by a reverse diode, and a dc
capacitor as its voltage source. As shown in the right-hand side of Figure 1.5(a), the
current-sourced converter is represented by a box with a gate turn-off device with a
diode in series, and a dc reactor as its current source.

Details of a variety of voltage-sourced converters suitable for high power applica-
tions are discussed in Chapter 3, and current-sourced converters in Chapter 4. It would
suffice to say for now that for the voltage-sourced converter, unidirectional dc voltage
of a dc capacitor is presented to the ac side as ac voltage through sequential switching
of devices. Through appropriate converter topology, it is possible to vary the ac output
voltage in magnitude and also in any phase relationship to the ac system voltage. The
power reversal involves reversal of current, not the voltage. When the storage capacity
of the dc capacitor is small, and there is no other power source connected to it, the
converter cannot supply or absorb real power for much more than a cycle. The ac
output voltage is maintained at 90 degrees with reference to the ac current, leading
or lagging, and the converter is used to absorb or supply reactive power only.

For the current-sourced converter, the dc current is presented to the ac side
through the sequential switching of devices, as ac current, variable in amplitude and
also in any phase relationship to the ac system voltage. The power reversal involves
reversal (of Woltage and not Cuirent. The current-sourced converter is represented
symbolically by a box with a power device, and a dc inductor as its current source.
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From overall cost point of view, the voltage-sourced converters seem to be
preferred, and will be the basis for presentations of most converter-based FACTS Con-
trollers.

One of the facts of life is that those involved with FACTS will have to get used
to a large number of new acronyms. There are and will be more acronyms designated
by the manufacturers for their specific products, and by the authors of various papers
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Figure 1.5 Shunt-connected Controllers: (a) Static Synchronous Compensator
(STATCOM) based on voltage-sourced and current-sourced converters;
(b) STATCOM with storage, ie., Battery Energy Storage System
(BESS) Superconducting Magnet Energy Storage and large dc capaci-
tor; (c) Static VAR Compensator(SVC), Static VAR Generator (SVG),
Static VAR System (SVS), Thyristor-Controlled Reactor (TCR), Thy-
ristor-Switched Capacitor (TSC), and Thyristor-Switched Reactor
(TSR); (d) Thyristor-Controlled Braking Resistor.
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on new Controllers or variations of known Controllers. The IEEE PES Task Force
of the FACTS Working Group defined Terms and Definitions for FACTS and FACTS
Controllers. Along with a brief description of FACTS Controllers, appropriate IEEE
Terms and Definitions are also presented in this section in italic for reference. Gener-
ally, this book will use the IEEE terms and definitions.

Flexibility of Electric Power Transmission. The ability to accommodate changes in the
electric transmission system or operating conditions while maintaining sufficient steady-
state and transient margins.

Flexible AC Transmission System (FACTS). Alternating current transmission systems
incorporating power electronic-based and other static controllers to enhance controllability
and increase power transfer capability.

It is worthwhile to note the words “other static Controllers” in this definition of
FACTS implying that there can be other static Controllers which are not based on
power electronics.

FACTS Controller. A power electronic-based system and other static equipment that
provide control of one or more AC transmission system parameters.

1.7.1. Shunt Connected Controllers

Static Synchronous Compensator (STATCOM): A Static synchronous generator oper-
ated as a shunt-connected static var compensator whose capacitive or inductive output
current can be controlled independent of the ac system voltage.

STATCOM is one of the key FACTS Controllers. It can be based on a voltage-
sourced or current-sourced converter. Figure 1.5(a) shows a simple one-line diagram
of STATCOM based on a voltage-sourced converter and a current-sourced converter.
As mentioned before, from an overall cost point of view, the voltage-sourced converters
seem to be preferred, and will be the basis for presentations of most converter-based
FACTS Controllers.

For the voltage-sourced converter, its ac output voltage is controlled such that
it is just right for the required reactive current flow for any ac bus voltage dc capacitor
voltage is automatically adjusted as required to serve as a voltage source for the
converter. STATCOM can be designed to also act as an active filter to absorb sys-
tem harmonics.

STATCOM as defined above by IEEE is a subset of the broad based shunt
connected Controller which includes the possibility of an active power source or
storage on the dc side so that the injected current may include active power. Such a
Controller is defined as:

Static Synchronous Generator (SSG): A static self-commutated switching power con-
verter supplied from an appropriate electric energy source and operated to produce a set
of adjustable multiphase output voltages, which may be coupled to an ac power system for
the purpose of exchanging independently controllable real and reactive power.

Clearly SSG is a combination of STATCOM and any energy source to supply
or absorb power. The term, SSG, generalizes connecting any source of energy including
a battery, flywheel, superconducting magnet, large dc storage capacitor, another
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rectifier/inverter, etc. An electronic interface known as a ‘“chopper” is generally
needed between the energy source and the converter. For a voltage-sourced converter,
the energy source serves to appropriately compensate the capacitor charge through
the electronic interface and maintain the required capacitor voltage.

Within the definition of SSG is also the Battery Energy Storage System (BESS),
defined by IEEE as:

Battery Energy Storage System (BESS): A chemical-based energy storage system using
shunt connected, voltage-source converters capable of rapidly adjusting the amount of
energy which is supplied to or absorbed from an ac system.

Figure 1.5(b) shows a simple one-line diagram in which storage means is con-
nected to a STATCOM. For transmission applications, BESS storage unit sizes would
tend to be small (a few tens of MWHSs), and if the short-time converter rating was
large enough, it could deliver MWs with a high MW/MWH ratio for transient stability.
The converter can also simultaneously absorb or deliver reactive power within the
converter’s MVA capacity. When not supplying active power to the system, the con-
verter is used to charge the battery at an acceptable rate.

Yet another subset of SSG, suitable for transmission applications, is the Supercon-
ducting Magnetic Energy Storage (SMES), which is defined by IEEE as:

Superconducting Magnetic Energy Storage (SMES): A Superconducting electromagnetic
energy storage device containing electronic converters that rapidly injects and/or absorbs
real and/or reactive power or dynamically controls power flow in an ac system.

Since the dc current in the magnet does not change rapidly, the power input or output
of the magnet is changed by controlling the voltage across the magnet with a suitable
electronics interface for connection to a STATCOM.

Static Var Compensator (SVC): A shunt-connected static var generator or 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).

This is a general term for a thyristor-controlled or thyristor-switched reactor, and/or
thyristor-switched capacitor or combination [Figure 1.5(c)]. SVC is based on thyristors
without the gate turn-off capability. It includes separate equipment for leading and
lagging vars; the thyristor-controlled or thyristor-switched reactor for absorbing reac-
tive power and thyristor-switched capacitor for supplying the reactive power. SVC is
considered by some as a lower cost alternative to STATCOM, although this may not
be the case if the comparison is made based on the required performance and not
just the MVA size.

Thyristor Controlled Reactor (TCR): A shunt-connected, thyristor-controlled inductor
whose effective reactance is varied in a continuous manner by partial-conduction control
of the thyristor valve.

TCRis a subset of SVC in which conduction time and hence, current in a shunt reactor
is controlled by a thyristor-based ac switch with firing angle control [Figure 1.5(c)].

Thyristor Switched Reactor (TSR): A shunt-connected, thyristor-switched inductor whose
effective reactance is varied in a stepwise manner by full- or zero-conduction operation of
the thyristor valve.
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TSR [Figure 1.5(c)] is another a subset of SVC. TSR is made up of several shunt-
connected inductors which are switched in and out by thyristor switches without any
firing angle controls in order to achieve the required step changes in the reactive
power consumed from the system. Use of thyristor switches without firing angle control
results in lower cost and losses, but without a continuous control.

Thyristor Switched Capacitor (ISC): A shunt-connected, thyristor-switched capacitor
whose effective reactance is varied in a stepwise manner by full- or zero-conduction operation
of the thyristor valve.

TSC [Figure 1.5(c)] is also a subset of SVC in which thyristor based ac switches are
used to switch in and out (without firing angle control) shunt capacitors units, in order
to achieve the required step change in the reactive power supplied to the system.
Unlike shunt reactors, shunt capacitors cannot be switched continuously with variable
firing angle control.

Other broadbased definitions of series Controllers by IEEE include:

Static Var Generator or Absorber (SVG): A static electrical device, equipment, or system
that is capable of drawing controlled capacitive and/or inductive current from an electrical
power system and thereby generating or absorbing reactive power. Generally considered
to consist of shunt-connected, thyristor-controlled reactor(s) and/or thyristor-switched ca-
pacitors.

The SVG, as broadly defined by IEEE, is simply a reactive power (var) source
that, with appropriate controls, can be converted into any specific- or multipurpose
reactive shunt compensator. Thus, both the SVC and the STATCOM are static var
generators equipped with appropriate control loops to vary the var output so as to
meet specific compensation objectives.

Static Var System (SVS): A combination of different static and mechanically-switched
var compensators whose outputs are coordinated.

Thyristor Controlled Braking Resistor (TCBR): A shunt-connected thyristor-switched
resistor, which is controlled to aid stabilization of a power system or to minimize power
acceleration of a generating unit during a disturbance.

TCBR involves cycle-by-cycle switching of a resistor (usually a linear resistor)
with a thyristor-based ac switch with firing angle control [Figure 1.5(d)]. For lower
cost, TCBR may be thyristor switched, i.e., without firing angle control. However,
with firing control, half-cycle by half-cycle firing control can be utilized to selectively
damp low-frequency oscillations.

1.7.2 Series Connected Controllers

Static Synchronous Series Compensator (SSSC): A static synchronous generator operated
without an external electric energy source as a series compensator whose output voltage is
in quadrature with, and controllable independently of, the line current for the purpose of
increasing or decreasing the overall reactive voltage drop across the line and thereby
controlling the transmitted electric power. The SSSC may include transiently rated energy
storage or energy absorbing devices to enhance the dynamic behavior of the power system
by additional temporary real power compensation, to increase or decrease momentarily,
the overall real (resistive) voltage drop across the line.
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Figure 1.6 (a) Static Synchronous Series Compensator (SSSC); (b) SSSC with stor-
age; (c) Thyristor-Controlled Series Capacitor (TCSC) and Thyristor-
Switched Series Capacitor (TSSC); (d) Thyristor-Controlled Series Reac-
tor (TCSR) and Thyristor-Switched Series Reactor (TSSR).

SSSC is one the most important FACTS Controllers. It is like a STATCOM,
except that the output ac voltage is in series with the line. It can be based on a voltage-
sourced converter [Figure 1.6(a)] or current-sourced converter. Usually the injected
voltage in series would be quite small compared to the line voltage, and the insulation
to ground would be quite high. With an appropriate insulation between the primary
and the secondary of the transformer, the converter equipment is located at the ground
potential unless the entire converter equipment is located on a platform duly insulated
from ground. The transformer ratio is tailored to the most economical converter
design. Without an extra energy source, SSSC can only inject a variable voltage, which
is 90 degrees leading or lagging the current. The primary of the transformer and hence
the secondary as well as the converter has to carry full line current including the fault
current unless the converter is temporarily bypassed during severe line faults.

Battery-storage or superconducting magnetic storage can also be connected to
a series Controller [Figure 1.6(b)] to inject a voltage vector of variable angle in series
with the line.

Interline Power Flow Controller (IPFC): The IPFC is a recently introduced Controller
and thus has no IEEE definition yet. A possible definition is: The combination of two or
more Static Synchronous Series Compensators which are coupled via a common dc link
to facilitate bi-directional flow of real power between the ac terminals of the SSSCs, and
are controlled to provide independent reactive compensation for the adjustment of real
power flow in each line and maintain the desired distribution of reactive power flow among
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the lines. The IPFC structure may also include a STATCOM, coupled to the IFFC’s common
dc link, to provide shunt reactive compensation and supply or absorb the overall real power
deficit of the combined SSSCs.

