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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 FlexibleACT."ns-ission Systlm lfeC1'S;.Hingorani pioneered the concept and managed a large R&D effort iro- ppRt, urrd
Gyugyr invented andpioneered several tey FaCtS C-ontrollers while leading a devel-
opment team at Westinghouse. In fact, both have been involved in pioneering-uduun"",
in many other applications of power electronics.

FACTS is one aspect of the power electronics revolution that is taking place inall areas of electric 
"l:TgI. A variety of powerful semiconductor devices-nbt only

offer the advantage of high speed and retiiUitity of switching but, more importantly,
the opportunity offered by a variety of innovative circuit Joncepts based on these
power devices enhance the value of electric energy. This introduction is partly devoted
to briefly conveying this perspective before discuJsing various specifics of Flexible AC
Transmission' the subject matter of this book. After af, technololies from the transistor
to microelectronics have revolutionized many aspects of our liies; there is no reason
why power devices shouldn't have a significaniimpact on our lives as well, at least where
energy is concerned. The power electronics revolution is happening, and applications ofpower electronics will continue to expand.

. In the generatio.n ar93, 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 ofwind and small hydrogenerators. Variable-speed wind glnerators and small hydrogen-
erators require conversi:n ofvariable frequency ac to power system frequency. Tf,ese
applications of power electronics in the renewible generation area generallyrequire
converter sizes in the range of a few kilowatts to a few m"ga*"ttr. continuing
breakthroughs will determine if these technologies will make a s"ignificant impact oi
electric power generation. In any case, they serve the vital need-s of small, isolated
loads where taking utility wires would be more expensive. In thermal power plants,
considerable energy could be saved with the use oi variable speed drives tor pumps
and compressors.

,- __I,h" coming decades, electrical energy storage is expected to be widely used
m power systems as capacitor, battery, and superconducting magnet technologies

aaaxlil
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move forward. Batteries are widely used already for emergency power supplies. These

require acldclac 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
1.5 or 20Vo 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 L000 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 signiflcant
commonality and synergism between the different areas of applications in generation,

h------
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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 charactefize 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 L: "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 ascurrent-sourced conuerters, 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 uoltage-sourced conuerters 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 Confiollers, 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,
andthese demandswill continue to increasebecause of the increasingnumberof 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 formany of the capacity expansion needs, building of newlines or upgradingcurrent
and voltage capability of existing lines and corridors will be necessary.

1.1.2 Opportunities for FAGTS

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 deflcit 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 HVDCtransmission.

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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length of time to allow rescheduling of power in case of loss of one of these lines. If
onJof the generators is generating 2000 MW and the other 1000 MW, a total of 3000

MW would be deliveredio the load center. For the impedances shown, the three lines

would carry 600, 1600, and L400 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 907o inductive) that bear no direct relationship to transmission ownership,

contracts, thermal limits, or transmission losses.

If, however, a capacitor whose reactance is -5 ohms (O) at the synchronous

frequency is inserted in one line [Figure 1.2(b)], it reduces the line's impedance from

L0 o to j,f}, ro 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,

thermil 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 OOgzsystem). This resonance occurs when one of the mechanical resonance

frequencies of tle shaft of a multiple-turbine generator unit coincides with 60 Hz

-5Ct

2000 MW 3000 MW
load

\e
1000 MW

(d)

Figure L.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.

(c)

1000 MW
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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 a7 A reactor (inductor) in series with
line AB [Figure L2(c)1. 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 7.2(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:

r Thermal
r Dielectric
r 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 an insulation 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 +10Vo 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:

r Transient stability
r Dynamic stability
r Steady-state stability
r Frequency collapse
r Voltage collapse
r 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 DVNAMIC
STABILITY CONSIDERATIONS
OF A TRANSMISSION INTERCONNECTION

Figure 1.3(a) shows a simplified case of power flow on a transmission line. Locations
I 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. Er and E2 are the
magnitudes of the bus voltages with an angle 6'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
Iine is the phasor difference E1 between the two line voltage phasors, El and E2.The
line current magnitude is given by:

I : EylX, and lags Eyby 90"

It is important to appreciate that for a typical line, angle D 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 lvol
10 km, and assuming that a line between two stiff busbars (substations) is 200 km
long, the voltage drop along this line would be 20Vo at full load, and the angle 6 would
be small. If we were to assume, for example, that with equal magnitudes of E1 and E2,
and Xof 0.2 per unit magnitude, the angle dwould be only 0.2 radians or 11.5 degrees.

The current flow on the line can be controlled by controllingEyor Xor d. 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,25Vo,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 SVo 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 700Vo
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 controllinp
ttre powli flow. With appropriate control loops, it can be ur"O for fo*";;;;;;irj
andior angle control for stability.

Figure 1.3(c), corresponding to Figure 1.3(b), shows a phasor diagram of the
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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 E1 is:

Iot: (Ez sin 6)/X

Reactive component of the current flow at ,E1 is:

I,1: (Et - E2cos 6)lX

Thus, active power at the E1 end:

Pr : Er, (E2 sin 6)lX

Reactive power at the .81 end:

Qt: Et (Er - E2cos 6)lX

Similarly, active component of the current flow at E2 rs:

Ipz - (Et sin 6)/X

Reactive component of the current flow at E2 rs:

Iqz: (8, ,81 cos 6)lX

Thus, active power at the E2 end:

Pz: E, (E1 sin 6)lX

Reactive power at the E2 end:

Qz: E, (82 - E1 cos 6)lX

Naturally P1 and P2 a;re the same:

P - E, (E2 sin 6)lX

(1.1)

(r.2)

(1.3)

because it is assumed that there are no active power losses in the line. Thus, varying the
value of Xwill vary P, Q6 and Q2in accordance with (1.1), (1.2), and (1.3), respectively.

Assuming that \ and E2 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 6 to 90 degrees.
Power then falls with further increase in angle, and finally to zero at 6 : 180'. It is
easy to appreciate that without high-speed control of any of the parameters Et Ez,
Et - Ez, X and A 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.El or voltage phasor E2. However, it is seen from Figure 1.3(e) that with change
in the magnitude of .81, the magnitude of the driving voltage phasor Er - Ez does not
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change by much, but its phase angle does. This also means that regulation of the

-ugnitod" of voltage phasor E1 andlor E2has much more influence over the reactive

power flow than the active power flow, as seen from the two current phasors corre-

iponding to the two driving voltage phasors Et - Ez 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 t.S(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:

r Control of the line impedance X (e.g.,with a thyristor-controlled series capaci-

tor) can provide a powerful means of current control'

r When the angle is not large, which is often the case, control of X or the angle

substantially provides the control of active power.

I 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.

r 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

i powerful means of controlling the line current, and hence the active power

when the angle is not large.

r 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

po*Lt flow. This requires injection of both active and reactive power in series.

r 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.
r 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.
r 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
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:

I Series Controllers
t Shunt Controllers
I Combined series-series Controllers
I Combined series-shunt Controllers

Figure L.4(a) shows the general symbol for a FACTS Controller: a thyristor arrow
inside a box.

Series Controllers: lFigure l.a(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 Control/ers: [Figure 1.a(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 tint. fne 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 FIow Contoller 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.

to
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1.6.1 Relative lmportance of Ditferent Types of Gontrollers

It is important to appreciate that the series-connected Controller impacts the

driving voltagl and hence ilie current and power flow directly. Therefore, if the purpose

of the appliJation is to control the current/power flow and damp oscillations, the

series C-ontroller 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 ieactive current (leading or lagging), alone or a combination

of aciive 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

"on.""qo"n"" 
of the voltage drop in series impedances of lines, transformers, and

g"rr"rutor.. Therefore, adding or subtracting the FACTS Controller voltage in series

[main frequency, subsynchronous or harmonic voltage and combination thereof) can

be the moit cost-effe"iiu" *uy of improving the voltage profile. Nevertheless, a shunt

controller is much more effeciive 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 independenily 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 shurit-conn""t"d Controller, because the required MVA sizeof

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, ieries-connected Controllers have to be designed to ride

through contingency and dynamic overloads, and ride through or bypass short circuit

"orr"itr. 
They can Le proticted 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.
Thi above arguments suggist that a combination of the series and shunt Control-

lers [Figures 1.4(etand l.a(f]ian 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 l:a(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

Iurn-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 dc side. However' if the generated

ac voltage or current is required to deviate from 90 degrees with respect to the line

current or voltage, respectfuely, the converter dc storage can be augmented beyond

the minimum required for the converter operation as a source of reaitive 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; fi)
unified series-shunt Controller with storase.

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
1.40)1.
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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

.orr"rpottding Controller without the storage. This has to do with dynamic pumping

of reai po*"iin 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,

Lngineers 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

phasis. 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

"orrrbirr"d 
Controllers, leaving the detailed description of Controllers to their own

specific chapters.' Befori going into a very brief description of a variety of specific FACTS Control-

lers, it is worlh 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 garte turn-off device paralleled by a reverse diode, and a dc

capacitlr as its voltageiout"". As shown in the right-hand side of Figure 1'5(a)' the

cuirent-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

po*ei reversal involves reversal of current, not the voltage. When the storage capacity
-ot 

ttt" 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 Lgging, und ttt" 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 ii any phase relationship to the ac system voltage. The power reversal involves

reversal of voltage and not current. 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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Highlight
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Highlight
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Highlight
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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

Line

(c)

TCR
TSR

Figure 1.5

Filter

Shunt-connected Controllers: (a) Static Synchronous Compensator
(STATCOM) based on voltage-sourced and current-sourced converters;
(b) STATCOM with storage, i.e., 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.

T
TSC

LineLine Line
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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.

Ftexibility of Electric Power Transnissiott- The ability to accommodate changes in the

electric transmission system or operating conditions while maintaining sufficient steady-

state and transient margins.

Ftexibte AC Transmission System (FACTS), Altemating cunent transmission systerns

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 Controllen A power electronic-based system and other static equipment that

prouide control of one or more AC transmission systenx parameters'

1.7.1 , Shunt Connected Controllers

Static Synchronous Compensator (STATCOM): A Static synchronous Senerator oper-

ated as a shunt-connected static var compensator whose capacitiue or inductiue output

current can be controlled independent of the ac system uoltage.

STATCOM is one of the key FACTS Controllers. It can be based on a voltage-

sourced or current-sourced converter. Figure L.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 deflned as:

Static Synchronous Generator (SSG): A static self-commutated switching power con'

uerter supplied from an appropriate electric energy source and operated to produce a set

of adjustable multiphase output uoltages, which may be coupled to an ac power system for
the purpose of exchanging independently controllable real and reactiue 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, uoltage-source conuerters 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 MWHs), 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:

Supercondacting M agnetic Energy Storage (SM ES) : A Sup erco nducting electromagnetic
energy storage deuice containing electronic conuerters that rapidly injects and/or absorbs
real and/or reactiue 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 uar generator or absorber
whose output is adjusted. to exchange capacitiue or inductive current so as to maintain or
control specific parameters of the electrical power system (typically bus uoltage).

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
Iagging 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
tust the MVA size.

Thyristor Controlled Reactor (ICR): A shunt-connected, thyristor-controlled inductor
whose effectiue reactance is uaried in a continuous manner by parti.al-conduction control
of the thvristor ualve.

TCR is 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
effectiue reactance is uaried in a stepwise manner by full- or zero-conduction operation of
the thvristor ualue.
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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 (TSC): A shunt-connected, thyristor-switched capacitor
whose effectiue reactance is uaried in a stepwise manner by full- or zero-conduction operation
of the thyristor ualue.

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 bv IEEE include:

Static Var Generator or Absorber (SVG): A static electrical device, equipment, or system
that is capable of drawing controlled capacitive and/or inductiue current from an electrical
power system and thereby generating or absorbing reactiue 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 uar
generators equipped with appropriate control loops to vary the var output so as to
meet speciflc compensation objectives.

Static Var System (SYS)r A combination of dffirent static and mechanically-switched
uar 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 flring 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 extemal electric energy source as a series compensator whose output uoltage is
in quadrature with, and controllable independently of, the line cutent for the purpose of
increasing or decreasing the ouerall reactiue voltage drop across the line and thereby
controlling the transnxitted electric power. The SSSC may include transiently rated energy

storage or energy absorbing deuices to enhance the dynamic behauior of the power system
by additional ternporary real power compensation, to increase or decrease momentarily,
the ouerall real (resistiue) uoltage 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 Connoller (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 prouide independent reactiue compensation for the adjustment of real
power flow in each line and rnaintain the desired distribution of reactiue power flow anxong

(a)

(b)

Line
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the lines. The IPFC structure rnay also include a STATCOM, coupled to the IFFC's common

dc link, to prouide shunt reactiue compensation and supply or absorb the ouerall real power

deficit of the combined SSSCs.