Thyristor Controlled Series Capacitor ({TCSC): A capacitive reactance compensator
which consists of a series capacitor bank shunted by a thyristor-controlled reactor in order
to provide a smoothly variable series capacitive reactance.

The TCSC [Figure 1.6(c)], is based on thyristors without the gate turn-off
capability. It is an alternative to SSSC above and like an SSSC, it is a very
important FACTS Controller. A variable reactor such as a Thyristor-Controlled
Reactor (TCR) is connected across a series capacitor. When the TCR firing angle
is 180 degrees, the reactor becomes nonconducting and the series capacitor has
its normal impedance. As the firing angle is advanced from 180 degrees to less
than 180 degrees, the capacitive impedance increases. At the other end, when the
TCR firing angle is 90 degrees, the reactor becomes fully conducting, and the total
impedance becomes inductive, because the reactor impedance is designed to be
much lower than the series capacitor impedance. With 90 degrees firing angle, the
TCSC helps in limiting fault current. The TCSC may be a single, large unit, or
may consist of several equal or different-sized smaller capacitors in order to achieve
a superior performance.

Thyristor-Switched Series Capacitor (TSSC): A capacitive reactance compensator which
consists of a series capacitor bank shunted by a thyristor-switched reactor to provide a
stepwise control of series capacitive reactance.

Instead of continuous control of capacitive impedance, this approach of switching
inductors at firing angle of 90 degrees or 180 degrees but without firing angle control,
could reduce cost and losses of the Controller [Figure 1.6(c)]. It is reasonable to arrange
one of the modules to have thyristor control, while others could be thyristor switched.

Thyristor-Controlled Series Reactor (TCSR):  An inductive reactance compensator which
consists of a series reactor shunted by a thyristor controlled reactor in order to provide a
smoothly variable series inductive reactance.

When the firing angle of the thyristor controlled reactor is 180 degrees, it stops
conducting, and the uncontrolled reactor acts as a fault current limiter [Figure 1.6(d)].
As the angle decreases below 180 degrees, the net inductance decreases until firing
angle of 90 degrees, when the net inductance is the parallel combination of the two
reactors. As for the TCSC, the TCSR may be a single large unit or several smaller
series units.

Thyristor-Switched Series Reactor (TSSR): An inductive reactance compensator which
consists of a series reactor shunted by a thyristor-controlled switched reactor in order to
provide a stepwise control of series inductive reactance.

This is a complement of TCSR, but with thyristor switches fully on or off
(without firing angle control) to achieve a combination of stepped series inductance
[Figure 1.6(d)].
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1.7.3 Combined Shunt and Series Connected Controliers

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

In UPFC [Figure 1.7(b)], which combines a STATCOM [Figure 1.5(a)] and an
SSSC [Figure 1.6(a)], the active power for the series unit (SSSC) is obtained from the
line itself via the shunt unit STATCOM,; the latter is also used for voltage control
with control of its reactive power. This is a complete Controller for controlling active
and reactive power control through the line, as well as line voltage control.

Additional storage such as a superconducting magnet connected to the dc link
via an electronic interface would provide the means of further enhancing the effective-
ness of the UPFC. As mentioned before, the controlled exchange of real power with
an external source, such as storage, is much more effective in control of system
dynamics than modulation of the power transfer within a system.

Thyristor-Controlled Phase Shifting Transformer (TCPST): A phase-shifting trans-
former adjusted by thyristor switches to provide a rapidly variable phase angle.

In general, phase shifting is obtained by adding a perpendicular voltage vector in
series with a phase. This vector is derived from the other two phases via shunt connected
transformers [Figure 1.7(a)]. The perpendicular series voltage is made variable with
a variety of power electronics topologies. A circuit concept that can handle voltage
reversal can provide phase shift in either direction. This Controller is also referred to
as Thyristor-Controlled Phase Angle Regulator (TCPAR).

Interphase Power Controller (IPC): A series-connected controller of active and reactive
power consisting, in each phase, of inductive and capacitive branches subjected to separately
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Figure 1.7 (a) Thyristor-Controlled Phase-Shifting Transformer (TCPST) or Thyris-
tor-Controlled Phase Angle Regulator (TCPR); (b) Unified Power Flow
Controller UPFC).
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phase-shifted voltages. The active and reactive power can be set independently by adjusting
the phase shifts and/or the branch impedances, using mechanical or electronic switches. In
the particular case where the inductive and capacitive impedance form a conjugate pair,
each terminal of the IPC is a passive current source dependent on the voltage at the
other terminal.

This is a broadbased concept of series Controller, which can be designed to provide
control of active and reactive power.

1.7.4 Other Controllers

Thyristor-Controlled Voltage Limiter (TCVL): A thyristor-switched metal-oxide varistor
(MOV) used to limit the voltage across its terminals during transient conditions.

The thyristor switch can be connected in series with a gapless arrester, or [as
shown in Figure 1.8(a)] part of the gapless arrester (10~20%) can be bypassed by a
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Figure 1.8 Various other Controllers: (a) Thyristor-Controlled Voltage Limiter
(TCVL); (b) Thyristor-Controlled Voltage Regulator (TCVR) based
on tap changing; (c) Thyristor-Controlled Voltage Regulator (TCVR)
based on voltage injection.
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thyristor switch in order to dynamically lower the voltage limiting level. In general,
the MOV would have to be significantly more powerful than the normal gapless
arrester, in order that TCVL can suppress dynamic overvoltages, which can otherwise
last for tens of cycles.

Thyristor-Controlled Voltage Regulator (TCVR): A thyristor-controlled transformer
which can provide variable in-phase voltage with continuous control.

For practical purposes, this may be a regular transformer with a thyristor-con-
trolled tap changer [Figure 1.8(b)] or with a thyristor-controlled ac to ac voltage
converter for injection of variable ac voltage of the same phase in series with the line
[Figure 1.8(c)]. Such a relatively low cost Controller can be very effective in controlling
the flow of reactive power between two ac systems.

Another family of Controllers, not defined here, but mentioned in Section 1.6
are the ones that link two or more transmission lines, in order to balance the real and
reactive power flows. These are discussed in Chapter 8.

1.8 CHECKLIST OF POSSIBLE BENEFITS FROM
FACTS TECHNOLOGY

Details of various FACTS Controllers will be discussed throughout the book. It is
appropriate to state here that within the basic system security guidelines these Control-
lers enable the transmission owners to obtain, on a case-by-case basis, one or more
of the following benefits:

m Control of power flow as ordered. The use of control of the power flow may
be to follow a contract, meet the utilities’ own needs, ensure optimum power
flow, ride through emergency conditions, or a combination thereof.

® Increase the loading capability of lines to their thermal capabilities, including
short term and seasonal. This can be accomplished by overcoming other limita-
tions, and sharing of power among lines according to their capability. It is also
important to note that thermal capability of a line varies by a very large margin
based on the environmental conditions and loading history.

m Increase the system security through raising the transient stability limit, limiting
short-circuit currents and overloads, managing cascading blackouts and damp-
ing electromechanical oscillations of power systems and machines.

® Provide secure tie line connections to neighboring utilities and regions thereby

decreasing overall generation reserve requirements on both sides.

Provide greater flexibility in siting new generation.

Upgrade of lines.

Reduce reactive power flows, thus allowing the lines to carry more active power.

Reduce loop flows.

Increase utilization of lowest cost generation. One of the principal reasons for

transmission interconnections is to utilize lowest cost generation. When this

cannot be done, it follows that there is not enough cost-effective transmission
capacity. Cost-effective enhancement of capacity will therefore allow increased
use of lowest cost generation.

There is a natural overlap among the above-cited benefits, and in reality, any one or
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TABLE 1.1 Control Attributes for Various Controllers

FACTS Controller Control Attributes Figure

Static Synchronous Compensator Voltage control, VAR compensation, damping oscillations, volt- 1.5(a)
(STATCOM without storage) age stability

Static Synchronous Compensator Voltage control, VAR compensation, damping oscillations, tran- 1.5(b)
(STATCOM with storage, BESS, sient and dynamic stability, voltage stability, AGC
SMES, large dc capacitor)

Static VAR Compensator (SVC, Voltage control, VAR compensation, damping oscillations, tran- 1.5(c)
TCR, TCS, TRS) sient and dynamic stability, voltage stability

Thyristor-Controlled Braking Resis- Damping oscillations, transient and dynamic stability 1.5(d)
tor (TCBR)

Static Synchronous Series Compen- Current control, damping oscillations, transient and dynamic sta- 1.5(a)
sator (SSSC without storage) bility, voltage stability, fault current limiting

Static Synchronous Series Compen- Current control, damping oscillations, transient and dynamic sta- 1.6(b)
sator (SSSC with storage) bility, voltage stability

Thyristor-Controlled Series Capaci- Current control, damping oscillations, transient and dynamic sta- 1.6(c)
tor (TCSC, TSSC) bility, voltage stability, fault current limiting

Thyristor-Controlled Series Reac- Current control, damping oscillations, transient and dynamic sta- 1.6(d)
tor (TCSR, TSSR) bility, voltage stability, fault current limiting

Thyristor-Controlled Phase-Shifting Active power control, damping oscillations, transient and dy- 1.7(a)
Transformer (TCPST or TCPR) namic stability, voltage stability

Unified Power Flow Controller Active and reactive power control, voltage control, VAR compen- 1.7(b)
(UPFC) sation, damping oscillations, transient and dynamic stability,

voltage stability, fault current limiting

Thyristor-Controlled Voltage Lim- Transient and dynamic voltage limit 1.8(a)
iter (TCVL)

Thyristor-Controlled Voltage Regu- Reactive power control, voltage control, damping oscillations, 1.8(b)
lator (TCVR) transient and dynamic stability, voltage stability 1.8(c)

Interline Power Flow Controller Reactive power control, voltage control, damping oscillations, 1.4(d)

(IPFC)

transient and dynamic stability, voltage stability

two of these benefits would be a principal justification for the choice of a FACTS
Controller. It is, however, important to check the list of these benefits on a value-
added basis.

Because the voltage, current, impedance, real power, and reactive power are
interrelated, each Controller has multiple attributes of what they can do in terms of
controlling the voltage, power flow, stability and so on. These controllers can have
multiple open loop and closed loop controls to accomplish multiple benefits. Table
1.1 gives a checklist of control attributes for various Controllers. The list is not exhaus-
tive, in particular it does not include the Controllers that link multiple lines, discussed
in Chapter 8. Of course the degree of controllability, in particular the control of
stability and power flow will vary from Controller to Controller. For understanding
the value of these Controllers, one needs to read detail in various chapters of this book.

1.9 IN PERSPECTIVE: HVDC OR FACTS

It is important to recognize that generally HVDC and FACTS are complementary
technologies. HVDC is not a grid network in the way that an ac system is, nor is it
expected to be. The role of HVDC, for economic reasons, is to interconnect ac systems
where a reliable ac interconnection would be too expensive.

There are now over 50 HVDC projects in the world. These can be divided into
four categories:
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1. Submarine cables. Cables have a large capacitance, and hence ac cables require
a large charging current (reactive power) an order of magnitude larger than
that of overhead lines. As a result, for over a 30 km or so stretch of ac
submarine cable, the charging current supplied from the shore will fully load
the cable and leave no room for transmitting real power. The charging current
flowing in the cables can only be reduced by connecting shunt inductors to
the cable at intervals of 15-20 km, thus requiring appropriate land location.
With HVDC cable on the other hand, distance is not a technical barrier. Also,
the cost of dc cable transmission is much lower than that of ac which works
to HVDC’s advantage to cover new markets for long distance submarine
transmission. In this area, FACTS technology (e.g., the UPFC) can provide
an improvement by controlling the magnitude of one of the end (e.g., the
receiving-end) voltages so as to keep it identical to that of the other one. In
this way, the effective length of the cable from the standpoint of the charging
current can be halved. This approach may provide an economical solution
for moderate submarine distances, up to about 100 km, but for long distance
transmission HVDC will remain unchallenged.

LU |

2. Long distance overhead transmission. If the overhead transmission is long
enough, say 1000 km, the saving in capital costs and losses with a dc transmis-
sion line may be enough to pay for two converters (note that HVDC represents
total power electronics rating of 200% of the rated transmission capacity).
This distance is known as the break-even distance. This break-even distance
is very subject to many factors including the cost of the line, right-of-way,
any need to tap the line along the way, and often most important, the politics
of obtaining permission to build the line. Nevertheless, it is important to
recognize that while FACTS can play an important role in an effective use
of ac transmission, it probably does not have too much influence on the break-
even distance. Thus, the principal role of FACTS is in the vast ac transmission
market where HVDC is generally not economically viable.

3. Underground transmission. Because of the high cost of underground cables,
the break even distance for HVDC is more like 100 km as against 1000 km
for overhead lines. Again, FACTS technology probably does not have much
influence in this break-even distance. In any case, to date there have been no
long distance underground projects, either ac or dc, because, in an open
landscape, overhead transmission costs so much less than underground trans-
mission (about 25% of the costs of underground transmission). Cable transmis-
sion, on the other hand, has a significant potential of cost reduction, both in
the cost of cables and construction cost.

4. Connecting ac systems of different or incompatible frequencies. For historical
reasons, the oceans in effect separate the globe’s electric systems into 50 Hz
and 60 Hz groups. The 60 Hz normal frequency pervades all the countries of
the Americas, excepting Argentina and Paraguay. Those two countries and
all the rest of the world have a 50 Hz frequency except Japan, which is partly
50 Hz and partly 60 Hz. In general, the oceans are too huge and deep to
justify interconnections of 50 and 60 Hz systems. Thus there is a limited
market for HVDC for connecting 50 and 60 Hz systems.

The related, but larger, HVDC market consists of tying together ac systems that
have incompatible frequency control such that the phase angle between the two systems
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frequently straddles the full circle or very large part of a circle. Even once or twice
per day excursion of phase angle in excess of 60 degrees would be often enough to
rule out any contrived mechanical phase shifter. HVDC can solve this problem. To
date there are many HVDC projects, most of them back-to-back ties, which serve this
need, and some include some length of dc line as well. Experts agree that some ties
of this kind will drop out of use once the neighbors agree upon and implement a
common frequency control strategy. This is in fact what has happened in Europe. Not
so very long ago, members of the former Comecon (East Europe and the European
part of the former USSR) were interconnected as one ac system, but could not be
connected to the West European system, known as UCPTE, because they employed
different kinds of frequency control and available reserve margins. Then the desire
to exchange power with East Europe prompted the installation of three back-to-back
ties: the Diirnrohr 550 MW tie connecting Austria to Poland, the Etzenricht 600 MW
tie connecting Germany to the Czech Republic, and the Vienna East-West 600 MW
tie connecting Austria to Hungary. However, with the subsequent unification of Ger-
many and other political developments, East Germany and the East European coun-
tries of Poland, the Slovak and Czech Republics, and Hungary formed themselves
into the Centrel Group and installed and field-calibrated their controls at their power
plants and control centers. Then in September and October of 1995, their systems
were connected to the West European system by ac. Other members of the former
Comecon are either operating in isolation or connected to the Integrated Power System
with Russia. One side effect is that the three back-to-back HVDC ties, the Diirnrohr
and Sud-Ost in Austria and the Etzenricht in Germany, were bypassed and no longer
used. This will also happen in India where electricity regions have been connected
with back-to-back ties.

There are also many locations in the world where frequency control strategies
are the same, but, because of the remoteness of centers of electrical gravity from the
desired points of connection, phase angle drifts and varies over a wide angle with
daily variations in load and even go full circle. The Eastern and Western United States
systems are an example of this, and therefore they are connected with several back-
to-back HVDC ties. Conceptually, FACTS technology can also solve this problem of
wide variations of phase angle. It requires, for example, a phase-angle Controller for
one side to chase or lead the other as required through full circle. This is in fact
technically feasible with known concepts of phase angle Controller. However, the
economics are perhaps in favor of HVDC. After all, HVDC is independent of phase
angle and therefore, in a way, equivalent to a 360 degree phase angle Controller, and
a true 360 degree phase angle Controller may be more expensive.

Large market potential for FACTS is within the ac system on a value-added
basis, where:

» the existing steady-state phase angle between bus nodes is reasonable,
m the cost of a FACTS solution is lower than the HVDC cost, and

m the required FACTS Controller capacity is less than, say, 100% of the transmis-
sion throughput rating.

Figure 1.9 conveys the basic attributes of HVDC and FACTS, and also general cost
comparison between HVDC and FACTS where FACTS solutions are viable and could
have scope of applications.
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HVDC:
® Independent frequency and control

* ] # ® Lower line costs

® Power control, voltage control,
stability control

FACTS:
AV, ﬁ( Y ® Power control, voltage control,

stability control

Installed Costs (millions of dollars)

Throughput MW HVDC 2 Terminals FACTS
200 MW $ 40-50 M $ 5-10M
500 MW 75-100 10-20

1000 MW 120-170 20-30

2000 MW 200-300 30-50

Figure 1.9 HVDC and FACTS: Complementary solutions.
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Power Semiconductor
Devices

2.1 PERSPECTIVE ON POWER DEVICES

The intent of this section is to give only general information about power semiconduc-
tor devices suitable for FACTS Controllers. Sufficient information is provided for
power systems engineers to understand the options and their relevance to FACTS
applications. There are books available, which provide in-depth information for those
interested in device details.

Generally, FACTS applications represent a three-phase power rating from tens
to hundreds of megawatts. Basically, FACTS Controllers are based on an assembly
of ac/dc and/or dc/ac converters and/or high power ac switches. A converter is an
assembly of valves (with other equipment), and each valve in turn is an assembly of
power devices along with snubber circuits (damping circuits) as needed, and turn-on/
turn-off gate drive circuits. Similarly, each ac switch is an assembly of back-to-back
connected power devices along with their snubber circuits and turn-on/turn-off gate-
drive circuits. Nominal rating of large power devices is in the range of 1-5 kA and
5-10 kV per device, and their useable circuit rating may only be 25 to 50% of their
nominal rating. This conveys that the converters and ac switches would be an assembly
of a large number of power devices. The converters, ac switches, and devices are
connected in series and/or parallel, to achieve the desired FACTS Controller rating
and performance, and a Controller in some cases may also be separated into single-
phase assemblies. These considerations provide an interesting possibility and indeed
a necessity for a supplier to adapt modularity for an effective use of the power devices.
Modularity if properly utilized, cannot only reduce the cost through standardization
of modules and submodules, but it can also be an asset from the user perspective in
terms of reliability, redundancy, and staged investment.

The device ratings and characteristics and their exploitation have a significant
leverage on the cost, performance, size, weight, and losses of FACTS Controllers, or
for that matter, all power device applications. The leverage includes the cost of all
that surrounds the devices including snubber circuits, gate-drive circuits, transformers
and other magnetic equipment, filters, cooling equipment, losses, operating perfor-
mance, and maintenance requirements. For example, faster switching capability leads
to fewer snubber components, lower snubber losses and adaptation of concepts that
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produce less harmonics and faster FACTS Controller response. They are also impor-
tant for successful implementation of particular concepts of FACTS Controllers, such
as active filters.

There are many advanced circuit concepts used in low power industrial applica-
tions, mostly driven by first cost, the economic application of which at a high power
level is largely a function of advances in devices. These concepts include pulse width
modulation (PWM), soft switching, resonant converters, choppers, and others. There-
fore the design of FACTS Controller equipment would usually be based on the devices
with best available characteristics, even at higher prices. Although the cost of devices is
a factor, it would be correct to say that availability of devices with better characteristics
provides an important leverage for the FACTS options and a competitive edge for a
supplier of FACTS technology to meet a certain specified performance at the lowest
evaluated cost. Thus the cost, performance, and market success of FACTS Controllers
is very much tied to progress in power semiconductor devices and their packaging.
In fact the designer of the FACTS Controller has much to gain from negotiating
the device characteristics, packaging, and subassemblies, with the device supplier and
not assume the characteristics stated in the device catalog as the basis for the Con-
troller design. It is therefore important for a user of FACTS technology to have
a general idea of the power semiconductor options, state of the device technology
and future trends, and also circuit concepts used in utility and industrial applica-
tions.

In general terms, high-power electronic devices are fast switches based on high-
purity single-crystal silicon wafers, designed for a variety of switching characteristics.
In their forward-conducting direction, the devices may have control to turn on and
turn off the current flow when ordered to do so by means of gate control. Some power
devices are designed without the capability to block in reverse direction, in which case
they are provided with another reverse blocking device (diode) in series or they are
bypassed in the reverse direction by another parallel device (diode).

Basically, power semiconductor devices consist of a variety of diodes, transistors,
and thyristors. Principle devices in these categories are symbolically shown in Figure
2.1. Often these symbols are drawn differently than shown in Figure 2.1. In the following
paragraphs these three categories are described briefly and then specific devices are
described in somewhat greater detail.

Diodes. The diodes are a family of two-layer devices with unidirectional conduc-
tion. A diode conducts in a forward (conducting) direction from anode to cathode,
when its anode is positive with respect to the cathode. It does not have a gate to
control conduction in its forward direction. The diode blocks conduction in the reverse
direction, when its cathode is made positive with respect to its anode. The diode is a
key component for several FACTS Controllers.

Transistors. The transistors are a family of three-layer devices. A transistor
conducts in its forward direction when one of its electrodes, called a collector, is
positive with respect to its other electrode, called an emitter, and when a turn-on
voltage or current signal is applied to the third electrode, called the base. When the
base voltage or current is less than what is needed for full turn-on, it will conduct
while still holding partial anode to cathode voltage. Transistors are widely used in
low- and medium-power applications. One type of transistor known as the Insulated
Gate Bipolar Transistor (IGBT, Section 2.11) has progressed to become a choice in
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Figure 2.1 Power semiconductor devices: (a) Diode, (b) Transistor, (c) Integrated
Gate Bipolar Transistor (IGBT), (d) MOS Field Effect Transistor
(MOSFET), (e) Thyristor, (f) Gate Turn-Off (GTO) Thyristor- and
Gate-Controlled Thyristor (GCT), (g) MOS Turn-Off Thyristor (MTO),
(h) Emitter Turn-Off (ETO) Thyristor, and (i) MOS-Controlled Thyris-

/ tor (MTO).

/

a wide range of low and medium power applications going up to several megawatts
and even a few tens of megawatts. Thus IGBT is of some importance to FACTS
Controllers. The MOS Field Effect Transistor (MOSFET), another type of transistor
is only suitable for low voltages but with very fast turn-on and turn-off capability and
is often used as a pilot gate device for thyristors.

Thyristors. The thyristors (Section 2.6) are a family of four-layer devices. A
thyristor latches into full conduction in its forward direction when one of its electrodes
(anode) is positive with respect to its other electrode (cathode) and a turn-on voltage
or current signal (pulse) is applied to its third electrode (gate). Latched conduction
is a key to low on-state conduction losses, as will be explained later in Section 2.6.
Some thyristors are designed without gate-controlled turn-off capability, in which case
the thyristor recovers from its latched conducting state to a nonconducting state only
when the current is brought to zero by other means. Other thyristors are designed to
have both gate-controlled turn-on and turn-off capability. The thyristor may be de-
signed to block in both the forward and reverse direction (referred to as a symmetrical
device) or it may be designed to block only in the forward direction (referred to as
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an asymmetrical device). Thyristors are the most important devices for FACTS Con-
trollers.