Thyristor Controlled Series Capacitor (TCSC): A capacitive reactance colnpensator

which consists of a series capacitor bank shunted by a thyristor-controlled reactor in order

to prouide a smoothly uariable series capacitiue 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 L80 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.

Instead of continuous control of capacitive impedance, this approach of switching

inductors at flring 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 inductiue reactance compensator which

consists of a series reactor shunted by a thyristor controlled reactor in order to prouide a

smoothly uarinble 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 L80 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 Capacitor (TSSC): A
consists of a series capacitor bank shunted by a
stepwise control of series capacitiue reactance.

Thy ristor-Switched Series Reactor
consists of a series reactor shunted
prouide a stepwise control of series

cap acitiu e reactance comp ensator which
thyristor-switched reactor to prouide a

€SSR): An inductiue reactance compensator which

by a thyristor-controlled switched reactor in order to
inductiue 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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Unified Power Flow Controller (UPFC): A combination of static synchronous cornpensa-
tor (STATCOM) and a static series cornpensator (SSSC) which are coupled uia 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 prouide
concurrent real and reactiue series line compensation without an external electric energy
source. The UPFC, by means of angularly unconstrained series uoltage injection, is able
to control, concunently or selectiuely, the transmission line uoltage, impedance, and angle
or, alternatiuely, the real and reactiue power flow in the line. The UPFC may also prouide
independently controllable shunt reactiu e comp ens ation.

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
Iine 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 prouide a rapidly uariable 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 actiue and reactiue
power consisting, in each phase, of inductiue and capacitiue branches subjected to separately

SSSC

STATCOM

(b)

Figure 1.7 (a) Thyristor-Controlled Phase-Shifting Transformer (TCPST) or Thyris-
tor-Controlled Phase Angle Regulator (TCPR); (b) Unified Power Flow
Controller UPFC).

3-phase line

#
s3

dc link
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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 inductiue and capacitiue impedance form a conjugate pair,
each terminal of the IPC is a passiue cunent source dependent on the uoltage 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-ControlledVoltageLimiter (TCVL): Athyristor-switchedmetal-oxideuaristor
(MOV) used to limit the uoltage across its terminals during transient conditions.

The thyristor switch can be connected in series with a gapless arrester, or las
shown in Figure 1.8(a)l part of the gapless arrester (10-20Vo) can be bypassed by a

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.

Line

{*

Line
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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 cvcles.

Thyristor-Contolled Voltage Regalator (TCVR): A thyristor-controlled transformer
which can provide uariable in-phase uoltage 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-bv-case basis, one or more
of the following benefits:

r 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.

r 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.

r 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.

I Provide secure tie line connections to neighboring utilities and regions thereby
decreasing overall generation reserve requirements on both sides.

r Provide greater flexibility in siting new generation.
r Upgrade of lines.
r Reduce reactive power flows, thus allowing the lines to carry more active power.
r Reduce loop flows.
r 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

25
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TABLE 1.1 Control Attributes for Various Controllers

FACTS Controller Control Attributes Figure

Static Synchronous Compensator
(STATCOM without storage)

Static Synchronous Compensator
(STATCOM with storage, BESS,

SMES, large dc capacitor)
Static VAR Compensator (SVC,

TCR, TCS, TRS)
Thyristor-Controlled Braking Resis-

tor (TCBR)
Static Synchronous Series Compen-

sator (SSSC without storage)
Static Synchronous Series Compen-

sator (SSSC with storage)
Thyristor-Controlled Series Capaci-

tor (TCSC, TSSC)
Thyristor-Controlled Series Reac-

tor (TCSR, TSSR)
Thyristor- Controlled Phase-Shifting

Transformer (TCPST or TCPR)
Unified Power Flow Controller

(UPFC)

Thyristor-Controlled Voltage Lim-
iter (TCVL)

Thyristor-Controlled Voltage Regu-
lator (TCVR)

Interline Power Flow Controller
(rPFC)

Voltage control, VAR compensation, damping oscillations, volt-
age stability

Voltage control, VAR compensation, damping oscillations, tran-
sient and dynamic stability, voltage stability, AGC

Voltage control, VAR compensation, damping oscillations, tran-
sient and dynamic stability, voltage stability

Damping oscillations, transient and dynamic stability

Current control, damping oscillations, transient and dynamic sta-

bility, voltage stability, fault current limiting
Current control, damping oscillations, transient and dynamic sta-

bility, voltage stability
Current control, damping oscillations, transient and dynamic sta-

bility, voltage stability, fault current limiting
Current control, damping oscillations, transient and dynamic sta-

bility, voltage stability, fault current limiting
Active power control, damping oscillations, transient and dy-

namic stability, voltage stability
Active and reactive power control, voltage control, VAR compen-

sation, damping oscillations, transient and dynamic stability,
voltage stability, fault current limiting

Transient and dynamic voltage limit

Reactive power control, voltage control, damping oscillations,
transient and dynamic stability, voltage stability

Reactive power control, voltage control, damping oscillations,
transient and dynamic stability, voltage stability

1.s(a)

1.s(b)

1.5(c)

1.s(d;

1.5(a)

1.6(b)

1.6(c)

1.6(d)

1.7 (a)

1.7(b)

1.8(a)

1.8(b)
1.8(c)
1.4(d)

1.9

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 beneflts. Table
L.L 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.

lN 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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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.9., 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.

Long distance overhead transmission. If the overhead transmission is long
enough, say 1.000 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 2007o of. the rated transmission capacity).
This distance is known as the break-even distance. This break-euen 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 (about25%o 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 6O }Iz.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 connectins 50 and 60 Hz svstems.

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

l-.

2.
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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,

the cost of a FACTS solution is lower than the HVDC cost, and

the required FACTS Controller capacity is less than, say,l\O%o 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.

t

I
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Installed Costs (millions of dollars)

Throughput MW

2OO MW
5OO MW

1000 MW
2000 MW

HVDC:

r Independent frequency and control
I Lower line costs
o Power control, voltage control,

stability control

EAAIq
o Power control, voltage control,

stability control

HVDC 2 Terminals

$ 40-50 M
75- 1 00

124-170
200-300

FACTS

$ 5-10 M
1 0-20
20-30
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 acldc 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 50Vo 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
Ieverage 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, fllters, 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

37
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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 fllters.
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 Figare2.l.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.L1) 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, (0 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 dep"ttdr 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 devite 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 o'thyristor." Other members of the thyristor or

SCR family have acquired other names based on acronyms. In this book, use of the

term thyriitor is generally meant to be the conventional thyristor.

The thyristor starts conduction in a forward direction when a trigger current

pulse is purr"d from gate to cathode, and rapidly latches on into full conduction with

a low forward voltagl 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 zeto. When the

circuil-eurrent comes to zelo, the thyristor recovers in a few tens of microseconds of

,66"" blocking voltage, following which it can block the forward voltage until the

next turn-on pulse is aPPlied.
Because of their low cost, high efflciency, ruggedness, and high voltage and

current capability, conventional thyristors are extensively used when circuit conflgura-

tion and cost-effective applications do not call for a turn-off capability. Often the turn-

off capability does not offer sufficient beneflts 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 ii 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:

t 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 ionducting mode (latched mode) with a low forward voltage drop,

when a turn-on curr-ent 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 apptied to the gate in reverse direction. with an adequate turn-off pulse,

tne CfO rapidly iurns off and recovers to withstand the forward voltage and

be ready for th; 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, wniJtr'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.

t Mos rurn-offThyristor (MTo, Section 2.g), invented at Silicon power corpo-
ration (sPCo) by Harshad Mehta, uses transistors to assist in turn-off ind
achieves fast turn-off capability with low turn-off switching losses. This device
has been commercially introduced only recently, and has i good potential for
use in the medium- to high-power industrial and FACTS Controllers.

t 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.

t Integrated Gate-commutated rhyristor (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 diviceslave also been commercially
introduced recently and have a good potential for application in industrial and
FACTS Controllers.

t Mos-controlled rhyristor (MCT, Section 2.r2), invented by victor Temple
at GE, is the near ultimate in thyristor device, which includes integrated MbS
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 ehapty include the diode, transistor, MosFET, thyristor, GTO, MTo,
ETO, IGCT,IGF|4, and the MCT.

2.2 PRINCIPAL HIGH-POWER DEVICE CHARACTERISTICS
AND REQUIREMENTS

2.2.1 Voltage and Gurrent 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 metali and insulators. DJping with
impurities can alter its conduction characteristics. With doping, the number of cirriers
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 curreni and voltase
capabilities are interchangeable, as mentioned above. A larger diameter naturaiiy
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 OOOO-
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 diffeient devices.
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2.2.2 Losses and Speed of Switching

Apart from the voltage withstand and current-carrying capabilities, there are

rnuny 
"Latucteristics 

that are important to the devices. The most important among

these are:

r Forward-voltage drop and consequent losses during full conducting state (on-

state losses). iott"t have to be rapidly removed from the wafer through the
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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-g 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 seriei for hlgh-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 curr-ent, 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 hlat 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 cottrid"i ill 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.
rAs dictated bv the market needs of converters (discussed in Chapter 3: Voltage-

Sourtred Conuerteri),most of the devices made with turn-off capability, are made with

oo ,qlu"rr" 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 Conuerters, 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.
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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 du ldt just after turn-off, and from i
fully nonconducting to a fully conducting state (turn-on) with corresponding
high dildt during the turn-off are very important parameters. They dictate the
size, cost, and losses of snubber circuits needed to soften high duldt and,
dildt, ease of series connection of devices, and the useable device current and
voltage rating.

r 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 H4 to even a few kilo-llz 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.

r 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 poweisupply
can be /igher than the device itself. The size of all components that accompany
a powdr 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 2vo (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 40Vo ofthe purchase price ofthe converter itself. Therefore
the efficiency of a complete FACTS controller of several hundred MW rating
needs to be better than 98vo and the converter valve losses have to be less
than 1-7o.

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 100oC, with safe switching characteristics and

adequate marginlor the overload and short circuit currents. More often than

not,lault current determines the normal useable rating of the devices. Higher

losses mean higher cost of packaging, further losses and cost in disposing

the thermal loJses 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 fiom the starting material to the finished product and including the quality

of the electric power .uppty in the production plant. All power devices for high-power

Controllers are individuaily tested, as is the practice with HVDC converters, and their

record kept for future replacement service.

epait from the traie-off between voltage and current capability, other trade-

off parameters include:

power requirements for the gate

dildt capability

du ldt capabilitY

turn-on time and turn-off time

turn-on and turn-off capability (so-called Safe Operating Area [SOA])

unifolmity of characteristics

qua#ty of starting silicon wafers

clas$ of clean environment for manufacturing of devices, etc.

Advanced design and processing methods have been developed and continue to be

developed. GGn the iarge 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 "o-*on 
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 switchirrg .p"Ld, switching losses, size, and cost of snubber circuits and

associated losses, utrruily 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 ihe pickaging cost, does not really serve the need for integration,

which should itart with th6 device wafer and its gate driver. It is with this intent that

the u.S. Office of Naval Research (oNR), undertook a powel electronics program

I

I

I

I

I

I

t

I
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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 fixnaces. 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 twp types of impurities for implantation in silicon wafers: donor and
acceptor. Phosph/rus is a donor because it has five electrons as against four for silicon.
So when a phogfhorus 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 fllled 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 ofphosphorus. 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 fllled 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 1010-1013/cm3 over a range of about OoC 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
I012lcm3, 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, or an overall basis

may well be diodes.
A diode is a single junction device

almost half of the devices used in FACTS

of p and n layers in a silicon wafer [Figure
2.2(b)1.

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

Cathode

?
IA
I

Anode

(a) (b)

Cathode

Anode

Cathode

Anode

Figure 2.2 Dtode: (a) diode symbol, (b) diode structure, and (c) diode structure.
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conduction process across a p-n junction (a diode), the carrierc 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
sicie to the n side. Once the small electric fleld barrier caused by diffusion is overcome
with a small voltage of less than L 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

47



4E Chapter 2 I Power Semiconductor Devices

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 a"ror. 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 wheie 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 carrieri, is to avoidthe 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 ,"u"rr" uoitug" rating, it allows reduction of the thickness of the n-

layer 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 conloured (physically and with doping profile) and insulated to prevent

edge flashover. This^is n"""ttuty because the breakdown level of the atmosphere

arJund 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 Uoot. ttre device is packaged to provide sealed and rugged

wafer containment with adequate external insulation between anode and cathode

and good thermal contact beiween 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'

Uiually, in application circuits, when the current comes to zero after conduction,

voltage across the diode jumps to some negative value. This causes some reverse

"u.r"nt 
to flow for a shoritime (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 (Section2'7.1),

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 dir"o.."d here. Improved diodes in terms of low reverse turn-off current

wili have a signiflcant leverage on the voltage-sourced converter cost.

2.5 TRANSISTOR

The transistor is a familY
the transistor are covered
are better understood.

of three layer (with two junctions) devices. Some basics of

in this section so that the concepts of high-power devices

The transistor is equivalent
tions to one another. Thete are

to two p-n diode junctions stacked in opposite direc-

two types of transistors:
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1. 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 *id", 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 collecior
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 iow doping of the
p layer. Now if another small external voltage is applied to the gate, with th" gut"
positive with respect to the emitter, electrons flow from the n+ "-itt", to the p 6'ur"
(current from the gate to the emitter). As the electrons flow from the n+ emiiter 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 bv the arrow in
Figure 2.3(d).

Because the injected electron ftom n+ layer is a function of the base current,

Collector Base
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Emitter
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Emitter
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Figure 2,3 Transistor: (a) transistor symbol
(pnp), (b) pnp structure, (c) transistor symbol
(npn), and (d) npn structure.
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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

darlin gto n transistors.

Figure 2.4 Transistor voltage-current charac-

teristic for different values of base current.
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Emitter Figure 2.5 Transistor with amplifying stage.
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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 Figure2.4;however, the base current is replaced by the gate voltage.

Ll

ir
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 23,is a three-junction, four-layer device shown by its symbol

in Figure 2.7(a) indstructure 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 zeto'
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 iurn-oif 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)l it
starts to Conduit. 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

itrrougtr 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.

Cathode

Cathode Gate Cathode Gate

Anode

(a) (b) (c)

Anode

(d)

Figure 2.7 Thyristor:
structure,

(a) thyristor symbol, (b) thyristor structure, (c) two-transistor

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 currenl 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 thydstor
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 (duldt)
can also turn on the device. This happens because the capacitive coupling of the

cathode to the gate and high duldt 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

3-5Vo, i.e., 30 A, for only L0 ;r,sec for a L000 A device, the gate current required for
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(a)

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 30-50Vo, i.e., 300 A or larger for 20-50 g.sec. The voltage
required to drive the high-current pulse is low (about 10-20 V), and being a pulse of
20-50 psec 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 50Vo compared to a
thyristor. Therefore a GTO's forward voltage drop is abott 50Vo higher than for a
thyristor but still 50Vo 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,
dildt, duldt, 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 asymrnetric GTOs.

Like a thyristor, the continuous operating junction temperature limit is about
100oC, 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

(c)
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Anode

Cathode

Cathode
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Figure 2.10 A77 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,
is important to appreciate the turn-on
stresses and losses. Figure 2.11 shows

GTOs also have high switching losses and it
and turn-off process with associated device
simplified waveforms for turn-on and turn-

off process.
For turn-on, a 10 psec current pulse of >5Vo of the load current and with a fast

rise time limited largely by the gate circuit inductance is applied from the gate to
cathode. Howevet, 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.L1. 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 0.5Vo 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 307o 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 signiflcant

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 signiflcant 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 signiflcant 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
dildt and duldt 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 hundredHz), 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.



58

2.8 MOS TURN-OFF THYRISTOR (MTO)

Chapter 2 I Power Semiconductor Devices

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.I2),the
MOS structure is not implanted on the entire device surface, but instead the MOSFETs
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 signiflcantly 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.L2 MOS Turn-Off (MTO) thyristor: (a) MTO symbol, (b) MTO structure,
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Figure 2.13 A 50 mm diameter MOS Turn-Off thyristor (MTO9, 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 MOSFETs 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.l

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-L0 psec 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 L5 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, (l-2 psec as against 20-30 psec) and the losses

corresponding to the storage time are almost eliminated. This also means high duldt,
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 2.11is 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-
lavers of a GTO.

2.9 EMITTER TURN-OFF THYRTSTOR (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 2.1.4. 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-MOSFETs 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:
equivalent circuit.

(b)
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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.

2.10 TNTEGRATED GATE-COMMUTATED THYRTSTOR (GCT
AND |GCT)

The gate-commutated thyristor (GCI) 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 g,sec 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.L6.

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/p,sec with gate-cathode voltage of
20 V. In 1 psec 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

Diode

Anode

Figure 2.I5 IGCT structure with a Gate-Commutated Thyristor and a reverse diode.
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Figure 2.!6 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 4OVo, 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 duldt, 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.

2,11 TNSULATED GATE BTPOLAR TRANSTSTOR (!GBT)

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,L7 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, IGBTs
are made in sizes of about 1 cm2. 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.

2.12 MOS-CONTROLLED THYRISTOR (MCT)

An MOS Controlled Thyristor (MCT) incorporates a MOSFETIike 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
respect to the cathode, current flows
transistor, which turns on and leads to
the same gate voltage is also applied
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 devi-ce 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 iime). nurthermore,
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.

z.LZ t Mos-Controlled Thyristor (MCT) 65

application of positive voltage to the gate with
from the anode to the base of the lower npn
the latched turn-on of the thyristor. As shown,
to the base of the p-FET, which ensures that
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Voltage-Sourced
Converters

3.1 BASIC CONCEPT OF VOLTAGE-
SOURCED CONVERTER

Discussion of FACTS Controller concepts in Chapter 1 conveyed that the voltage-
sourced converter is the building block of STATCOM, SSSC, UPFC, IpFC, and
some other Controllers. Therefore, this converter is generically discussed in this
chapter.

It was explained in Chapter 2 that the so-called conventional thyristor device
has only the turn-on control; its turn-off depends on the current coming to zero as
per circuit and system conditions. Devices such as the Gate Turn-Off Thyristor (GTO),
Integrated Gate Bipolar Transistor (IGBT), MOS Turn-off rhyristor (MTo), and
Integrated Gate-Commutated Thyristors (IGCT), and similar devices have turn-on
and turn-off capability. These devices (referred to as turn-off devices) are more expen-
sive and have higher losses than the thyristors without turn-off capability; however,
turn-off devices enable converter concepts that can have significant overall system cost
and performance advantages. These advantages in principle result from the converters,
which are self-commutating as against the line-commutating converters. Compared to
the self-commutating converter, the line-commutating converter must have an ac
source connected to the converter, it consumes reactive power, and suffers from
occasional commutation failures in the inverter mode of operation. Therefore, unless a
converter is required to function in the two lagging-current quadrants only (consuming
reactive power while converting active power), converters applicable to FACTS Con-
trollers would be of the self-commutating type. There are two basic categories of self-
commutating converters:

L.

2.

Current-sourced converters in which direct
and the power reversal takes place through
Voltage-sourced converters in which the dc
and the power reversal takes place through

current always has one polarity,
reversal of dc voltage polarity.
voltage always has one polarity,
reversal of dc current polarity.

Conventional thyristor-based converters, being without turn-off capability, can only
be current-sourced converters, whereas turn-off device-based converters can be of
either type.
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For reasons of economics and performance, voltage-sourced converters are often
preferred over current-sourced converters for FACTS applications, and in this chapter
various self-commutating voltage-sourced converter concepts, which form the basis
of several FACTS Controllers, will be discussed.

Since the direct current in a voltage-sourced converter flows in either direction,
the converter valves have to be bidirectional, and also, since the dc voltage does not
reverse, the turn-off devices need not have reverse voltage capability; Such turn-off
devices are known as asymmetric turn-off devices. Thus, a voltage-sourced converter
valve is made up of an asymmetric turn-off device such as a GTO [as shown in Figure
3.1(a)] with a parallel diode connected in reverse. Some turn-off devices, such as the
IGBTs and IGCTs, may have a parallel reverse diode built in as part of a complete
integrated device suitable for voltage-sourced converters. However, for high power
converters, provision of separate diodes is advantageous. In reality, there would be
several turn-off device-diode units in series for high-voltage applications. In general,

Turn-off
device

Diode

dc side

Active and reactive
ac power

(a)

(c)

Single valve operation

Figure 3.1 Basic principles of voltage-sourced converters: (a) Valve for
sourced converter; (b) Voltage-sourced converter concept;
valve operation.

a voltage-
(c) Single-

r-\x+
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the symbol of one turn-off device with one parallel diode, as shown in Figure 3.1(a),
will represent a valve of appropriate voltage and current rating required for the con-
verter.

Within the category of voltage-sourced converters, there are also a wide variety
of converter concepts. The ones relevant to FACTS Controllers are described in this
chapter. There are some converter topologies that are suitable for supplying and
consuming reactive power only and not for converting active power; they are not
discussed in this chapter.

Figure 3.1(b) shows the basic functioning of a voltage-sourced converter. The
internal topology of converter valves is represented as a box with a valve symbol
inside. On the dc side, voltage is unipolar and is supported by a capacitor. This capacitor
is large enough to at least handle a sustained charge/discharge current that accompanies
the switching sequence of the converter valves and shifts in phase angle of the switching
valves without significant change in the dc voltage. For the purposes of discussion in
this chapter, the dc capacitor voltage will be assumed constant. It is also shown on
the dc side that the dc current can flow in either direction and that it can exchange
dc power with the connected dc system in either direction. Shown on the ac side is
the genefated ac voltage connected to the ac system via an inductor. Being an ac
voltage source with low internal impedance, a series inductive interface with the ac
system (usually through a series inductor and/or a transformer) is essential to ensure
that the dc capacitor is not short-circuited and discharged rapidly into a capacitive
load such as a transmission line. Also an ac filter may be necessary (not shown)
following the series inductive interface to limit the consequent current harmonics
entering the system side.

Basically a voltage-sourced converter generates ac voltage from a dc voltage. It
is, for historical reasons, often referred to as an inverter, even though it has the
capability to transfer power in either direction. With a voltage-sourced converter,
the magnitude, the phase angle and the frequency of the output voltage can be con-
trolled.

In order to further explain the principles, Figure 3.1(c) shows a diagram of a
single-valve operation. DC voltage, v6, is assumed to be constant, supported by a
large capacitor, with the positive polarity side connected to the anode side of the turn-
off device. When turn-off device 1 is turned on, the positive dc terminal is connected
to the ac terminal, A, and the ac voltage would jump to +vd. rf the current happens
to flow from +V, to A (through device 1), the power would flow from the dc side to
ac side (inverter action). However, if the current happens to flow from ,4 to +Vd it
will flow through diode 1' even if the device L is so called turned on, and the power
would flow from the ac side to the dc side (rectifier action). Thus, a valve with a
combination of turn-off device and diode can handle power flow in either direction,
with the turn-off device handling inverter action, and the diode handling rectifier
action. This valve combination and its capability to act as a rectifier or as an invetter
with the instantaneous current flow in positive (ac to dc side) or negative direction,
respectively, is basic to voltage-sourced converter concepts.

3.2 SINGLE.PHASE FULL.WAVE BRIDGE
CONVERTER OPERATION

Although FACTS Controllers will generally utilize three-phase converters, a single-
phase, full-wave bridge converter may also be used in some designs. In any case, it is



7A Chapter 3 I Voltage-Sourced Converters

important to first understand the operation of a single-phase bridge converter and
operation of a phase-leg to further understand the principles of voltage-sourced con-
verters.

Figure 3.2(a) shows a single-phase full-wave bridge converter consisting of four
valves, (1-1') to (4-4'), a dc capacitor to provide stiff dc voltage, and two ac connection
points, a and b. The designated valve numbers represent their sequence of turn-on
and turn-off. The dc voltage is converted to ac voltage with the appropriate valve
turn-on, turn-off sequence as explained below.

As shown by the first waveform of Figure 3.2(b), with turn-off devices 7 and 2
turned on, voltage uo6 becomes *V4fot one half-cycle, and, with 3 and 4 turned on
and devices 1, and2 turned otf, uo6 becomes -Vafor the other half-cycle. This voltage
waveform occurs regardless of the phase angle, magnitude and waveform of the ac
current flow. The ac current is the result of interaction of the converter generated ac
voltage with the ac system voltage and impedance. For example, suppose that the
current flow from the ac system, as shown by the second waveform, is a sinusoidal
waveform io6, angle 0, leading with respect to the square-wave voltage waveform.
Starting from instant fi, it is seen from the circuit and the waveform that:

1. From instant \ to t2, with turn-off devices 1 and 2 on and 3 and 4 off, uo6 is

positive and io6 is negative. The current flows through device 1 into ac phase

a, and then out of ac phase b through device 2, with power flow from dc to
ac (inverter action).