Compared to thyristors, transistors generally have superior switching perfor-
mance, in terms of faster switching and lower switching losses. On the other hand
thyristors have lower on-state conduction losses and higher power handling capability
than transistors. Advances are continuously being made to achieve devices with the
best of both, i.e., low on-state and switching losses, while increasing their power
handling capability.

2.1.1 Types of High-Power Thyristor Devices

Technically, the terms “thyristor” and the “Silicon Controlled Rectifier” apply
to a basic family of four-layer controlled semiconductor devices, in which turn-on and
turn-off depends on pnpn regenerative feedback (further described in Section 2.6). The
name Silicon Controlled Rectifier (SCR) was given by the inventors and commercially
pioneered by GE. In the context of a device which has turn-on but no turn-off
capability, the term SCR was later changed by others to thyristor. With the emergence
of a device with both turn-on and turn-off capability, named Gate Turn-Off Thyristor
referred to as a GTO, the device with just the turn-on capability began to be referred
to as “conventional thyristor” or just “thyristor.” Other members of the thyristor or
SCR family have acquired other names based on acronyms. In this book, use of the
term thyristor is generally meant to be the conventional thyristor.

The thyristor starts conduction in a forward direction when a trigger current
pulse is passed from gate to cathode, and rapidly latches on into full conduction with
a low forward voltage drop (1.5 to 3 V depending on the type of thyristor and the
current). As mentioned, the conventional thyristor cannot force its current back to
zero: instead, it relies on the circuit itself for the current to come to zero. When the
ci@t,eurrent comes to zero, the thyristor recovers in a few tens of microseconds of
reverse blocking voltage, following which it can block the forward voltage until the
next turn-on pulse is applied.

Because of their low cost, high efficiency, ruggedness, and high voltage and
current capability, conventional thyristors are extensively used when circuit configura-
tion and cost-effective applications do not call for a turn-off capability. Often the turn-
off capability does not offer sufficient benefits to justify higher cost and losses of the
devices. The conventional thyristor has been the device of choice for almost all HVDC
projects, some FACTS Controllers, and a large percentage of industrial applications.
It is often referred to as the workhorse of the power electronics business.

There are several versions of thyristors with turn-off capability; key among these
and relevant to the FACTS technology are:

» Gate Turn-Off Thyristor (Section 2.7), invented at GE, is now referred to as
a GTO thyristor or simply a GTO. Like a conventional thyristor, it turns on
in a fully conducting mode (latched mode) with a low forward voltage drop,
when a turn-on current pulse is applied to its gate with respect to its cathode.
Like a conventional thyristor, the GTO will turn off when the current naturally
comes to zero, but the GTO also has turn-off capability when a turn-off pulse
is applied to the gate in reverse direction. With an adequate turn-off pulse,
the GTO rapidly turns off and recovers to withstand the forward voltage and
be ready for the next turn-on pulse. The GTO is a widely used device for
FACTS Controllers; however, because of its bulky gate drivers, and slow turn-
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off and costly snubbers, it is likely to be replaced in the coming years by more
advanced GTOs and thyristors. These advanced GTOs, which in turn are a
part of the thyristor family, have their own acronyms mentioned below and
explained in a little more detail later in this chapter.

® MOS Turn-Off Thyristor (MTO, Section 2.8), invented at Silicon Power Corpo-
ration (SPCO) by Harshad Mehta, uses transistors to assist in turn-off and
achieves fast turn-off capability with low turn-off switching losses. This device
has been commercially introduced only recently, and has a good potential for
use in the medium- to high-power industrial and FACTS Controllers.

® Emitter Turn-Off Thyristor (ETO, Section 2.9), developed at Virginia Power
Electronics Center in collaboration with SPCO, is another variation on the
GTO, and incorporates low voltage transistors in series with a high voltage
GTO to achieve fast turn-off and low turn-off switching losses.

®» [ntegrated Gate-Commutated Thyristor (GCT and IGCT, Section 2.10), devel-
oped by Mitsubishi and ABB, is basically a GTO with hard turn-off, which in
combination with other advances in the packaging, achieves a fast turn-off
and low turn-off switching losses. These devices have also been commercially

introduced recently and have a good potential for application in industrial and
FACTS Controllers.

® MOS-Controlled Thyristor (MCT, Section 2.12), invented by Victor Temple
at GE, is the near ultimate in thyristor device, which includes integrated MOS
structure for both fast turn-on and turn-off. Along with very low switching
losses it also has low conduction losses. These devices have been commercially
introduced for low power applications and have a good potential for use in
FACTS Controllers.

Given the importance in terms of FACTS Controllers, the devices briefly dis-
cussed in this chapter include the diode, transistor, MOSFET, thyristor, GTO, MTO,
ETO, IGCT, IGPH?;[ and the MCT.

2.2 PRINCIPAL HIGH-POWER DEVICE CHARACTERISTICS
AND REQUIREMENTS

2.2.1 Voltage and Current Rating

Device cells for high power are usually single crystal silicon wafers, 75-125 mm
in diameter, and pushing toward 150 mm in diameter. The same diameter device can
be made for higher voltage with lower current and vice versa.

Potentially, silicon crystal has a very high voltage breakdown strength of 200
kV/cm and a resistivity somewhere in between metals and insulators. Doping with
impurities can alter its conduction characteristics. With doping, the number of carriers
is increased, and as a result, its withstand voltage decreases and its current capability
increases. Lower doping means higher voltage capability, but also higher forward
voltage drop and lower current capability. To some extent the current and voltage
capabilities are interchangeable, as mentioned above. A larger diameter naturally
means higher current capability. A 125 mm device may have a current-carrying capabil-
ity of 3000-4000 amperes and a voltage-withstand capability in the range of 6000-
10,000 volts. It is not appropriate for this book to go into a detailed explanation of
various trade-offs, but it is worth noting the important parameters of different devices.
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With higher device ratings, the total number of devices as well as the cost of all
the surrounding components decreases. The highest blocking capability along with
other desirable characteristics is somewhere in the range of 8-10 kV for thyristors,
5-8 kV for GTOs, and 3-5 kV for IGBTs. In a circuit, after making various allowances
for overvoltages and redundancy, the useable device voltage will be about half the
blocking voltage capability. More often than not, it will be necessary to connect devices
in series for high-voltage valves. Ensuring equal sharing of voltage during turn-on,
turn-off, and dynamic voltage changes becomes a major exercise for a valve designer
in considering trade-off among various means to do so and deciding on the best
mix. One of these means is the matching of devices, especially the device-switching
characteristics.

Large power devices can be designed to handle several thousand amperes of
load current, which generally makes it unnecessary to connect devices in parallel.
However, it is often the short-circuit current duty that determines the required current
capacity, in which case connecting two matched devices directly in parallel on the
same heat sink is a good solution. Devices are usually required to ride through to a
blocked state after one cycle of offset fault current in the application circuit. While
it is a common practice to use fuses in industrial power electronics, use of fuses is
undesirable in high-voltage applications such as FACTS Controllers. The device selec-
tion must therefore consider all possible fault and protection scenarios to decide on
the current and also voltage margins and redundancy. The thyristor family of devices
can carry a large overload current for short periods and a very large single-cycle fault
current without failures. The thyristor and diode family of devices fail in a short circuit
with low-voltage drop, so the circuit may continue to operate if the remaining devices
in the circuit can perform the needed function.

As dictated by the market needs of converters (discussed in Chapter 3: Voltage-
Sour{ed Converters), most of the devices made with turn-off capability, are made with
no reverse blocking capability. They are therefore referred to as asymmetric turn-off
devices, often just turn-off devices. Without the reverse voltage capability requirement
the device can be thinner, have lower forward conduction and lower switching losses.
Conversely higher forward withstand voltage can be achieved with asymmetric devices.
As it turns out the voltage-sourced converters also require a reverse diode in parallel
with each main device. These diodes are usually special diodes with lowest possible
reverse leakage current because of their impact on the turn-on requirements of the
main devices.

However, converters discussed in Chapter 4, Current-Sourced Converters, need
devices with reverse voltage withstand capability. Nevertheless, because of the high-
volume of asymmetric power devices, it is not uncommon for many industrial applica-
tions with a focus on the first cost, to consider use of a diode in series with the
asymmetric main device to obtain reverse blocking capability.

2.2.2 Losses and Speed of Switching

Apart from the voltage withstand and current-carrying capabilities, there are
many characteristics that are important to the devices. The most important among
these are:

= Forward-voltage drop and consequent losses during full conducting state (on-
state losses). Losses have to be rapidly removed from the wafer through the
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package and ultimately to the cooling medium and removing that heat repre-
sents a high cost.

= Speed of switching. Transition from a fully conducting to a fully nonconducting
state (turn-off) with corresponding high dv/dt just after turn-off, and from a
fully nonconducting to a fully conducting state (turn-on) with corresponding
high di/dt during the turn-off are very important parameters. They dictate the
size, cost, and losses of snubber circuits needed to soften high dv/dt and
di/dt, ease of series connection of devices, and the useable device current and
voltage rating.

® Switching losses. During the turn-on, the forward current rises; before the
forward voltage falls and during turn-off of the turn-off devices, the forward
voltage rises before the current falls. Simultaneous existence of high voltage and
current in the device represents power losses. Being repetitive, they represent a
significant part of the losses, and often exceed the on-state conduction losses.
In a power semiconductor design, there is a trade-off between switching losses
and forward voltage drop (on-state losses), which also means that the optimiza-
tion of device design is a function of the application circuit topology. Even
though normal system frequency is 50 or 60 Hz, as will be seen later in Chapters
3 and 4, a type of converters called “pulse-width modulation (PWM)” convert-
ers have high internal frequency of hundreds of Hz, to even a few kilo-Hz for
high-power applications. With many times more switching events, the switching
losses can become a dominant part of the total losses in PWM converters.

= The gate-driver power and the energy requirement are a very important part

of the losses and total equipment cost. With large and long current pulse

requirements, for turn-on and turn-off, not only can these losses be important
in relatipn to the total losses, the cost of the driver circuit and power supply
can bej[iﬁgher than the device itself. The size of all components that accompany
a power device increases the stray inductance and capacitance, which in turn
impacts the stresses on the devices, switching time and snubber losses. Given
the high importance of coordination of the device and the driver design and
packaging, the future trend is to purchase the device and the driver as a single
package from the device supplier.

Serious attention to losses is important for two reasons:

1. For the obvious reason that losses are a cost liability for the user. Losses are
invariably evaluated by utilities and often by the industrial customers on a
lifetime present worth basis, and this value can be from $1000 to $5000 per
kilowatt losses for evaluation of purchase price. If a FACTS Converter costs
$100 per kilowatt and its losses are 2% (0.02 kW loss per kW rating), the
value of losses for an evaluated value of $2000 per kilowatt will be $40 per
kilowatt, equal to 40% of the purchase price of the converter itself. Therefore
the efficiency of a complete FACTS Controller of several hundred MW rating
needs to be better than 98% and the converter valve losses have to be less
than 1%.

2. The device losses have to be efficiently removed from inside the wafer to
outside the sealed, high-voltage, insulating package and on to the external
cooling medium. For this reason, packaging and cooling of the devices is a
formidable challenge to ensure that its wafer temperature does not exceed
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the safe operating level, about 100°C, with safe switching characteristics and
adequate margin for the overload and short circuit currents. More often than
not, fault current determines the normal useable rating of the devices. Higher
losses mean higher cost of packaging, further losses and cost in disposing
the thermal losses to water or air, as well as the size and weight of the
complete equipment.

2.2.3 Parameter Trade-Off of Devices

The cost of devices is also related to production yield of good devices, which
are then graded into various ratings. This therefore calls for good quality control all
the way from the starting material to the finished product and including the quality
of the electric power supply in the production plant. All power devices for high-power
Controllers are individually tested, as is the practice with HVDC converters, and their
record kept for future replacement service.