2. From instant t2 to fi, the current reverses, i.e., becomes positive, and flows
through diodes 1'and 2'with power flow from ac to dc (rectifier action).
Note that during this interval, although devices l and2 are still on and voltage
uo6is *Va, devices 1, andZ cannot conduct in a reverse direction. In reality.
devices 1, andZ are ready to turn on by turn-on pulses when required by the
direction of actual current flow.

3. From instant ftto ta, devices 1 and2 are turned off and devices 3 and 4 are
turned on, thereby uo6 becomes negative while lo6 is still positive. The current
now flows through devices 3 and 4 with power flow from dc to ac (inverter
action).

4. From instant tato t5, with devices 3 and 4 still on, and L and 2 off, anduo,
negative, current io6 r€verses and flows through diodes 3' and 4' with power
flow from ac to dc (rectifier action).

From instant /5, the cycle starts again as from I with devices 1 and 2 turned on and
3 and 4 turned off. Table 3.1 summarizes the four operating modes in a cycle.

Figure 3.2(b) also shows the waveform of current flow i4 in the dc bus with the
positive side flowing from ac to dc (rectifier action), and the negative side flowing
from dc to ac (inverter action). Clearly the average dc current is negative. The current

I contains the dc current and the harmonics. The dc current must flow into the dc

system and for a large dc capacitor, virtually all of the harmonic current will flou
through the capacitor. Being a single-phase, full-wave bridge, the dc harmonics have

an order of 2k,wherc k is an integer, i.e.,2nd,4th, 6th, . . ., all of the even harmonics
Voltage across valve 1-L' is shown as the last waveform in Figure 3'2(b).
The relationship between ac voltage and current phasors is shown in Figure

3.2(c), showing power flow from ac to dc with a lagging power factor.



id€

+Va +Va

ac voltage

-vd

I

f1
I

f6

vl-t

(b)

ac current

dc current

Valve voltage

(c)

Figure 3.2 Single-phase, full-wave, voltage-sourced converter: (a) Single-phase, full-
wave circuit; (b) Operation waveform; (c) Phase relationship between
current and voltage.
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TABLE 3.L Four Operating Modes in One Cycle of a Single-Phase Converter

Devices Voo Current Flow Conducting Devices Conversi: -

&2 on,3 &
&2 on,3 &
&2 off,3 &
&2 off,3 &

4 off
4 off
4on
4on

Positive
Positive
Negative
Negative

Negative
Positive
Positive
Negative

t &2
r'&2'
3&4
3',&4',

Inverte:
Rectifi.
Inverte:
Rectifi.

3.3 STNGLE PHASE-LEG (POLE) OPERATION

Now consider operation of just one-leg (single-pole) circuit shown in Figure 3.3, in
which the capacitor is split into two series-connected halves with the neutral point of
the ac side connected to the midpoint N of the dc capacitor. With the two turn-off
devices alternately closing/opening, the ac voltage waveform is a square wave with
peak voltage of Val2. Note that when two phase-legs are operated in a full-wave bridge
mode, Figure 3.2(b), the ac square wave is the sum of the two halves of Figure 3.3(b),
giving a peak voltage of Va.In a full-wave circuit, the neutral connection is no longer
needed, because the current has a return path through the other phase-leg.

It should now be obvious that:

1. AC current and voltage can have any phase relationship, that is, the converter
phase angle between voltage and current can cover all four quadrants, i.e.,

act as a rectifler or an inverter with leading or lagging reactive power. This

+vdl2 +vdl2

-vdl2

Figure 3.3 (a) One-phase-leg circuit; (b) Output ac voltage.

+vdl2

-vdl2
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assumes that there is a dc and an ac system connected on the two sides of
the converter, as in Figure 3.1(b), to exchange real power. If the converter is
used for reactive power only then there is no need for the dc system and the
converter will terminate at the dc capacitor.
The active and reactive power can be independently controlled with control
of magnitude and angle of the converter generated ac voltage with respect
to the ac current.
Diodes carry out instantaneous rectifier function, and turn-off devices carry
out instantaneous inverter function. Of course, each ac cycle is made up of
periods of rectifier and inverter actions in accordance with the phase angle,
and the average current determines the net power flow and hence the net
rectifier or inverter operation. When the converter operates as a rectifier with
unity power factor, only diodes are involved with conduction, and when it
operates as an inverter with unity power factor, only turn-off devices are
involved in conduction.
When any turn-off device turns off, the ac bus current is not actually interrupted
at all, but is transferred from a turn-off device to a diode when the power factor
is not unity, and to another turn-off device when power factor is unity.
Turn-off devices 1. and 4 (or turn-off devices 2 and 3) in the same phase-
leg are not turned on simultaneously. Otherwise this would cause a "shoot-
through" (short circuit) of the dc side and a very fast discharge of the dc
capacitor through the shorted phase-leg, which will destroy the devices in that
phase-leg. In a phaseJeg, when one turn-off device is on, the other is off. The
gate control is arranged to ensure that only one of the two devices in a phase-
leg receives a turn-on pulse, and that the current in the other device was
indeed zero. Regardless, sensing and protection means are provided, usually
to ensure safe shutdown of the converter.
Each phase-leg is independently capable of operating at any frequency or
timing with the two valves in a leg alternately switching.
In principle, any number of phase-legs can be connected in parallel and each
operated independently although being connected to the ac system, there is
a need to have appropriate sequence and system interface through transform-
ers in order to achieve the desired converter performance.
It is important to note that turn-on and turn-off of the turn-off devices establish
the voltage waveform of the ac bus voltage in relation to the dc voltage, and
do not necessarily conduct current if the direction of current flow results in
a corresponding diode to carry the current.

Operation of each phase leg is further discussed in Section 3.6.

3.4 SOUARE.WAVE VOLTAGE HARMONICS FOR A
SINGLE.PHASE BRIDGE

The square wave, shown in Figure 3.2(b) as the ac voltage uo6, has substantial harmonics
in addition to the fundamental. These harmonics are of the order 2n -r L where n is
an integer, i.e., 3rd, 5th, 7th . . . The magnitude of the 3rd is 1/3rd of the fundamental,
the 5th is 1/5th of fundamental, and so on.

As mentioned earlier, an inductive interface with the ac system (usually through
an inductor and/or transformer) is essential to ensure that the dc capacitor does not
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discharge rapidly into a capacitive load such as a transmission line but it is also essential
to reduce the consequent harmonic current flow. Generally, an ac filter would be
necessary following the inductive interface to limit the consequent current harmonics
on the system side although the filters will only increase the harmonic current in
the converter itself. It would therefore be preferable if the converter generated less

harmonics so that it does not require ac fllters in the first place.
Integration of the waveform in Figure 3.2(b) gives the rms value of the square-

wave ac voltage with a peak voltage of V6:

Voa:

which includes the fundamental and the harmonics. The fundamental and individual
harmonics are given by

l|r,t [,o,,,

un:|v;[;,",,,t]

-:cos 3att. I cos So,t - +

which gives

fot n: L,3,5,7....

and its rms value given by

v':L2V2 vd
NT

Thus, the rms fundamental component of a square wave ac voltage uo6 is

vr:2fi va: o.9va
7l

and the magnitude of each voltage harmonic is llnth of the fundamental. These voltage
harmonics will cause current harmonics to flow into the system, the magnitude of each
determined by the system impedance. It is therefore essential to provide an inductive
interface followed by shunt capacitive filters if necessary. Since for the nth harmonic
the voltage is 1.lnth the fundamental voltage and the inductive impedance is n times
the fundamental frequency impedance, it follows that lower frequency harmonics are
the biggest concern.

3.5 THREE.PHASE FULL.WAVE BRIDGE CONVERTER

3.5.1 Converter Operation

Figure 3.4(a) shows a three-phase, full-wave converter with six valves, (1-1') to
(6-6'). The designated order 1 to 6 represents the sequence of valve operation in
time. It consists of three phase-legs, which operate in concert,l20 degrees apart. The
three phase-legs operate in a square wave mode, in accordance with the square wave
mode described in the section above and with reference to Figure 3.3. Each valve
alternately closes for L80 degrees as shown by the waveforms u6,u6, zrrd u. in Figure
3.4(b). These three square-wave waveforms are the voltages of ac buses a, b, and c

Vza dat : Va
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with respect to a hypothetical dc-capacitor midpoint, N, with peak voltages of *valT
and -Val2. The three phase legs have their timing 120 degrees apart with respect to
each other in what amounts to a 6-pulse converter operation. Phase-leg 3-6 switches
120 degrees after phase-leg7-4, and phaseJeg 5-2 switches 120 degrees after phase-
leg 3-6, thus completing the cycle as shown by the valve close-open sequence.

Figure 3.4(b) also shows the three phase-to-phase voltages ; n abt t) bc, and u 6", where
uab: l)o - ub,ub": ub u", and u"o: t)" - uo. It is interesting to note that these phase-
to-phase voltages have 120 degrees pulse-width with peak voltage magnitude of Va.
The periods of 60 degrees, when the phase-to-phase voltages are zero, represent the
condition when two valves on the same side of the dc bus are closed on their dc bus.

For example, the waveform for uo6 shows voltage tr/a when turn-off device 1
connects ac bus a to the dc bus +VdlZ, and turn-off device 6 connects ac bus b to the
dc bus -V612, giving a total voltage uab : ua - ub : V;. It is seen that 120 degrees
later, when turn-off device 6 is turned off and turn-off device 3 is turned on, both ac
buses, a and b, become connected to the same dc bus *val2, giving zero voltage
between buses a and b. Another 60 degrees later, as turn-off device 1 turns off, and
turn-off device 4 connects bus a to -valL, u,6 becomes -Ya. Another r20 degrees
later, turn-off device 3 turns off, and turn-off device 6 connects bus b to -vdlz, giving
uot: 0. The cycle is completed when, after another 60 degrees turn-off device 4 turns
off, and turn-off device L turns on. The other two voltages n6, afid u,o have the same
sequence L20 degrees apart.

As mentioned earlier, the turn-on and turn-off of the devices establish the wave-
forms of the ac bus voltages in relation to the dc voltage, the current flow itself is the
result of the interaction of the ac voltage with the ac system. Also as mentioned earlier,
each converter phase-leg can handle resultant current flow in either direction. Figure
3.4(b) shows an assumed ac current l, in phase a, with positive current representing
current from the ac to the dc side. For simplicity, the current is assumed to have
fundamental frequency only. From pointtlto t2,for example, phase a current is negative
and has to flow through either valve 1-1' or valve 4-4'.It is seen, when comparing
the phase a voltage (top curve) with the waveform of the phase a current, that when
turn-off device 4 is on and turn-off device 1 is off and the current is negative, the

+vdl2

-vdl2

Figure 3.4 Operation of a three-phase, full-wave voltage-sourced converter: (u)
Three-phase, full-wave converter; (b) AC waveforms of a three-phase,
full-wave converter; (c) DC current waveforms of a three-phase, full-
wave voltage-sourced converter.
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+V612

1 1

4 4
Phase-to-dc midpoint voltage

-vdlz
+V612

-vd12

+V612

-vdl2

1,3

/ Phase-to-phase voltage

| | lr
/1',

"\'
T

^
(' tr/ \1 1/ \'

+V616

vn Neutral voltage

-vd 16

+2Va 13

+V613
Phase-to-neutral voltage

-vd 13

va

V6

vc

Vab = Va- Vb

Vbc = Vb- Vc

Vca = Vc- Va

Phase current

(b)

3 3

6 6

5 5

2 2

Figure 3.4 Continued

Valve voltage



/ TI ltI
"/

/
,,/ 

l^ /

Section 3.5 r Three-Phase Full-Wave Bridge Converter 77

dc current from Phase a

dc current from Phase b

dc current from Phase c

Total dc bus current

dc current with unity
power factor inverter
operation

Figure 3.4 Continued

current would actually flow through diode 4'. But later, say from point t2 to /3, when
device 4 is turned off and device 1 is turned on, the negative current flows through
device 1., the current having transferred from diode 4' to device 1. Figure 3.4(a) shows
the current flow path during t1-t2; the current coming out of phase b flows through
device 6, but then part of this current returns back through diode 4' into phase a, and
part goes into the dc bus. The dc current returns via turn-off device 5 into phase c.
At any time, three valves are conducting in a three-phase converter system. In fact
only the active power part of the ac current and part of the harmonics flows into the
dc side as illustrated in Figure 3.4(c) and further explained later in this section.