Apart from the trade-off between voltage and current capability, other trade-
off parameters include:

m power requirements for the gate

» di/dt capability

dv/dt capability

turn-on time and turn-off time

turn-on and turn-off capability (so-called Safe Operating Area [SOA))
uniformity of characteristics

qualjty of starting silicon wafers

class of clean environment for manufacturing of devices, etc.

Advanced design and processing methods have been developed and continue to be
developed. Given the large number of variables, a device manufacturer divides up
the market into various types of devices tailored in accordance with the application
and market size. It is also common for device manufacturers to tailor make the devices
for individual large customers and even for individual large project orders, such as
HVDC and FACTS projects.

The switching speed, switching losses, size, and cost of snubber circuits and
associated losses, usually attributed to the power semiconductor devices, largely result
from the fact that the devices are sold separately from the gate-drive circuits and from
the snubber circuits. It should be clear from the discussion later in this chapter that
the device performance is intertwined with the gate driver, snubber, and circuit-bus
design for connecting the device-modules into a converter, in that order of priority.
Major improvements can be made in the application cost if the device, the gate driver,
the snubber, and the associated bus-work very close to the devices, were assembled
and sold by the device supplier as a building block. In fact the electrical-mechanical
integration of the device wafer and its gate-drive circuit provides major benefits down-
stream all the way to the application. For the low- and medium-power industrial
applications, there has been an increasing practice to sell assemblies of several devices
in a mold or a package, representing a circuit or a part of a circuit. This practice,
while reducing the packaging cost, does not really serve the need for integration,
which should start with the device wafer and its gate driver. It is with this intent that
the U.S. Office of Naval Research (ONR), undertook a power electronics program
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named Power Electronics Building Block (PEBB), addressing all aspects of integration
including the device, gate driver, packaging, and bus-work, which have leverage on
reduction of overall conversion cost, losses, weight, and size. This program has set in
motion and enabled significant advances, and as a matter of fact this trend has begun
and the potential benefits are now being recognized. Devices are being offered along
with prepackaged gate driver and snubber circuits under a variety of trade names,
not necessarily with the name PEBB.

2.3 POWER DEVICE MATERIAL

Power semiconductor devices are based on high-purity, single-crystal silicon. Single
crystals several meters long and with the required diameter (up to 150 mm) are grown
in the so-called Float Zone furnaces. Then this huge crystal is sliced into thin wafers
to be turned into power devices through numerous process steps.

Pure silicon atoms have four electron bonds per atom with neighboring atoms
in the lattice. It has high resistivity and very high dielectric strength (over 200 kV/
cm). Its resistivity and charge carriers available for conduction can be changed, shaped
in layers, and graded by implantation of specific impurities (doping). With different
impurities, levels and shapes of doping, along with the high technology of photolithog-
raphy, laser cutting, etching, insulation, and packaging, large finished devices are pro-
duced.

There are two types of impurities for implantation in silicon wafers: donor and
acceptor. Phosp:%;s is a donor because it has five electrons as against four for silicon.
So when a phosphorus atom is implanted in a silicon lattice, it becomes a fixed atom
site with one extra electron. This extra electron can be dislodged easily with an electric
field. When an electron leaves the phosphorus atom site, it results in a positively
charged site (called a hole) waiting to be filled by another electron from another site,
which in turn acquires a hole. Thus in a directed conduction, with an applied electric
field, there are electrons and holes available for the conduction process. Phosphorus
doping is known as n doping for adding negative particles (electrons) for the conduction
process. When the silicon is lightly doped with phosphorus, the doping is denoted as
n~ doping and when it is heavily doped, it is denoted as n* doping.

Another doping agent, boron, is the opposite of phosphorus. It has three electrons
per atom, and when a boron atom is implanted in the silicon lattice, it becomes a site
of one empty location (a hole which can be filled by a passing electron). When a hole
is filled at a boron atom site, it results in a negatively charged site waiting to be
neutralized by a hole from another site which then acquires a negative charge, thereby
creating a specter of moving holes. Boron doping is known as p doping for adding
positive holes for the conduction process. P doped silicon can be lightly doped p~, or
heavily doped p*.

Thus in a directed conduction with an applied electric field, there are electrons
available in a n doped silicon, and holes available in a p doped silicon, for the conduc-
tion process.

The holes in p doped silicon are called the majority carriers and any electrons
in a p doped silicon are called the minority carriers. In the n doped layer, electrons
are called the majority carriers, and holes as the minority carriers.

In addition to the carriers introduced by doping in a power device, there are
also the so-called intrinsic carriers of equal number of electrons and holes, which
are generated by thermal excitation. These carriers are continuously generated and
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recombine in accordance to their lifetime, and achieve an equilibrium density of
carriers from about 10"°-10%/cm? over a range of about 0°C to 100°C.

Achieving high withstand voltage requires low doping (fewer carriers), which
results in intrinsic carriers becoming significant in numbers for the conduction process.
Being temperature dependent, the intrinsic carriers become significant and even domi-
nant carriers during high current levels.

As a starting material for high-voltage, high-power semiconductor devices, silicon
slices are irradiated with neutrons in a reactor. Depending on the radiation, the right
amount of silicon atoms are converted to phosphorous atoms, thus producing an n
doped silicon, but with a low and uniform doping concentration in the range of 5 X
10'%/cm?®, comparable to the intrinsic carrier concentration. With diffusion in high-
temperature furnaces and other processes, this thin slice with very low n doping is
modified to have multiple doping profiles in layers, channels, etc. required for specific
devices. Doping processes are not discussed in this book.

2.4 DIODE (Pn Junction)

The diode is symbolically shown in Figure 2.2(a), and the cross-sectional structure of
its wafer junction is conceptually shown in Figure 2.2(b). The importance of diodes
for FACTS Controllers stems from the possibility that:

1. A diode converter can be used as a simple low cost and efficient converter,
to supply active power in a FACTS Controller.

2. A diode is connected across each turn-off thyristor in voltage-sourced convert-
ers, and also connections of intermediate levels in multilevel voltage-sourced
converters (discussed in Chapter 3).

3. A diode may be connected in series with each turn-off thyristor for reverse
blocking of voltage (discussed in Chapter 4).

4. Diodes are used in snubber and gate-drive circuits.

As a matter of fact, on an overall basis almost half of the devices used in FACTS
may well be diodes.

A diode is a single junction device of p and n layers in a silicon wafer [Figure
2.2(b)].

Layer p is deficient in electrons (has holes as majority carriers), and similarly
layer n has surplus electrons as majority carriers. As mentioned earlier, these p and
n layers are obtained by doping impurities in a silicon slice. To explain the one-way
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Figure 2.2 Diode: (a) diode symbol, (b) diode structure, and (c) diode structure.
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conduction process across a p-n junction (a diode), the carriers are generated and
participate in conduction, with application of voltage that makes p side positive and
n side negative. This external force causes holes from p side to go over the junction
to the n side and electrons from the n side to go over the junction to the p side.
However, if the voltage is reversed, the holes and electrons move away from the
junction creating an internal counter field, which stops the current from flowing. An
extended explanation of a diode is necessary in order that the concepts of multiple
junctions for other devices are better understood.
These electrons and holes can move under two physical mechanisms:

1. By diffusion caused by differences in carrier density
2. By drift in a direction dictated by an externally applied voltage

Without any external voltage, the pn junction acquires a very small electric field
(less than 1 V). This occurs due to diffusion of some holes from the p side into the
n side and diffusion of some electrons from the n into the p side. The boundary of
this space charge is formed on the two sides of the junction and is tightly constrained
around the junction by a counter force (opposite electric field) created by the sites
vacated by the diffused holes and electrons. This small electric field is positive on the
p side and negative on the n side. When the anode is made positive with respect to
the cathode, electrons are drawn from the n side to the p side, and holes from the p
side to the n side. Once the small electric field barrier caused by diffusion is overcome
with a small voltage of less than 1 V, a large current can readily flow by drift with
the positive driving voltage. The voltage drop will rise further with current on account
of the resistance of the silicon, to about 1.5-3.0 V at full-rated current.

When the cathode is made positive with respect to the anode, electrons are
pulled away from its side of the junction in the n layer, and holes are pulled away
from its side of the junction in the p layer. This creates a large electric field near the
junction, positive on the cathode side and negative on the anode side to counter the
external applied voltage and therefore no conduction takes place (in an ideal diode).

This electric field region formed at the junction is known as the depletion region.
For higher doping, the field is more intense and therefore the depletion region is
thinner and vice versa. Within the depletion region, the field is highest at the junction.
As the reverse voltage increases, the depletion layer expands, essentially on the n~
side and the diode will break down if the reverse voltage is made high enough to
expand the depletion layer to full width of the n™ region.

When during the conduction-state, the holes cross the boundary and go into the
n layer, they become the minority carriers. Similarly, as the electrons leave the n
region and go into the p region, they also become the minority carriers. Thus the
device is termed a minority carrier device, as long as carriers from the doping sites
dominate the conduction.

In n-type power diodes [Figure 2.2(c)], the p side is heavily doped (p*), which
results in a very narrow depletion region on the p* side, and the n side is lightly doped
(n”) near the junction, which results in a wide depletion region on the n~ side. When
a reverse voltage is applied (cathode made positive with respect to anode), the n~
side expands much more than the p side. Therefore the n~ side is made thick and
supports most (almost all) of the reverse voltage. The n™ layer may in fact be so lightly
doped that the intrinsic carriers become a significant part of the carriers on the n~
side. Thickness of the device is increased for higher reverse voltage capability of the
device to accommodate the expanded depletion layer. Increase in thickness in turn
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will increase the resistance and hence the on-state losses. The n™ side is known as the
drift region because past the actual depletion layer, corresponding to the applied
reverse voltage, the conduction takes place by diffusion of a small number of thermal
carriers across the remaining thickness of the n~ layer. Almost all silicon devices are
designed for the widest region of the device to be n type.

In power diodes, the n layer is also heavily doped (n*) but well away from the
junction and near the end where the cathode plate is connected [Figure 2.2(c)]. The
function of both the p* and n* regions at the ends, both with very large numbers of
doping-based carriers, is to avoid the depletion region during reverse voltage from
reaching the metal itself. Another important function of the n* layer is that once the
depletion layer reaches the n* boundary, the stress across the n~ layer will start to
even out and thereby take higher voltage. This is known as “punch-through” operation
and for the same reverse voltage rating, it allows reduction of the thickness of the n~
Jayer and consequent reduction of on-state losses. The on-state losses are also further
reduced because of the availability of carriers from the n* layer during forward conduc-
tion. This heavy doping on the n side next to the anode plate is also done in several
other devices as will be discussed later.

For high-power diodes as well as other high-power silicon power devices, the
edge is contoured (physically and with doping profile) and insulated to prevent
edge flashover. This is necessary because the breakdown level of the atmosphere
around the edge of a device is much lower (about 1/10th) than the voltage stress
across the device thickness. The transition from the silicon wafer edge to the
atmosphere outside the edge (passivation) is a very complex matter in itself, and
not discussed in this book. The device is packaged to provide sealed and rugged
wafer containment with adequate external insulation between anode and cathode
and good thermal contact between the wafer and outside for efficient heat removal
from inside to the outside. The packaging of devices, which effectively addresses
a combination of electrical, thermal and mechanical stresses, is a major challenge
for all power electronics devices.

Usually, in application circuits, when the current comes to zero after conduction,
voltage across the diode jumps to some negative value. This causes some reverse
current to flow for a short time (microseconds or tens of microseconds), to draw out
the excess internal charges and restore the depletion layer corresponding to the applied
reverse voltage. This reverse current flow in diodes results in an increase in the current
that the turn-off devices have to turn on in voltage-sourced converters (Section 2.7.1),
which in turn increases the turn-on losses of these devices. Therefore the diodes used
in the voltage-sourced converters in parallel with the turn-off devices must have very
fast turn-off and low stored charge. Advanced diodes have been developed in terms
of doping profiles in order to achieve higher speed and reduced stored charge, but
they are not discussed here. Improved diodes in terms of low reverse turn-off current
will have a significant leverage on the voltage-sourced converter cost.