3.5.2 Fundamental and Harmonics for a Three-Phase
Bridge Gonverter

It should be noted that the square wave waveforms of n o, u 6, &nd u" are the phase
terminal voltages with respect to the hypothetical midpoint N of the dc voltage and
not the neutral point of the ac side. These voltages would be phase-to-neutral ac
voltages only if the ac neutral is physically connected to the midpoint of the dc voltage,
in which case the converter would in effect become a series connection of two three-

A A A
t./

/ /
6

A, A A t
"/

/ / '-/
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@.7)\

For all the triplen harmonics (i.e., 3rd, 9th ...), the multipliers 3, 9 . . . in the terms

r ?!\cos 3 
[orr -t3 l,
| 2n\cos9\rrrt*i1,"t".

reduce these terms to cos 3 orf, which means that all the triplen harmonics of all three
phases are in phase.

Since the ac neutral in a bridge converter is floating, it is necessary to work out
phase-to-neutral voltages, which appear across the transformqr secondaries. If it is

assumed that the three phases are connected to a wye transformer secondary with
floating neutral, then the floating neutral will acquire a potential with respect to the
dc midpoint which is one-third of the sum of all three voltages of phase terminals a,

b, and c. Figure 3.4 shows thatu,is a square-wave of magnitude Val6with three times
the frequency, i.e., it has all the 3n harmonics of the terminal voltages.

Subtracting un from the phase terminal voltages with respect to dc neutral give
the phase voltages across the wye-connected transformer secondaries, as shown only
for uon, phase a to transformer neutral voltage in Figure 3.4(b). It consists of steps of
V613, a six-pulse waveform free from 3n harmonics. It now has harmonics of only the
order of 6n + 1., i.e., 5th, 7th, 11th, 13th, etc. Waveforms u6a ofld u., would be the
same except phase shifted by 120 degrees and240 degrees, respectively, from u,n. Note
that the ac phase-to-neutral voltages are still in phase with the ac phase to dc neutral
voltages, i.e.,uoy anduon are in phase. The only difference between ualy ood uo, is that
uon is with the triplen harmonics of uo,.

4lvd\f t 1 I 1 .^ "l

u*: i\Zi L*. 
at + 

|cos5ar/ - icos 
rt - icos 11orl + 

ftcos 13orr +...1

The phase-to-phase waveform uo6 shown in Figure 3.a(b) is also a six-pulse waveform,
but of different waveshape than u on. Apart from the observation that u o6 is a two-level
voltage with 0 or Vl and u- is a three-level voltage with levels of.0,Il3 V6, and2l3
Va, comparison of waveforrnS u,6 and uon shows that the two are phase shifted and uo6

is larger than V*. Being phase-to-phase voltage, fundamental component of uo6 is

phase shifted by 30", and its amplitude is V3 times the uon.

pulse three-phase half-wave converters and not a six-pulse three-phase full-wave con-
verter.

For a square wave with amplitude of V612, the instantaneous values of uo, u6,

and u. based on Fourier analysis are given by

4(v\r t ,1 1 ., 
-l

,":;(Zu)L*. ,, -;cos3ar/ + 
icos5orr - icosorr 

+ ...l

z6 is obtained by replacing @t by

(,'-+)
and z, is obtained by replacing at by
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The rms value of the phase-to-phase voltage (120 degrees, square wave with an
amplitude of Iza) is given by

The value of
voltage is given by

z\tr _ l-
l)ab: TIL

The rms valu

I

l1 f +rt3
V - ^ l! I'"''^V?t dat : \fr. * Vil\n: 0.81 6Vo

V 7T J -nll (' -----

the fundamental and harmonic components of the phase-to-phase

- icos 5,;lt.+cos 7an- 
#cos 1.1,at *

the fundamental is given by

v, :Yva: o.78va

compared to the total rms uutue lin"tudrrry nur-onics) of 0.81.6 Vd.
Individual harmonic voltage is given by

V": Vtln

The value of fundamental and harmonic component of the phase-to-neutral
voltage is given by

t. f .1 - | - 1 1 ,- Iu* : i% lcos 
at +'rcos 5<rrl - icos 

Tatt - .,'cos 
LLarf + fi cos 13orr + . . .l

Note that both uo6 and t)on are defined above with their own zero reference and
in fact the two are 30 degrees out of phase.

Figure 3.4(c) shows the dc side current waveforms. Consider first the waveform
lo for current in phase a, shown in Figure 3.4(b), this current flows through the phase-
leg with valves 1-1 ' and 4-4'. Reversing the waveform sections of the valve 4-4' gives
the dc current contribution of the phase-leg a, to the total current in the dc bus on
converter side of the dc capacitors, as shown by the top waveform in Figure 3.a(c).
Contribution of current from the other two phaseJegs is shown by the next two
waveforms in Figure 3.a(c). Adding up the three currents gives the total dc current
la in the dc bus, as shown by the third waveform of Figure 3.a(c). It consists of direct
current component and harmonics of the order of n : 6k, i.e., 6th, 12th, 1gth. . . . The
direct current component of this current is given by:

Io: (3t/21fl l cos 0 : 1..35 l cos d

where 1 is the rms ac phase current and 0 is the power factor angle. The current is
maximum at 1.35 | when power factor is unity and changes from *1.35 I to -1..35 I,
and vice versa, as the angle changes from full rectification to inversion of power.

Nth-harmonic current is at its minimum when power factor is unity and corre-
sponds to

I nl I 6^ : tD.t 1n' - L), where l, is the peak value of the dc bus current

and increases to maximum when power factor is zero and corresponds to

IJ Ia^: \/2nl(n2 - 1)
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The higher the n, the lower is the harmonic amplitude, and clearly the three-
phase, full-wave converter has much lower harmonics than the single-phase, full-wave
converter because of the elimination of low-order and other harmonics, particularly
the second harmonic. However, even in a six-pulse operation, the second harmonic

will reappear during ac voltage unbalances, and the system needs to be designed to
suppress and/or ride through low frequency harmonics during ac system faults and

other reasons for system unbalance.

3.6 SEQUENCE OF VALVE CONDUCTION PROCESS IN
EACH PHASE.LEG

It is necessary to discuss the operation of each phase-leg in greater detail, in order to
relate to a variety of converter topologies.

It is clear from the discussion in the sections above, that each phase-leg operates

independently, and involves alternate turn-on and turn-off of the devices. For instanta-
neous current (power) flow from ac to dc, the current flows through the diodes, and,

for instantaneous curfent (power) flow from dc to ac, the current flows through the

turn-off devices. Figure 3.5 shows an ac voltage waveform of one phase-leg (with
respect to the dc midpoint), with a varying phase angle with respect to an assumed

sinusoidal current flow. It is not important to be concerned about where the current
is going on the ac or dc sides, because in a complete circuit there will be other phase-

legs and ac and dc system connections for a complete current loop.
The ac voltage waveform represents at the start an inverter with a unity power

factor for a one-cycle segment. It then makes a phase delay of 60 degrees to show

the operation for the next one cycle of inverter operation with phase delay of 60

degrees from the unity power factor. This is then followed by delayed steps of 30

degrees, 60 degrees, 30 degrees, 60 degrees, 30 degrees, and 30 degrees to illustrate
one full cycle of operation at each of the angles in all four quadrants. The specific

device carrying the current is noted inside the current waveform. For each one-cycle

segment, angle between the phase current and the phase voltage is shown by a phasor

diagram just below the one cycle waveform. Number 1 on top and 4 below the square

wave is the number of the device turned on during each half-cycle.
Starting from the beginning of the waveform, during the first one-cycle segment

of inverter operation with unity power factor, device 1 is turned on with the current
flow from the +V/2 bus into the ac phase for the first full half-cycle. This is followed
by turn-off of device 1 and turn-on of device 4, which results in the current flow from
the ac phase into the -Val2 bus via device 4. During this full cycle, the phase-leg

works as an inverter with a unity power factor. Note that no diodes are involved in
conduction. It is also worth noting that the current transfer is at the natural current
zero,i.e., device 1 turns off and device 4 turns on (and vice versa) when the current
is zero. With zero-current switching, so-called "soft-switching," turn-on and turn-off
events involve much lower device stresses and switching losses, compared to the

switching when current is at its highest operating level.
For the next half-cycle, the turn-off of device L and turn-on of device 4 is delayed

by 60 degrees in order to change the phase angle for the following one cycle [segment
2 in Figure 3.5(b)] by 60 degrees. It is seen that, as the current polarity reverses, the

current transfers from device 1 to diode L'. For the one-cycle segment 2, the converter

operates as an inverter with current lagging the voltage by 120 degrees, i.e., with
inductive reactive power. In this one-cycle segment, turn-off device 4 conducts for
120 degrees feeding power from dc to ac (inverter action), and then diode 4' conducts
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Figure 3.5 Operation of a phase-leg through four quadrants: (a) Phase-leg; (b)
Waveforms and phasor diagrams through all four quadrants.

for 60 degrees feeding power back from ac to dc (rectifier action). This is then followed
by r20 degrees conduction of device 1 feeding power from dc to ac and diode 1,
feeding power from ac to dc for the final 60 degrees. Note now that the transfer from
turn-off device 4 to turn-off device L takes place via diode 4, and from 1 to 4 via
diode l.'. Also turn-off of devices l and 4 is at natural current zero (soft turn-off).
Howevet, turn-on of devices L and 4 occurs when current is large and voltage u"tois
the valves is Vi. This is known as hard turn-on with significant associated device

/q \ fit\ A 4\ z,fN
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losses. However, the device capability is often limited by the hard turn-off current

requirements so that, notwithstanding the switching losses, the turn-off duty is the

most onerous for device capability.
The sequence is repeated by delaying transfer from 4' to 1 by another 30 degrees'

Operation in segment 3 now coriesponds to current lagging the voltage by 90 degrees,

tG convertet *ting as a pure inductor. In this operation, device 1 conducts for 90

degrees feeding po*"t from dc to ac, then current is transferred to diode L' which

coiducts for 90 d"gt"". feeding power back from ac to dc. For the next half cycle,

current is transferred from diode 1' to device 4 feeding powel from dc to ac for 90

degrees, and then from device 4 to diode 4' feeding powel back from ac to dc for 90

delrees. Note again that turn-off of devices 1 and 4 occurs at natural current zero

wh-en current trinsfers to diodes L' and 4', respectively, but the turn-on is hard'

With further delay of 60 degrees, the converter now operates (one-cycle wave;

form in segment 4) as a rectifier in inductive mode with current lagging voltage by 30

degrees. t-tris is followed by further delay of 30 degrees and one cycle of segment 5

when the converter operates as a rectifier with a unity power factor. Note that in this

mode, only the diodJs are involved in conduction. Current transfers naturally from

!' to 4' and vice versa during current polarity reversal'

With another delay of 60 degrees, segment 6 shows operation as a rectifier, now

in capacitive mode witi current leading the voltage by 60 degrees. Note that in

"upu.itiu" 
mode, turn-off devices have to turn off high current (transfer from L to 4'

and 4 to L') with a coresponding positive voltage jump of va, As mentioned earlier

for turn-off devices, the maximum current they have to turn off, accompanied by the

magnitude of forward voltage jump during turn-off, is the m-ost important limiting

par"ameter of the devices' useable capability, because turn-off is much harsher than

turn-on for such devices. In capacitive mode, the turn-on is soft, but the turn-off is

hard, which is the reverse of the operation in an inductive mode.

With another delay of 30 degrees, segment 7 shows pure capacitive operatio-n-.

It is now seen that the sequence of transfer isl'-!-4'-4-1-', each conducting for 90

degrees, 1 and 4 feeding power from dc to ac, and L' and 4' feeding power from ac

to 
-rlc. 

Note that this transfir sequence is the reverse of the sequence for pure inductive

mode of L-L',-4-4',-l accomplished with L80 degrees phase delay from segment 3.

Note also, that in segment 7, the current transfer from 1 to 4' and from 4 to f involves

turn-off of devices 1 and 4 at maximum current, their most severe duty.

From Figure 3.5, it is seen that for the sequential change of phase angle described

above, the conduction and transfer of current takes place as follows:

1.-4-1.-\', -4-4', -L-7', -4-4', -r-r' -4-4', -|-[','4-4', -1"t', -4-4', -l'', -

4',-1,', -t-4', -4-1', -1.-4', -4-7', -1-4', -4-1',-7-4', -4-1',

It should be noted that in inductive operation, all turn-off devices turn off at

current zero during current reversal, and therefore turn-offs are soft, i.e., the current

is zero when the voltage across the turn-off device rises to V7. Thus, the turn-off

stresses and losses are minimal. Also, in inductive mode, events of the current transfer

are from the turn-off device to its own parallel diode, i.e., 1 to t' ot 4 to 4'. In capacitive

mode, turn-off is hard, i.e., at finite current, and turn-offs are transfers to the opposite

diode, i.e., 1 to 4' or 4 to L' .

When the transfer is from one turn-off device to another turn-off device, i.e., 1

to 4 or 4 to L during inverter operation with unity power factor, it is essential to delay

the turn-on for at least r"u"til tens of microseconds following the turn-off of the

complementary device is complete. This is to ensure that there is no chance of simulta-
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neous conduction of devices 1 and 4, which represents a direct short circuit across the
dc bus capacitor. It is important to note from the sequence of transfers shown above
with reference to Figure 3.5, that except for unity power-factor inverter operation, all
the current transfers are from a device to a diode, or from a diode to a device. Thus
there is very little risk of shoot-through in a topology that involves one conduction
pulse per half-cycle.

Also, since power devices and transformers have losses, these losses have to be
supplied from the dc side or the ac side during inverter or rectifier operation respec-
tively. However, during full inductive or capacitive operation, losses can be supplied
from either side by operating very slightly in rectifier or inverter mode.

It should now be clear that by having two phase-legs on the same dc bus, with
180 degrees phase shifted in their pulse sequence, would give a single-phase full-wave
converter. A total of three such phase legs with a pulse sequence L20 degrees apart
would give a three-phase, full-wave converter.

One important point to note is that, in the converter described above, the ac
voltage output is strictly a function of dc voltage. For an effective interaction with the
ac system, it is often necessary to vary the converter ac output voltage, which means
that dc voltage is variable accordingly. This can be done by charging/discharging the
dc capacitor from another source/absorber of power or from the ac side of the converter
itself. The speed with which the dc voltage can be changed would determine the
response time of the converter. For a number of applications, the response time for
changing the dc bus voltage would more than adequate. However, in some applications,
the dc source assigned to control the dc bus voltage may have other functional priorities.
An important point to make here is that an alternate approach is to have a voltage-
sourced converter, which has a stiff dc bus, yet be able to vary the ac voltage of the
converter. Indeed, there are such converters, the so-called multistep converters and
pulse-width modulation converters. These are discussed later in this chapter.

3.7 TRANSFORMER CONNECTIONS FOR
12.PULSE OPERATION

In Section 3.5, harmonic content of the phase-to-phase voltage and phase-to-neutral
voltage was discussed, and it was mentioned that the two voltages were 30 degrees
out of phase. If this phase shift is corrected, then for the phase to neutral voltage, i.e.,
u*, the harmonics, other than those of the order of. 72n -r L, w_ould be in phase
opposition to those of the phase-to-phase voltage ua6 arfid with 1/V3 times the ampli-
tude. It follows then, as shown in Figure 3.6(a), that if the phase-to-phase voltages
of a second converter were connected to a delta-connected secondary of a second
transformer, with \6 times the turns compared to the wye-connected slcondary, and
the pulse train of one converter was shifted by 30 degrees with respect to the other
(in order to bring us6 dnd uo,tobe in phase), the combined output voltage would have
a 12-pulse waveform, with harmonics of the order of lZn + 1, i.e., l1th, 13th, 23rd,
25th ..., and with amplitudes of 1/11th, 7l!3th,1l23rd,Ilzsth..., respectively, com-
pare,.l to the fundamental. Figure 3.6(b) shows the two waveforms u* and uo6, adjusted
for the transformer ratio and one of them phase displaced by 30 degrees. These two
waveforms are then added to give the third waveform, which is seen to be a 12-pulse
waveform, closer to being a sine wave than each of the six-pulse waveform.

In the arrangement of Figure 3.6(a), the two six-pulse converters, involving a
total of six phase-legs are connected in parallel on the same dc bus, and work together t

as a 12-pulse converter. It is necessary to have two separate transformers, otherwise
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phase shift in the non-12-pulse harmonics, i.e.,5th,7th,17th,19th . . . in the secondaries
will result in a large circulating current due to common core flux. To the non-1"2-pulse
voltage harmonics, common core flux will represent a near short circuit. Also for the
same reason, the two primary side windings should not be directly connected in parallel
to the same three-phase ac busbars on the primary side. Again this is because the
non-1"2-pulse voltage harmonics, i.e., 5th, 7th, t7th,19th . . ., while they cancel out
looking into the ac system, would be in phase for the closed loop. Consequently, a

large current corresponding to these harmonics will also flow in this loop, limited
only by the impedance of the loop, which is essentially the leakage inductance of
the transformers.

The circulating current of each non-L2-pulse harmonic is given by:

InlL: 1O0l(Xr * n2) percent

where, d is the nominal fundamental current, n is the relevant harmonic number, and
Xr is the per unit transformer impedance of each transformer at the fundamental
frequency. For example, if X7 is 0.15 per unit at fundamental frequency, then the
circulating current for the fifth harmonic will be 26.6Vo, seventh, L4.9Vo, eleventh,5.5Vo,
thirteenth, 3.9Vo of the rated fundamental current, and so on. Clearly this is not
acceptable for practical voltage sourced converters. Therefore, it is necessary to con-
nect the transformer primaries of two separate transformers in series, and connect
the combination to the ac bus as shown in Figure 3.6(a). With the arrangement shown
in Figure 3.6(a), the 5th, 7th,I7th,19th . . . harmonic voltages cancel out, and the two
fundamental voltages add up, as shown in Figure 3.6(b), and the combined unit
becomes a true t2-pulse converter.

The two converters can also be connected in series on the dc side for a L2-pulse
converter of twice the dc voltage, Figure 3.6(c). In such a case, it is important to
provide a control to ensure that the two dc buses (capacitors) have equal voltages.
The dc voltage of either converter can be increased or decreased by shifting the
operation in the rectifier or inverter direction, by a dc voltage balancing control.

There are other means of paralleling voltage source converters on the ac side,
which involve transformers with special windings. However, it is generally recognized
that special transformers would cost more than the means described above.

Increase in pulse number also decreases the dc side current harmonics, which
are cancelled out among the phase legs and do not even enter the dc bus. For 12-
pulse converters, the harmonics of the order 6th, LSth, . . . are cancelled out, and only
the L2-pulse harmonics 12th,24th. . ., enter the dc bus.

3.8 24. AND 48.PULSE OPERATION

Two L2-pulse converters, phase shifted by 15 degrees from each other, can provide a
24-pulse converter, obviously with much lower harmonics on ac and dc side. Its ac
output voltage would have 24n 11 order harmonics, i.e.,23rd, 25th, 47th, 49th . . .
harmonics, with magnitudes of 1l23rd, llzsth,1.l47th, Il49th. . ., respectively, of the
fundamental ac voltage. The question now is how to arrange this 15 degrees phase shift.

One approach is to provide L5 degrees phase-shift windings on the two transform-
ers of one of the two 12-pulse converters. Another approach is to provide phase-shift
windings for * 7.5 degrees phase shift on the two transformers of one 12-pulse converter
and -7.5 degrees on the two transformers of the other 12-pulse converter, as shown
in Figure 3.7(a). The latter is preferred because it requires transformers of the same

--:b,_-
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Figure 3.1 Yarious means to obtain 24-pulse converter operation: (u) 24-pulse
converter transformer connections with two l}-pulse converters in series
on the ac side; (Q za-pulse converter transformer connections with two
12-pulse converters in parallel on the ac side.

design and leakage inductances. It is also necessary to shift the firing pulses of one
12-pulse converter by 15 degrees with respect to the other.

All four six-pulse converters can be connected on the dc side in parallel, i.e., 12
phase-legs in parallel. Alternately all four six-pulse converters can be connected in
series for high voltage, or two pair of 12-pulse series converters may then be connected
in parallel. Each six-pulse converter will have a separate transformer, two with wye-
connected secondaries, and the other two with delta-connected secondaries. Primaries
of all four transformers can be connected in series as shown in Figure 3.7(b) in order
to avoid harmonic circulation current corresponding the 12-pulse order, i.e., 11th.
13th,23rd,24th.

It may be worthwhile to consider two 12-pulse converters connected in parallel
on the ac system busbars, with interphase reactors as shown in Figure 3.7(b), for a
penalty of small harmonic circulation inside the converter loop. While this may be
manageable from the point of view of converter rating, care has to be exercised in
the design of the converter controls, particularly during light load when the harmonic
curents could become the significant part of the ac current flowing through the
converter. An increase in the transformer impedance to, say, 0.2 per unit may be
appropriete when connecting two 12-pulse transformers to the ac bus directly and less
than that when connected through interphase reactors.

For high-power FACTS controllers, from the point of view of the ac system.
even a 24-pulse converter without ac filters could have voltage harmonics, which are
higher than the acceptable level. In this case, a single high-pass fllter tuned to the
23rd-25th harmonics located on the system side of the converter transformers should
be adequate. The alternative, of course, is go to 48-pulse operation with eight six-
pulse groups, with one set of transformers of one 24-pulse converter phase-shifted
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from the other by 7.5 degrees, or one set shifted by +3.75 degrees and the other by

-3.75 degrees. Logically, all eight transformer primaries may be connected in series,
but because of the small phase shift (i.e.,1 .5 degrees), the primaries of the two 24-pulse
converters (each with four primaries in series) may be connected in parallel if the
consequent circulating current is acceptable. This should not be much of a problem
because the higher the order of a harmonic, the lower would be the circulating current.
For 0.1 per unit tfansformer impedance and the 23rd harmonic, the circulating current
would be 1..9Vo only. The circulating current can be further limited by higher trans-
former inductance or by inter-phase reactors at the point of parallel connection of
the two 24-pulse converten. With 48-pulse operation, ac filters should not be necessary.

3.9 THREE.LEVEL VOLTAGE-SOURCED CONVERTER

3.9.1 Operation of Three-Level Converter

It was mentioned earlier in this chapter that it would be desirable to vary the
magnitude of ac output voltage without having to change the magnitude of the dc
voltage. The three-level converter is one concept that can accomplish that to some
extent. One phase-leg of a three-level converter is shown in Figure 3.8(a). The other
two phase-legs (not shown) would be connected across the same dc busbars and thr
clamping diodes connected to the same midpoint N of the dc capacitor. It is seen tha

each half of the phase leg is split into two series connected valves, i.e., 1-f is spl

into L-1' and 1A-1'A. The midpoint of the split valves is connected by diodes
and Da to the midpoint N as shown. On the face of it, this may seem like doubling
the number of valves from two to four per phaseJeg in addition to providing two
extra diode valves. However, doubling the number of valves with the same voltage
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Figure 3.8 Operation of a three-level converter: (a) One phase-leg of a three-level
converter; (b) Output ac voltage.
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rating would double the dc voltage and hence the power capacity of the converter. Thus
only the addition of the diode clamping valves, Dl and D2,pet phase-leg, Figure 3.8(a),
adds to the converter cost. If the converter is a high-voltage converter with devices in
series, then the number of main devices would be about the same. A diode clamp at the
midpoint may also help ensure a more decisive voltage sharing between the two valve-
halves. On the other hand, requirement that a converter continue safe operation with
one failed device in a string of series connected devices, may require some extra devices.