2.5 TRANSISTOR

The transistor is a family of three layer (with two junctions) devices. Some basics of
the transistor are covered in this section so that the concepts of high-power devices
are better understood.

The transistor is equivalent to two p-n diode junctions stacked in opposite direc-
tions to one another. There are two types of transistors:
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L. The pnp transistor [Figure 2.3(a,b)], which corresponds to a stack of pn (diode)
over np (reversed diode), giving a device which has two p layers with an n
layer in between. The anode (emitter) side p layer is made wide, n (base) is
narrow, and the cathode (collector) side p layer is narrow and heavily doped.

2. npn transistor [Figure 2.3(c,d)] which corresponds to a stack of np (reverse
diode) over a pn (diode) giving a device with a p layer sandwiched between
two n layers.

Considering just the npn transistor, preferred for power transistors, one of the
outer n layers is designed with heavy doping (n*) called the emitter, the other n layer
is called the collector, and the middle p layer becomes the base. When the collector
is made positive with respect to the emitter by an external driving voltage, no current
flows because it is blocked by the depletion layer formed at the n-p junction on the
collector side. This junction is made to withstand high voltage with low doping of the
p layer. Now if another small external voltage is applied to the gate, with the gate
positive with respect to the emitter, electrons flow from the n* emitter to the p base
(current from the gate to the emitter). As the electrons flow from the n* emitter to
the base, electrons are also accelerated by the electric field of the depletion layer
to the collector, i.e., current flows through the device as shown by the arrow in
Figure 2.3(d).

Because the injected electron from n* layer is a function of the base current,
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Figure 2.3 Transistor: (a) transistor symbol
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the current flow saturates, and is limited by the depletion layer voltage. Figure 2.4
shows the forward-conducting characteristics of device current versus device voltage
for different values of base currents. The base current determines the device saturation
current. In normal operation, with high base current, the device current and the
forward voltage drop in a power device will be limited along the steep line on the left
side of the curves, and the voltage drop and hence the losses will be low. But if the
base current is limited, the device itself will hold some of the voltage, and the device
current will be limited at the saturation line for the corresponding base current. As
a matter of fact this feature is used in low power converters for current limiting during
an external fault, and then the devices are rapidly turned off in a safe manner.
It should be noted that for a power device, the wafer is fabricated in a way that
a large number of gate connection lines are brought out through the top layer, and
effectively a power transistor may have a large number of small devices in parallel.
Because of the relatively low gain (base-to-device current ratio), the devices are
made with amplifying stage(s) as shown in Figure 2.5. Such transistors are known as

darlington transistors.
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2,5.1 MOSFET

There are many types of transistors. A type of transistor capable of fast-switching
speed and low-switching losses is the so-called Metal-Oxide Semiconductor Field
Effect Transistor (MOSFET) which is gate controlled by electric field (voltage) rather
than current. This is achieved by capacitive coupling of the gate to the device. Figure
2.6 shows its structure and equivalent circuit. MOSFET is extensively used for low
power (kilowatts) applications and is unsuitable for high power. However, they are
useful devices when in conjunction with advanced GTOs, as explained later under
Sections 2.8 on MTO and 2.9 on ETO; for this reason, MOSFET is briefly de-
scribed here.

MOSFET can be a pnp or npn device—only npn structure is shown in Figure
2.6. There is a silicon-oxide (SiO) dielectric layer between the gate metal and the n*
and p junction. The principal advantage of MOS gate is that voltage, instead of current,
is applied to the gate with respect to the source to fully or partially block the device
by creating space charge around the tiny gate areas. When the gate is given a sufficiently
positive voltage with respect to the emitter, the effect of its electric field pulls electrons
from the n* layer into the p layer. This opens a channel closest to the gate, which in
turn allows the current to flow from the drain (collector) to the source (emitter).

MOSFET is heavily doped on the drain side to create an n* buffer below the
n~ drift layer. As discussed in Section 2.4 on diodes this buffer prevents the depletion
layer from reaching the metal, evens out the voltage stress across the n~ layer, and
also reduces the forward voltage drop during conduction. Provision of the buffer layer
also makes it an asymmetrical device with rather low reverse voltage capability.

MOSFETs require low gate energy, and have very fast switching speed and low
switching losses. Unfortunately MOSFETs have high forward on-state resistance, and
hence high on-state losses, which makes them unsuitable for power devices, but they
are excellent as gate amplifying devices.

MOSFETs have similar forward current-voltage characteristics, as that for a
transistor shown in Figure 2.4; however, the base current is replaced by the gate voltage.

Source Gate
I I |
VA
L_n ] [ n* ]
p p

I n-
nt

LSS 4

Drain

Figure 2.6 Power MOSFET: (a) MOSFET symbol, (b) MOSFET structure.
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2.6 THYRISTOR (without Turn-Off Capability)

The thyristor, Figure 2.7, is a three-junction, four-layer device shown by its symbol
in Figure 2.7(a) and structure in Figure 2.7(b). The thyristor is a unidirectional switch,
which once turned on by a trigger pulse, latches into conduction with the lowest
forward voltage drop of 1.5 to 3 V at its continuous rated current. It does not have
capability to turn off its current, so that it recovers its turned-off state only when the
external circuit causes the current to come to zero.

The thyristor is referred to as a workhorse of power electronics. In a large
number of applications, turn-off capability is not necessary. Without turn-off capability,
the resulting device can have higher voltage and/or rating, cost less than one-half,
require a simple control circuit, has lower losses, etc. compared to a device with turn-
off capability. Therefore the choice in favor of a more expensive and higher loss device
with turn-off capability will occur when there is a decisive application advantage,
which is often the case for FACTS Controllers, as would be evident in other chapters.

As shown in Figure 2.7(c) and (d), the thyristor is equivalent to the integration
of two transistors, pnp and npn. When a positive gate trigger is applied to the p gate
of the upper npn transistor with respect to the n™ emitter [cathode Figure 2.7(d)] it
starts to conduct. Current through the npn transistor becomes the gate current of the
pnp transistor as shown by the arrows, causing it to conduct as well. The current
through this pnp transistor in turn becomes the gate current of the npn transistor
giving a regenerative effect to latched conduction with low forward voltage drop with
the current flow essentially limited by the external circuit. What is important is that
due to the internal regenerative action into saturation, once the thyristor is turned
on, the internal p and n layers become saturated with electrons and holes and act like
a short circuit in the forward direction. The whole device behaves like a single pn
junction device (a diode). Thus its forward on-state voltage drop corresponds to only
one junction (even though it has three junctions) compared to two junctions in transis-
tor like devices such as the MOSFET and IGBT.

It is obvious from the diagram that the n base of the lower transistor can also
be used for turn-on, however, the n base requires more current, and therefore the p
base is used as the gate for turn-on in thyristors.
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Figure 2.7 Thyristor: (a) thyristor symbol, (b) thyristor structure, (c) two-transistor
structure, and (d) thyristor equivalent circuit.
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When current comes to zero (due to external circuit), the thyristor is still full of
electron and hole carriers in the center pn region, which must be removed or recom-
bined for the device to recover and be ready for blocking the voltage when it becomes
positive again. Fortunately in practical thyristor-based circuits, this stored charge is
removed with the application of negative voltage across the device immediately after
the current zero, in addition to the slower process of recombination of charge carriers
to the point of thermal equilibrium. Thus the turn-off time, which can be a few to a
few tens of microseconds, depends on the reverse voltage after current zero, and has
to be carefully considered for specific applications. This turn-off time must elapse
before any positive voltage can be safely applied.

In a large thyristor wafer, the gate structure is brought out through the cathode
side at the top, as shown in the wafer photograph in Figure 2.8. Furthermore, several
amplifying stages are provided in concentric circles at the center, in order to decrease
the required external gate pulse current. It is essential to rapidly spread out the turn-
on current over the whole device. This is done through a variety of gate structures;
one such structure is shown in Figure 2.8. The required structure is fabricated through
the use of masks, photolithography, etching, oxide insulation, etc., starting with a slice
of n~ doped single-crystal material.

Spreading out the turn on rapidly across the whole wafer is a very important
feature, particularly to ensure that the device can handle high fault current for short
periods as well as to minimize the turn on losses.

It is also appropriate to consider adding another high-voltage, very low current
external pilot thyristor in order to increase the gain and reduce the gate turn-on power
at the thyristor level. Such a device would be inexpensive because of its very low
current rating.

A thyristor can also be turned on by hitting the gate region with light of appro-
priate bandwidth. The direct light triggered thyristor allows triggering of the thyristor
directly from the control circuits via an optical fiber. As an alternative, the external

Figure 2.8 A 125 mm diameter thyristor wa-
fer standing on top of the complete thyristor
package, rated for 5 kV and 5000 A. The gate
structure is of involute type with an ampli-
fying pilot gate at the center. The package
itself is of a unique lightweight silicon sand-
wich (LSS) with bonded inert silicon slice.
The two terminals are for application of the
gate pulse between the gate and cathode.
(Courtesy Silicon Power Corporation SPCO.)
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pilot thyristor (mentioned above) may be a light triggered thyristor with the main
thyristor as an electrically triggered thyristor.

Application of positive anode to cathode voltage with high rate of rise (dv/dr)
can also turn on the device. This happens because the capacitive coupling of the
cathode to the gate and high dv/dr causes just enough current to turn the device on.
This is not a safe way to turn on a thyristor because such a turn-on can occur at a
weak spot, does not spread rapidly, and could damage the device. Unsafe turn-on will
also occur if the forward voltage is too high, thus creating charge carriers in a weak
spot through acceleration of internal charge carriers. This also suggests that a device
can be made with a deliberately designed weak spot from where safe turn-on can be
designed into the device. Such devices with self-protection and optional triggering
have been introduced in recent HVDC projects.

Another important aspect is that when a turn-on pulse is applied, there has to
be enough anode-to-cathode forward voltage, or rate of rise of voltage, to cause a
rapid turn-on. Insufficient voltage can lead to soft turn-on with device voltage falling
slowly while the current is rising. This can lead to a high turn-on loss in certain areas
of the device and possible damage. Depending on the application, the device has to
be designed for the specified minimum turn-on voltage and the turn-on pulse is blocked
if the forward voltage is inadequate.

At high temperatures, the thyristor has a negative temperature coefficient. Thus
it has to be designed to ensure a uniform internal turn-on and turn-off. Being a high-
voltage device, it includes doping-based carriers as well as a large number of intrinsic
carriers. With higher temperatures the number of thermal carriers and hence total
carriers increase and this leads to lower forward voltage drop.

Once a thyristor is turned on there is a need to sustain a minimum anode-cathode
current for the device to stay turned on. This minimum current is usually a few percent
of the rated current. The gate drive is usually arranged to send another turn-on pulse
as needed.

Generally thyristors have a large overload capability. They may have two times
normal over-current capability for several seconds, ten times for several cycles, and
50 times fully offset short-circuit current for one cycle.

2.7 GATE TURN-OFF THYRISTOR (GTO)

Basically, the gate turn-off (GTO) thyristor is similar to the conventional thyristor
and essentially most aspects discussed above in Section 2.6 apply to GTOs as well.
The GTO (Figure 2.9) like the thyristor, is a latch-on device, but it is also a latch-off
device. Discussion of GTO in this section refers to the conventional GTO without the
recent advances made in devices made under different acronyms, which are discussed in
later sections.

Consider the equivalent circuit, Figure 2.9(c), which is the same as the circuit
of Figure 2.7(c) for the thyristor, except that the turn-off has been added between
the gate and the cathode in parallel with the gate turn-on (shown only by arrows in
the equivalent circuit). If a large pulse current is passed from the cathode to the gate
to take away sufficient charge carriers from the cathode, i.e., from the emitter of the
upper pnp transistor, the npn transistor will be drawn out of the regenerative action.
As the upper transistor turns off, the lower transistor is left with an open gate, and
the device returns to a nonconducting state. However, the required gate current for
turn-off is quite large. Whereas the gate current pulse required for turn-on may be
3-5%, i.e., 30 A, for only 10 usec for a 1000 A device, the gate current required for
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Figure 2.9 Gate turn-off (GTO) thyristor: (a) GTO symbol, (b) GTO structure,
and (c) GTO equivalent circuit.

turn-off would be more like 30-50%, i.e., 300 A or larger for 20-50 usec. The voltage
required to drive the high-current pulse is low (about 10-20 V), and being a pulse of
20-50 usec duration, the energy required for turn-off is not very large. Yet the losses
are large enough to be a significant economic liability in terms of losses and cooling
requirements, when considering the number of valves and turn-off events in a con-
verter. Turn-off energy required is 10 to 20 times that required for GTO turn-on, and
the GTO turn-on energy required is 10 to 20 times that for a thyristor. The cost and
size of turn-off circuits for GTO are comparable to the device cost itself.

Another consideration is that the turn-off has to be uniformly effective over the
entire device. Whereas in a thyristor, there is one cathode with a single gate structure
spread out across the device, successful GTO turn-off requires dividing up the cathode
into several thousand islands with a common gate-line, which surrounds each and
every cathode island (Figure 2.10). Thus a GTO consists of a large number of thyristor
cathodes with a common gate, drift region, and anode. Given the complex structure,
state-of-the-art GTOs do not have built-in amplifying gates. Consequently, the total
available area on the device for a cathode decreases to about 50% compared to a
thyristor. Therefore a GTO’s forward voltage drop is about 50% higher than for a
thyristor but still 50% lower than that of a transistor (IGBT) of the same rating.

The general process of making GTOs is about the same as that for thyristors,
although due to complications of the cathode and grid distribution, its process requires
a cleaner room, yield may be less, and cost perhaps twice that of a thyristor for the
same converter ratings. As for a thyristor, there are trade-offs between voltage, current,
di/dt, dv/dt, switching times, forward losses, switching losses, etc., for a GTO design.

Most of the market for GTOs is for voltage-sourced converters in which a fast
recovery diode is connected in reverse across each GTO, which means that GTOs do
not need reverse voltage capability. This also provides beneficial tradeoffs for other
parameters, particularly the voltage drop and higher voltage and current ratings. This
is achieved by a so-called buffer layer, a heavily doped n* layer at the end of the n~
layer. Such GTOs are known as asymmetric GTOs.

Like a thyristor, the continuous operating junction temperature limit is about
100°C, after making allowances for the fault current requirements. Like a thyristor, a
GTO is capable of surviving a high, short-time over-current (10 times for one offset
cycle) as long as it is not required to turn off that current. Failure mechanisms are
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Figure 2.10 A 77 mm diameter Gate Turn-Off (GTO) thyristor wafer rated 4.5 kV
and 2000 A. The cathode structure consists of a large number of finger-
like islands arranged in ring formation. The remaining surface is the
gate. [Courtesy Silicon Power Corporation (SPCO).]

also similar, and the edge requires appropriate contouring to reduce voltage stress
and passivation to avoid a flashover around the edge.

In a thyristor, since the current zero is brought about by the external system,
the voltage across the device automatically becomes negative immediately after the
current zero. In a GTO on the other hand, the GTO is turned off while the circuit is
driving in the forward direction. Therefore for a successful turn-off it is necessary to
reduce the rate-of-rise of forward voltage with the help of a damping circuit.

In a GTO, the anode side pn~ junction is lightly doped and designed to support
almost all of the blocking voltage, essentially on the n~ side. On the other hand, the
cathode side pn junction is heavily doped on both sides and its breakdown voltage
may be about 20 V.

2.7.1 Turn-On and Turn-Off Process

Apart from the gate-drive power, GTOs also have high switching losses and it
is important to appreciate the turn-on and turn-off process with associated device
stresses and losses. Figure 2.11 shows simplified waveforms for turn-on and turn-
off process.

For turn-on, a 10 usec current pulse of >5% of the load current and with a fast
rise time limited largely by the gate circuit inductance is applied from the gate to
cathode. However, there is a delay of a few microseconds, before the anode-cathode
current begins to rise and voltage begins to fall. The current rises at the rate limited
by the circuit as required for safe turn-on of the device such that all cathode islands
turn on evenly. Also, given the circuit topology of voltage-sourced converters (Chapter
3), the GTO turn-on is accompanied by turning off of a reverse-conducting diode in
another valve of the same phase. Therefore the GTO has to turn-on the main circuit
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Figure 2.11 GTO turn-on and turn-off process: (a) turn-on and (b) turn-off.

current plus a large reverse leakage current of that diode. During this process of rising
current, the anode-cathode voltage falls slowly in accordance with the plasma spreading
time, ultimately to its on-state low-voltage level.

Following the full turn-on, it is then necessary to maintain some gate current of
about 0.5% to ensure that the gate does not unlatch; this current is known as back-
porch. GTO turn-on losses result from simultaneous existence of voltage and current,
made more difficult by the current overshoot corresponding to the reverse current of
a diode, mentioned above.

The turn-off process requires a much larger reverse gate current pulse of magni-
tude greater than 30% of the device current, which removes part of the current from
the cathode to the gate. With the application of the turn-off pulse, there is a significant
time delay (known as storage time), in the cathode region, before the current begins
to fall and voltage begins to rise. This delay results in a significant energy requirement
for the gate driver. The anode-cathode current then falls rapidly to a low level and
then continues to decay slowly, until the charge carriers recombine in the pn region
of the anode side of the device. This tail is responsible for a significant portion of the
turn-off losses.

During turn-off, the rate of voltage rise has to be limited in order to ensure safe
turn-off of all the cathode islands.

The GTO’s principal handicap compared to IGBT discussed later has been its
large gate turn-off drive requirements. This in turn results in long turn-off time, lower
di/dt and dv/dt capability, and therefore costly turn-on and turn-off snubber circuits
adding to the cost and losses. Because of its slow turn-off, it can be operated in PWM
converters at a relatively low frequency (up to a few hundred Hz), which is, however,
sufficient for high-power converters. On the other hand, it has lower forward voltage
drop and is available in larger ratings than IGBT. GTO has been utilized in FACTS
Controllers of several hundred MWs.

It would be a big advantage if the devices had low on-state voltage drop (as for
a thyristor), as well as low gate-drive requirements and fast turn-off (as for IGBT).
In fact, there are a number of such devices coming into the marketplace, and in time
they could replace conventional GTOs. They are in fact GTOs with advancements,
consistent with the concept of Power Electronics Building Block (PEBB) to integrate
and reduce the gate-drive requirements and achieve fast switching. The key is to
achieve fast turn-off, which essentially means fast transfer of current out of the cathode
to the gate of the upper transistor. This has been accomplished in a variety of ways
in the emerging advanced GTOs. These include MOS Turn-Off Thyristor (MTO),
Emitter Turn-Off Thyristor (ETO), and Integrated Gate-Commutated Thyristor
(IGCT); these are briefly described below.
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2.8 MOS TURN-OFF THYRISTOR (MTO)

SPCO has developed the MTO thyristor, which is a combination of a GTO and
MOSFETs, which together overcome the limitations of the GTO regarding its gate-
drive power, snubber circuits, and dv/dt limitations. Unlike IGBT (Section 2.12), the
MOS structure is not implanted on the entire device surface, but instead the MOSFETSs
are located on the silicon, all around the GTO to eliminate need for high-current
GTO turn-off pulses. The GTO structure is essentially retained for its advantages of
high voltage (up to 10 kV), high current (up to 4000 A), and lower forward conduction
losses than IGBTs. With the help of these MOSFETS, and tight packaging to minimize
the stray inductance in the gate-cathode loop, the MTO becomes significantly more
efficient than conventional GTO, requiring drastically smaller gate drive while reducing
the charge storage time on turn-off, providing improved performance and reduction
of system costs. As before, the GTO is still provided with double-sided cooling, and
lends itself to thin packaging technology for even more efficient removal of heat from
the GTO.

Figure 2.12 shows the symbol, structure, and equivalent circuit; Figure 2.13 shows
a photograph of an MTO. The structure shown is that of a thyristor with four layers,
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Figure 2.12 MOS Turn-Off (MTO) thyristor: (a) MTO symbol, (b) MTO structure,
(c) MTO equivalent circuit, and (d) MTO more detailed equivalent
circuit.
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Figure 2.13 A 50 mm diameter MOS Turn-Off thyristor (MTO™), rated for 4.5
kV and 500 A. Complete package is shown with the lid off. Inside the
device package is a GTO thyristor, just like the one in Figure 2.10,
which is surrounded by a ring of very low voltage MOSFET:s for gate
turn-off. The ring is partially cut away to show the MOSFETs. The
turn-on gate is the same as for the GTO. [Courtesy Silicon Power
Corporation (SPCO). MTO is SPCO Trademark.]

and has two gate structures, one for turn-on and the other for turn-off. For both gates,
the metal is directly bonded on the p-layer.

Just as in GTO, turn-on is achieved by a turn-on current pulse of about one-
tenth of the main current for 5-10 usec followed by a small back-porch current. Turn-
on pulse turns on the upper npn transistor, which in turn turns on the lower pnp
transistor leading to a latched turn-on.

Turn-off is carried out by application of just a voltage pulse of about 15 V to
the MOSFET gates, thereby turning the MOSFETS on, which shorts the emitter and
base of the npn transistor, shunting off the latching process. In contrast, as discussed
before, the conventional GTO turn-off is carried out by sweeping enough current out
of the emitter base of the upper npn transistor with a large negative pulse to stop the
regenerative latching action. What is equally important with the new approach is that
the turn-off can be much faster, (1-2 usec as against 20-30 usec) and the losses
corresponding to the storage time are almost eliminated. This also means high dv/dt,
and much smaller snubber capacitors and elimination of the snubber resistor.

Small turn-off time also means that MTOs can be connected in series without
matching of devices because virtually all devices turn off simultaneously resulting in
all devices taking their share of current. Since MOSFETs are essentially turned on in
parallel to the GTO’s gate cathode, the rapid turn-off requires MOSFETs with a
very low forward voltage drop. MOSFETs are small, inexpensive, and commercially
produced in large quantities. Fast turn-off of MTO and other advanced GTOs can
essentially overcome the disadvantage of GTOs compared to the IGBTs with regard
to the over-current protection as will be discussed in the Section 2.11 on IGBTs.

It must be mentioned that the long turn-off tail shown at the end of the turn-
off in Figure 2.11 is still present and the next turn-on must wait until the residual
charge on the anode side is dissipated through recombination process. This also applies
to the other advanced thyristor devices discussed below, except the MCT. It would
be advantageous if there was another gate on the anode side to accelerate charge
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dissipation in the anode region. Such a device would represent another leap in the
advancement of high-power devices. SPCO has suggested such an approach and has
also suggested a monolithic design in which MOSFETs are embedded onto the p-
layers of a GTO.

2.9 EMITTER TURN-OFF THYRISTOR (ETO)

Like MTO, ETO is another variation on exploiting the virtues of both the thyristor
and the transistor, i.e., GTO and MOSFET. ETO was invented at Virginia Power
Electronics Center in collaboration with SPCO. The ETO symbol and its equivalent
circuit are shown in Figure 2.14. As shown, a MOSFET T1 is connected in series with
the GTO and a second MOSFET T2 is connected across this series MOSFET and the
GTO gate. Actually T1 consists of several N-MOSFETSs and T2 consists of several
P-MOSFETs packaged around the GTO in order to minimize inductance between
the MOSFETs and the gate cathode of the GTO. N- and P-MOSFETs and GTOs are
commercially available devices made in large quantities.