Figure3.8(b) shows outputvoltage correspondingto one three-levelphaseleg. The
first waveform shown is a full 180 degrees square wave obtained by the closing of devices
1 and L,4. to give *Val2for 180 degrees, and the closing of valves 4 and 4,A. for 180 degrees
to give -Vdlz for 180 degrees. Now consider the second voltage waveform in Figure
3.8(b) in which the upper device 1 is turned off and device 4,A' is turned on an angle c
earlier than they were due in the 180 degrees square wave operation. This leaves only
device 1.A' and 4,A. on, which in combination with diodes D1 and D2, clamp the phase
voltage Voto zero with respect to the dc midpoint N regardless of which way the current
is flowing. This continues for a period 2q. until device 14' is turned off, and device 4 is
turned on, and the voltage jumps to -V/2withboth the lower devices 4 and 4,A' turned
on and both the upper devices L and 1,A' turned off, and so on. Of course, angle a is
variable, and the output voltage V, is made up of o: 180" - 2oo, square waves. This
variable period oper half-cycle, potentially allows the voltage Votobe independently
variable with potentially a fast response. It is seen that devices L4 and 4,{ are turned on
for 180 degrees during each cycle, devices 1 and 4 are turned on for o: 1-80o - 2ao during
each cycle, while diodes D1 and Da conduct for 2a" : 180oo each cycle. The converter is

referred to as three-levelbecause the dcvoltage has three levels, i.e., -Val2,0,and *ValZ.
As explained earlier, these phase-legs can handle the current flow in any phase

relationship. Turn-off devices handle anyinstantaneous inverter action andtheirparallel
diodes handle any instantaneous rectifier action. Clamping diodes Dl or Da, along with
lower devices 1,A, and 4A., carry the current during clamping periods, with D1-1A carrying
the negative current (current going into the ac bus) and D4-4A carrying the positive
current.

Also as explained before for the two-level phase-legs, these three-level phase-legs
can also be connected in different configurations to obtain the required converter. These
configurations include a single phase, full-wave converter with two legs, a three-phase
bridge converter with three legs and wye-connected secondaries with floating neutral
or delta-connected secondaries, etc. Figure 3.7(b) also shows the output voltage ofthe
second phase u6 and the phase-to-phase voltage uo6for a three-phase converter. As dis-
cussed previously, the triplen harmonicswillnot pass through to the primaries withfloat-
ing neutral, etc. Two six-pulse converters can provide a 12-pulse converter, and so on.

With the three-level converter it should be noted that for the duration of zero
output vcltage, Figure 3.8(b), the phase-leg current(s) flows into the midpoint of the
two capacitors and thus flows through the dc capacitor. This current is mainly of third
harmonic and is substantially independent of the converter pulse number.

3.9.2 Fundamental and Harmonic Voltages for a
Three-Level Gonverter

What the three-level converter buys is the flexibility to rapidly vary the ac voltage
or to provide a deflned zero voltage "notch" to eliminate or reduce some specific
harmonics. However, when considering the harmonics, there is a limitation in exploita-
tion of this flexibility, as explained in the following paragraphs.
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which gives

RMS value is given by

zt/1/vo\t . nov,: -7- \T )r""7
Fundamental rms voltage is given by

v,:2fr (Y'\ ^,^z' r \t/ "nt
which starts from a maximum rms value of ({LtdVa at c : L80o, and reaches zero

at a: 0.

If % is assumed to be Vr,o : (/zln) Va: 1' pu at o : 180o, Figure 3.9 shows

the value of the fundamental voltage V1 as per unit of V1.* and function of the pulse

width, o. As seen, the fundamental is L.0 p.u. at o:180o, and decreases with decreasing

pulse width, decreasing to zero at o : 0".

Figure 3.9 also shows the values of harmonics, as per unit of the actual fundamen-
tal voltage V1,4s z function of the pulse width o. Harmonic values as per unit of y1,o

can be more useful, if the purpose is to consider harmonics in terms of the specified

distortion levels. Such values can be obtained by multiplying a harmonic level in Figure
3.9 by corresponding per unit fundamental level.

It is interesting to note the variation in per unit harmonics with decrease in o
(increase in 2a : 180' - or). It is seen that the 5th, 7th . . . harmonics are at their
maximum, 0.2 p.u. and 0.143 p.u., respectively, at o : 180o, and then decrease and

increase according to the equation above. A particular harmonic reaches zero, when

L80' - o: (180'ln), where n is the harmonic number.

For fifth harmonics, this occurs at o : 1.44" and again at 72".

The seventh harmonic is zero when o : t54.3o, 102.9", and 77".

After the flrst zero, each harmonic rises again, reaching a peak at

180" - o:2x(180'ln).

These peaks are higher than the first peaks because the values shown are per unit of
the actual declining magnitude of the fundamental voltage V1. All harmonics eventually
approach L.0 p.u. at q :0 when the fundamental approaches zero.

It is noted that for operation with o within 154 degrees to 144 degrees, both the
fifth and seventh harmonics are very low, and the converter almost behaves like a 12'
pulse converter. For operation at a: L44o,the fundamental voltage also drops to
0.95 p.u., which in effect represents 57o loss of capacity.

As an alternative, it may be preferred to normally operate a three-level converter

Taking into account the ac voltage pulse width of duration o per half-cycle, the
magnitudes of fundamental and harmonic components of phase-to-dc-neutral voltage
are defined by

.. -a (vr\l -. . o . -'-( - o\ 1' ^.-3o.,. ^,- "( ..., o\ * 1 l, : ;\i) Ls'nt',sm\@t 
* z) 3s'ntxsmr\@t* r) * s... l

,':ie)[*"" T.sinn (''. t]
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Figure 3.9 Fundamental and harmonic voltages for a three-level converter.

at about 154 degrees, which is where the fourth harmonic is zero, and the fifth harmonic
is about half of its maximum value. In any case, it is a matter of compromising flexibility
of voltage control, reduction of specific harmonics, and some loss bf useabli capacity.
In many applications, it is not necessary to vary the ac voltage independently of the
dc voltage, in which case a three-level converter would be a good way to reduce low
order harmonics or to eliminate a specific harmonic. Alternately, one can normally
operate the threelevel converter with varying c over a range from o : Lg0o down to
o:90o, giving a variable ac voltage froml00Vo to707o.It also points to the consider-
ation of a combination of higher pulse converter, dc bus voltage control and use of
three-level phase-legs. Unless the three-step converter is used within a multipulse
structure, it is useful for only a limited range of independent ac voltage control. This
is because the percentage harmonics increase rapidly with decrease in the fundamental
output voltage to below aboutT\Vo, as shown by Figure 3.9.

With the split dc capacitor level, it is essential to ensure that the two capacitors
are charged to equal voltage because unequal voltages will generate even harmonics.
Capacitor voltage balance is achieved by a control, which prolongs or shortens the
conduction time of the appropriate devices.

These curves of Figure 3.9 also apply to any other configuration that is based
on square wave with pulse width less than 180 degrees. Note that all the triple har-
monics are zero at o : 60', which corresponds to the phase-phase six-pulse voltage
waveform for a three-phase full wave bridge (discussed in section 3.5).
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A significant disadvantage of a three-level converter is that with increasing o,
an increasing amount of third harmonic flows into the midpoint of the dc capacitor.
This current generates a third harmonic voltage across the capacitors. In order to
keep this harmonic voltage within acceptable limits (to avoid generation of additional
harmonics in the ac output and an increase in the converter current rating), the size
of the dc capacitor has to be increased compared to that of the two-level converter.

3.9.3 Three-Level Converter with Parallel Legs

There is yet another method of achieving a three-level converter, which is to
connect two phase-legs in parallel per phase as shown in Figure 3.10(a). The two legs
are paralleled through an inductor and the ac connection is made at the midpoint of
this inductor, and their pulse sets are phase shifted by an angle a each in the opposite
directions (a total of 2cr). The ac terminal voltage of the two phase-legs, with respect
to a hypothetical dc midpoint, are shown in Figure 3.10(b) by the first two waveforms,
shifted from each other by an angle, 2a. The net ac terminal voltage, with respect to
the dc midpoint, is the average of the two voltages, and is shown by the third waveform.
It consists of a half-cycle pulse of variable duration o: 180 - Zdo, the same as for
the three-level converter with split capacitor discussed above. The harmonic content
is the same as shown by Figure 3.9. The inductor voltage is given by the difference
of the ac voltage of the two legs, and is shown by the fourth waveform of Figure
3.10(b), which conveys that greater the required range of control, larger would be the
inductor size. Its MVA rating would be directly proportional to the integral of the
voltage V1.

It is natural to suppose that one can go to higher levels, i.e., four-level, five-
level, and so on. However, detailed consideration of these higher level topologies
would reveal a major problem of voltage balancing between the capacitors. It is
not reasonable to assume that the current flow though each level is balanced within
some tolerable range for a converter to continue to operate in fivelevel mode on
its own. llowever, if there is a two-converter system, with dc bus in between, it
is possible to link the two converters in a way to ensure balanced capacitor voltages
of different levels.

3.10 PULSE-WTDTH MODULATTON (PWM) CONVERTER

In two-level or multilevel converters, there is only one turn-on, turn-off per device
per cycle. With these converters, the ac output voltage can be controlled, by varying
the width of the voltage pulses, and/or the amplitude of the dc bus voltage. Another
approach is to have multiple pulses per half-cycle, and then vary the width of the
pulses to vary the amplitude of the ac voltage. The principal reason for doing so is
to be able to vary the ac output voltage and to reduce the low-order harmonics, as

will be explained here briefly. It goes without saying that more pulses means more
switching losses, so that the gains from the use of PWM have to be sufficient to justify
an increase in switching losses. There are also resonant PWM converter topologies
that incorporate current-zero or voltage-zero type soft switching, in order to reduce
the switching losses. Such converters are being increasingly utilized in some low power
applications, but with the known topologies, they have not been justifiable at high
power levels due to higher equipment cost.
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(b)

Figure 3.10 Operation of three-level converter with parallel legs: (a) One phase-
leg with two parallel legs; (b) Waveforms for the two parallel legs.

PWM converters of low voltage and low power in the range of tens of watts.
for, say, printed circuit boards' power supplies, may have internal pwM frequency in
the hundreds of kilohertz. Industrial drives in tens of kilowatts may have inteinal
PWM frequency in the tens of kilohertz. For converters in the 1 MW range, such as
for Custom Power, the frequency may be in a few kilohertz range. For FACTS
technology with high power in the tens of megawatts and converter voltage in kVs
and tens of kVs, low frequencies in the few hundred Hertz or maybe the low kilohertz
range may seem feasible and worth considering.

consider again aphase-leg, shown in Figure 3.11(a) [which is the same as Figure
3.5(a)], as part of a three-phase bridge converter. Figure 3.10(b) shows comparison
of two types of control signals, three signals of main-frequency sine wave representing
three phases, and a sawtooth wave signal of nine times the main frequency (540 Hz
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Figure 3.11 Operation of a PWM converter with switching frequency of nine times
the fundamental: (a) A phase-leg; (b) PWM waveforms.

for 60 Hz main frequency). Turn-on and turn-off pulses to the devices correspond to
the crossing points of the sawtooth wave with the sine wave of corresponding phase.
The negative slope of the sawtooth wave crossing the sine wave of phase a, results in
a turn-on pulse for device 1 and turn-off pulse for device 4. The positive slope of the
sawtooth wave crossing the sine wave of phase a results in a turn-off pulse for device
L and turn-on pulse for device 4. The resulting voltage of the ac terminal a, with
respect to hypothetical midpoint N of the dc capacitor, is shown in hatch in Figure
3.11(b). In comparison to Figure 3.5(b) with two square pulses per cycle, the waveform
of Figure 3.11(b) is made up of nine square pulse cycles of varying width per main
frequency cycle. The pulses are wider in the middle of each half sine wave compared
to the ends of the half sine wave.

The following observations are worth noting with respect to the waveforms of
Figure 3.11(b):

1. The output voltage waveform contains a fundamental frequency component
and harmonics.

:



94 Chapter 3 I Voltage-Sourced Converters

2. The output voltage pulses are symmetrical about the zero crossings of the
sine wave, because the sawtooth frequency is an odd integer multiple of the
main frequency. Any even multiple will create asymmetry about the zero
crossing, which will contain even harmonics. Non-integer multiples are even
worse as they create sub- and supersynchronous harmonics as well. When the
frequency is high, above a few kilohertz, this asymmetry becomes insignificant,
but at the low PWM frequencies synchronization of the control signals is im-
portant.

3. With a fixed sawtooth wave, increasing the magnitude of the sine wave will
increase the conduction time of device L, and decrease the conduction time
of device 4 for the positive half-cycle and vice versa for the negative half-
cycle. This means that the fundamental component of the ac voltage Voyl and
hence the output ac voltage will increase with an increase in the magnitude
of the control sine wave and decrease with a decrease in the magnitude of
the control sine wave. For control sine wave peak less than the sawtooth-
wave peak, the output ac voltage varies linearly with variation of the control
sine wave.

4. As the control sine-wave peak equals the peak of the sawtooth wave, the
middle notch in the ac output voltage disappears. If the control sine wave is
increased to a higher and higher magnitude, more and more notches will
disappear and the output voltage will eventually become a single square wave
per half-cycle.