ETO has two gates: one is the GTO’s own gate used for turn-on, and the other
is the series MOSFET gate used for turn-off. When the turn-off voltage signal is
applied to the N-MOSFET, it turns off and transfers all the current away from the
cathode (n emitter of the upper npn transistor of the GTO) into the base via MOSFET
T2, thus stopping the regenerative latched state and a fast turn-off. It is important to
note that neither MOSFETs see high voltage, no matter how high the ETO voltage.
T2 is connected with its gate shorted to its drain, and hence voltage across it is clamped
at a value slightly higher than its threshold voltage and the maximum voltage across
T1 cannot exceed that of T2.

The advantage of series MOSFET is that the transfer of current from the cathode
is complete and rapid, giving a uniform simultaneous turn-off of all the individual
cathodes. The disadvantage of series MOSFETs is that they have to carry the main
GTO current, thus increasing the total voltage drop and corresponding losses. How-
ever, because these MOSFETs are low-voltage devices, the added voltage drop is low
(about 0.3-0.5V), although not insignificant.

Thus ETO is essentially a GTO, which, with the help of auxiliary MOSFETs,
enhances the GTO with fast switching and therefore much lower driver losses, and
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Figure 2.14 Emitter Turn-Off (ETO) thyristor: (a) ETO symbol and (b) ETO
equivalent circuit.
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greatly reduces the costly gate drive and snubber circuits while enhancing the GTO’s
high power capability.

The long turn-off tail shown at the end of the turn-off in Figure 2.11 is still
present and the next turn-on must wait until the residual charge on the anode side is
dissipated through the recombination process.

INTEGRATED GATE-COMMUTATED THYRISTOR (GCT
AND IGCT)

The gate-commutated thyristor (GCT) is a hard-switched GTO involving very fast
and large current pulse, as large as the full rated current, that draws out all the current
from the cathode into the gate in 1 usec to ensure a fast turn-off. Its structure and
equivalent circuit is the same as that of a GTO shown in Figure 2.9. IGCT is a device
with added value on GCT, including a multilayered printed circuit board gate drive
supplied with the main device, and may also include a reverse diode, as shown in a
structure diagram in Figure 2.15 and a photograph in Figure 2.16.

In order to apply a fast-rising and high-gate current, GCT (IGCT) incorporates
a special effort to reduce the inductance of the gate circuit (gate-driver-gate-cathode
loop) to lowest possible, as required also for MTO and ETO to the extent possible.
Essentially the key to GCT (IGCT) is to achieve a very fast gate drive and this is
achieved by coaxial cathode-gate feed through and a multilayered gate-driver circuit
boards, which enable gate current to rise at 4 kA/usec with gate-cathode voltage of
20 V. In 1 usec the GTO’s upper transistor is totally turned off and the lower pnp
transistor is effectively left with an open base turn-off. Being a very short duration
pulse, the gate-drive energy is greatly reduced. Also by avoiding the gate overdrive,
the gate-drive energy consumption is minimized. The gate-drive power requirement
is decreased by a factor of 5 compared to the conventional GTO. As in a conventional
GTO and applicable to MTO and ETO as well, buffer layer is provided on the anode
side of the n-layer which decreases the on-state conduction losses and makes the
device asymmetrical.

The anode p-layer is made thin and lightly doped to allow faster removal of
charges from the anode-side during turn-off. An IGCT may also have an integrated
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Figure 2.15 IGCT structure with a Gate-Commutated Thyristor and a reverse diode.
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Figure 2.16 Photo shows an Integrated Gate-Commutated Thyristor (IGCT)
which consists of a Gate-Commutated Thyristor (GCT) device and a
very low inductance gate driver package. Two wafers of different de-
sign are also shown on the side. The lower wafer is a GTO of advanced
design, and the upper wafer is a GTO along with a reverse diode
as part of the device. (Photo courtesy ABB Semiconductor Inc.,
USA))

reverse diode, as shown by the n*n™p junction on the right side of the structural
diagram in Figure 2.15. As mentioned before, a reverse diode is needed in voltage-
sourced converters. Inclusion of the n buffer layer evens out the voltage stress across
the n~ layer, the n~ layer thickness is reduced by 40%, which enables inclusion of
diode with comparable forward on-state voltage drop as that of a separate diode.
Naturally integration of diode means allocation of appropriate silicon active surface
to the diode which in turn reduces the area for the GTO on a given wafer.

It is seen from the description of the MTO, ETO, and GCT that getting the
most out of the GTO’s capability is all about getting the current out of the cathode
into the base of the upper transistor as fast as possible. Reducing the inductance of
the gate drive and cathode loop is common to all advanced GTOs discussed above
and applies to the conventional GTO as well. All of them lead to high dv/dt, uniform
and fast current turn-off, thus increasing the current turn-off capability to maximum
possible. This in turn results in much smaller snubber capacitor with no resistor, much
easier series connection of GTOs, and the turn-on which is already a low energy drive
remains the same as for conventional GTO. As was discussed in Section 2.2, these
devices and MCT discussed below represent the essence of the Power Electronics
Building Block (PEBB) concept. Through integration of gate drive, major advantage
has been delivered and these advanced GTOs should replace conventional GTOs.
at least in applications in which device characteristics are highly leveraged as in
FACTS Controllers.
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Thus advanced GTO concepts represent a major advance based on the recogni-
tion of the PEBB concept that stray inductances and capacitances of the gate drive
and bus connections have a major impact on the overall device losses, snubber circuits,
and all that surrounds the devices in any specific application.

INSULATED GATE BIPOLAR TRANSISTOR (IGBT)

A modern power transistor is the Insulated Gate Bipolar Transistor (IGBT). It operates
as a transistor with high-voltage and high-current capability and a moderate forward
voltage drop during conduction.

The IGBT is a device that is part way to being a thyristor, but is designed to
not latch into full conduction equivalent to a voltage drop of one junction, but instead
IGBT part way to latching stays as a transistor. In addition it also has an integrated
MOS structure with insulated gate, like a MOSFET. Its structural cross section and
equivalent circuit are shown in Figure 2.17. Like the thyristor and the GTO, it has a
two-transistor structure. But the turn-on and turn-off are carried out by a MOSFET
structure across its npn transistor instead of the np gate emitter of the upper npn
transistor. With turn-on, there is a current flow through the base and the emitter of
the npn transistor as in a thyristor, but not enough for the device to avalanche into
a latched conduction. As shown in Figure 2.17, the base emitter junction is shunted
by a resistance, which is built into the device structure. This resistance bypasses part
of the cathode current rather than all of it.

In the structural cross section shown, the upper n* is the MOS source of n
carriers, p is the base, n~ layer is the drift region, lower p* is the buffer layer, and
finally p* is the substrate. Like a MOSFET, when the gate is made positive with
respect to the emitter for turn-on, n carriers are drawn into the p channel near the
gate region, which forward biases the base of the npn transistor, which thereby turns
on. The IGBT is turned on by just applying a positive base voltage to open the channel
for n carriers and is turned off by removing the base voltage to close the channel,
which results in a very simple driver circuit. Basically this can be achieved in MTOs
and ETOs if MOSFETs were also added for the turn-on.
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Figure 2,17 Insulated Gate Bipolar Transistor (IGBT): (a) IGBT symbol, (b) IGBT
equivalent circuit, and (c) IGBT structure.
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Given the complex MOS technology on the entire surface of the device, IGBTSs
are made in sizes of about 1 cm® To make high power-devices, several IGBTs are
connected in parallel, wire bonded, and potted inside a larger package to resemble a
single device.

The advantage of the IGBT is its fast turn-on and turn-off because it is more
like a majority carrier (electrons) device. It can be therefore used in Pulse Width
Modulation (PWM) Converters operating at high frequency. On the other hand being
a transistor device, it has higher forward voltage drop compared to thyristor type
devices such as GTOs. Nevertheless the IGBT has become a workhorse for industrial
applications, and has reached sizes capable of applications in the range of 10 MW
or more.

The transistor devices, such as MOSFETs and IGBTs, potentially have current-
limiting capability by controlling the gate voltage. During this current-limiting mode,
the device losses are very high, and in high-power applications, current-limiting action
can only be used for very short periods of a few microseconds. Yet this time can be
enough to allow other protective actions to be taken for safe turn-off of the devices.
This feature is extremely valuable in voltage-sourced converters, in which fault current
can rise to high levels very rapidly due to the presence of a large dc capacitor across
the converter. On the other hand, with fast sensing, combined with the fast turn-off
of the advanced GTOs, an effective turn-off can be achieved within 2—3 microseconds.
This method will also spare the devices from high-power dissipation and sacrifice of
their useable capacity. The turn-off time of the conventional GTOs is too long for
high-speed protective turn-off.

IGBT, coming from a low-power end, has been pushing out the conventional
GTO, as viable packaged parallel-IGBTs ratings go up. This is because the conven-
tional GTOs have serious disadvantages of large gate-drive requirements, slow-switch-
ing and high-switching losses. Evolution of the GTO into MTO, ETO and IGCT/
GCT has shown that these are the result of previously unattended issue of gate-drive
packaging and stray inductance of the gate cathode loop.

IGBT has its own generic limitations, including: higher forward voltage drop,
complexities with providing double-sided cooling, nature of the repetitive MOS on
the chip limits what can be achieved in increased blocking voltage, and IGBT produc-
tion needs much cleaner production facility.

A major advantage for IGBT for high-power applications is its low-switching
losses, fast switching, and current-limiting capability. However, with the advanced
GTOs and MCTs (discussed in the next section), there is a prospect for major advances
for devices suitable for wide range of FACTS Controllers.

On the other hand, future outcome often depends on the market forces of volume
production, and this is in favor of the IGBTs continuing to push its applications to
higher power levels.

MOS-CONTROLLED THYRISTOR (MCT)

An MOS Controlled Thyristor (MCT) incorporates a MOSFET-like structure in the
device for both the turn-on and turn-off.

Figure 2.18 shows an n-type MCT. Equivalent circuit for the n-MCT shows that
for turn-on there is an n-type MOSFET (shown as n-FET) connected across the
cathode side npn transistor, like that for an IGBT. Another p-type MOSFET (shown
as p-FET) is connected across the gate cathode of the cathode side npn transistor for
turn-off, like that for an MTO.
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Figure 2.18 MOS Controlled Thyristor (MCT): (a) MCT symbol, (b) MCT equiva-
lent circuit, and (c) MCT structure.

As n-FET is turned on with the application of positive voltage to the gate with
respect to the cathode, current flows from the anode to the base of the lower npn
transistor, which turns on and leads to the latched turn-on of the thyristor. As shown,
the same gate voltage is also applied to the base of the p-FET, which ensures that
the p-FET stays off.

When the gate voltage is made negative, it turns off the n-FET and turns on the
p-FET. The p-FET thereby bypasses the gate cathode thus unlatching the thyristor.

The MOS structure is spread across the entire surface of the device giving a fast
turn-on and turn-off with low-switching losses. The power/energy required for the
turn-on and turn-off is very small, and so is the delay time (storage time). Furthermore,
being a latching device, it has a low on-state voltage drop as for a thyristor. Its
processing technology is essentially the same as that of IGBT.

The key advantage for MCT compared to other turn-off thyristors is that it
brings distributed MOS gates for both turn-on and turn-off, very close to the distributed
cathodes, resulting in fast-switching and low switching losses for a thyristor device.
Therefore MCT represents the near-ultimate turn-off thyristor with low on-state and
switching losses, and fast-switching device needed for high-power advanced converters
with active filtering capability.
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