5. It is clear that the ac output voltage can be controlled from zero to maximum.
6. The sine wave itself can be modified with notches, etc. to create other effects

on the waveform.

The order of harmonics present in this type of PWM waveform is determined by
kltt + k2, where ftr is the frequency multiplier (9 for Figure 3.11) of the carrier fre-
quency, and n and k2 are integers. However, k2 may only be taken up to 2, after which
the magnitude of that harmonic order becomes rather small. Due to half-cycle sym-
metry, all the even order harmonics also disappear. Furthermore in a three-phase bridge
circuit, all of the triple harmonics, i.e., 3rd, 9th, . . ., are eliminated. Also, if the carrier
frequency is a multiple of 3, even the harmonics of the order of the carrier frequency
are cancelled out in the phase-to-phase and phase to the floating-neutral voltages.

Thus, for the chosen frequency multiplier 9, the order of harmonics is given as:
5th, 7th, 1Lth, 13th . . . (all the harmonics except the even and triple harmonics), as
for the six-pulse three-step converter discussed in Section 3.9. However, in the PWM
case shown the fifth harmonic will be very small.

Figure 3.12 shows PWM output voltage waveforms corresponding to a pwM
frequency of three times the main frequency. The first waveform shows the control
signals, similar to those in Figure 3.11. Second waveform is the phase a to dc neutral
voltage uay. It is seen that it has one notch in the center of each half-cycle and the
width of this notch is dynamically controllable every half-cycle. The third waveform
is u61y, the output voltage of phase b to dc neutral voltage, which obviously is the same
8S ualy except the phase delay of 120 degrees. Subtracting ubN from uoiy gives the
phase-phase voltage u'D, as shown by the fourth waveform. This shows two notches

' resulting from the crossings of the control signals. The next waveform is that of the
u6y, the voltage between the floating neutral ru of a wye-connected floating secondan'
and the dc neutral. This is obtained by adding and averaging the three ac voltages.
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uaN> ubM and ucu (u,ry not shown). Subtracting uay from ucN gives the last waveform
shown in Figure 3.12,that of the transformer phase-to-neutral voltage. Because of the
half-wave symmetry, all the ac waveforms are free from even harmbnics. Waveforms
ua6 rnd uM are free from triplen harmonics and the uon lags uot by 30 degrees. As
explained earlier in Section 3.7, combining these two waveforms through separate
wye and delta transformers, will result in a 12-pulse converter, which will have adequate
flexibility of rapid ac voltage control without having to change the dc voltage l,evel.
The control of the dc voltage can then be optimized for other considerationi.

It should now be obvious that the ac voltage waveform can be chopped in many
different ways with different control waveforms and numerical program.-There are a
variety of waveforms other than sinusoidal and sawtooth that are used to create ac
output voltage with fewer low-frequency harmonics and fewest notches.

While chopping of the waveforms and showing PWM waveforms is easy on
paper, it is not a trivial matter when we consider its implications for design of high-
power and high-voltage converters. In terms of switching losses, impact of increased
higher harmonics, EMI, audible noise, etc. has to be justified by appropriate gains in
other areas, particularly if it helps satisfy the harmonic requirements withouihaving
to go to a pulse number higher than 12 for modest size converters. Nevertheless, a
considered use of PWM or notches at low-frequency level has its merits, particularly
for the FACTS Controllers of lower power levels of, say, 10-50 MW, as will be seen
from the next section.

3.11 GENERALIZED TECHNIOUE OF HARMONIC
ELIMINATION AND VOLTAGE CONTROL

One effective way to have the freedom of controlling the voltage and also eliminating
lower order harmonics is a method pioneered by Patel and Hoft in the early 1970s.
It involves varying specific notches (also referred to as chops) in the square
wave such that specific harmonics are eliminated from the waveform. This is
explained below.

Basically, a square wave can be chopped a number of times in a relationship that
eliminates a number of harmonics, as well as giving flexibility to vary the fundamental
voltage. With M number of chops, there are M degrees of freedom. One of these
degrees of freedom can be used to control the fundamental leaving the other M-1
degrees of freedom used to eliminate M-1 selected harmonics.

It is seen from Figure 3.11(b), that a sawtooth wave with nine times fundamental
frequency has four notches each in the positive and negative half-cycle waveform.
They also have half-wave and quarter-wave symmetry. It follows that with proper
firing angles as well as half-wave/quarter-wave symmetry, not only the fundamental
frequency component can be controlled, but the three other selected harmonics can
be eliminated, i.e., sth,7th, and 11th, from the output ac voltage of a three-phase full
wave bridge. If there were two three-phase bridges, phase-shifted as previbusly dis-
cussed in this chapter, forming a 12-pulse voltage sourced converter, then the harmonics
that would need eliminating would be the three lowest, i.e., 11th, 13th, and 23rd. With
a limited number of notches, it is possible to almost achieve the equivalent of 24-pulse
operation with two three-phase six-pulse converters. On the other hand, it must be
mentioned that with PWM operation, the higher harmonics will have relatively higher
magnitudes than with the single-pulse operation, although higher harmonics are easier
to filter out. If the low-order harmonics are eliminated, then with a high-pass filter
for higher harmonics, a near sinusoidal current flow can be obtained.



Figure 3.L2 Operation of a PWM converter with switching frequency of three times
the fundamental frequency.

96
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With three notches per half-cycle, one can eliminate the fifth and seventh harmon-
ics from a six-pulse converter, or eliminate the eleventh and thirteenth from a 12-
pulse converter, and so on.

Figure 3.11(b) conveys a generalized half-wave output waveform with M notches
defined by angles or0, d1, ot2, . . . a2ya1, with angles a1 and a2 defining the first notch.
With 2M : 9, in the example of Figure 3.11, M : 4 representing four notches per
half-cycle. The generalized waveform of ac voltage uoiy for a phase leg has a voltage
amplitude of. +V/2 and -Val2 with respect to the dc midpoint.

Assuming V/2 : 1 per unit for generalization, and half-wave/quarter-wave
symmetry as in the ac voltage waveforms of Figure 3.11, the waveform can be repre-
sented by a Fourier series as

f (*t) [a, sin( n@t) * bncos(narf)]

where, with half-wave and quarter-wave symmetry, bn: 0, and:

M-I eqtuations can be assigned for the specific targeted harmonics to be eliminated
as an : 0 for these harmonics. The remaining one equation is used for a specific
required value of the fundamental voltage with at : a, a finite per unit value. By
solving these equations, one can obtain specific values of angles a for a specific value
of the fundamental voltage.

Thus for four notches per half-cycle, as for Figure 3.1L, there will be four equa-
tions to be solved to calculate all values of a for turn-on and turn-off pulses correspond-
ing to each discrete value of the fundamental voltage. These are nonlinear equations,
and would require large amounts of real time iterative computation and there may
be more than one solution for some values. Thus it is preferred to use lookup tables
for, say, each 0.5Vo change in the magnitude of the required ac voltage. The required
shift in angles for the required ac voltage variations per step is quite small, and the
number of steps can be reduced and the change from step to step linearized.

Clearly with digital controls, this method is superior to the sawtooth sine wave
control or any other wave comparison method. The ac fundamental output voltage
can be controlled over a wide range, down to perhaps about 10Vo, without excessive
distortion of the current flow or need for a large harmonic filter.

3.12 CONVERTER RATING-GENERAL COMMENTS

Assuming that the required converter rating is rather low, the least cost and simplest
controllable three-phase converter would seem to be a six-valve converter with one
turn-off device/diode per valve. In FACTS applications, there will usually be a need
for a transformer between the converter valves and the ac system; there is therefore
a certain flexibility provided by the transformer turn ratio to match the available
device current and voltage ratings. A six-pulse converter based on one device per
valve could yield a maximum rating of, say, 5 MVA. However, even at this low rating,
a simple six-pulse converter is unlikely to be the best choice for connection to the ac
system on account of harmonic distortion requirements. Complex decisions have to
be made on the use of large filters versus higher pulse-order and PWM or quasi-PWM
converter topologies, etc., apart from the flexibility required for the control.

a_\_L
n=7

4I- M I
an : :11 + 2) f-1)k cos nakl

n1T L k=7 I



98 Chapter 3 I Voltage-Sourced Converters

One area of needed attention for single-device per valve converters is the conse-
quence of failure of a device. Use of fuses would not be desirable. However given the
advances in sensing and digital protection technology, it is not unreasonable to sense

a fault event, including a shoot-through in a few microseconds, and turn-off other
associated converter valves for an effective safe protection strategy.

Most FACTS applications will involve converters with a rating much higher than
5 MVA. The designer now has many options to meet the needs of the higher rating.
These options include:

1. Increase pulse-order to 12,24, or 48, in order to reduce the harmonics to an
acceptable level with 2, 4, or 8 six-pulse converters, duly phase-shifted, one
can concuffently increase the total converter rating to a maximum of 10, 20,

or 40 MVA, still with one turn-off device per valve. Here, one is faced with
the choice of series or parallel connections on the dc side, types of transformer
arrangements and phase shift among converters, and series/parallel connec-
tions on the ac side. These approaches have to be balanced with the other
means of reducing harmonics and acquiring flexibility of dynamic and steady
state controls, including three-level, PWM, special notches and combination
of the above.

2. Adapting a three-level converter topology also doubles the converter voltage
and hence the potential maximum single-device per valve converter capacity
to, say, L0 MVA per six-pulse, 20 MVA per L2-pulse, and so on. The three-
level topology provides the flexibility of a limited range of independent ac

voltage control. But again, this has to be balanced against the low frequency
PWM or notch-based topologies to achieve independent ac voltage control.
Thus it is seen that a modest size FACTS converter rating can be achieved

without having devices in series.

3. Connecting devices in series is the most frequently used option for high-power
converters. Here the issue is that of ensuring equal voltage distribution among
the devices. While the series connection technique is well known, voltage
dividers/snubbers have to be provided and some allowance has to be made

in the device voltage rating. It is also a practice to include one extra device/
diode in series in each valve to ensure continued operation in the event of
failure of a device. Note that when a power semiconductor device fails, it
must fail into a short circuit and continue to carry current indefinitely without
adverse consequences, other than the fact that failure of a second device/
diode in the same valve could lead to a catastrophic failure.

4. Double the number of phase-legs and connect them in parallel; this is shown
in Figure 3.10, in which the two phase-legs are connected in parallel via a

center-tapped inductor. These phase-legs may be of the two-level or three-
level variety.

5. Connect converter groups in parallel. In fact a large number of groups can

be connected in parallel beyond what may be needed for increasing the pulse

number. With parallel connection of converters, it is necessary to have a

protection strategy that isolates a faulty converter, with minimal impact on

the operation of the other converters. A 48-pulse converter with all six-pulse

converters connected on the same dc bus involves 24 phase legs in parallel.
With high-speed sensing and fast turn-off capability of devices, parallel connec-

tion of a large number of phase legs is quite feasible. However, considerations

. --ffi
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of fault currents, high-current bus work would often lead to a combination
of series and parallel connections.

6. Use a combination of two or more of the options mentioned above or any
other option not mentioned above, in order to arrive at a converter of required
rating and performance. Also given the high relative cost of high-voltage
isolation with transformers, there is a strong incentive to somehow come up
with a platform-based design, and even a transformer-less design, particularly
when a small converter is needed in a high-power transmission.

It is obvious that a designer (supplier) has a large number of options to sort out.
If two design teams worked separately, the odds are very much in favor of them
arriving at different solutions. It is therefore important that the purchaser of FACTS
technology pay more attention to the performance specifications rather than to details
of the technical design.
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Self- and Line-Commutated
Cu rrent-Sou rced Converters

4.1 BASIC CONCEPT OF
CURRENT.SOURCED CONVERTERS

A current-sourced converter is characterized by the fact that the dc current flow is
always in one direction and the power flow reverses with the reversal of dc voltage.
In this respect, it differs from the voltage-sourced converter in which the dc voltage
always has one polarity and the power reversal takes place with reversal of dc current.
Figure 4.1 conveys this difference between the current sourced and the voltage-
sourced converters.

In Figure 4.7(a), the converter box for the voltage-sourced converter is symboli-
cally shown with a turn-off device with a reverse diode, whereas the converter box
for the current-sourced converter, Figure 4.1(b), is shown without a specific type of
device. This is because the voltage-sourced converter requires turn-off devices with
reverse diodes; the current-sourced converter may be based on diodes, conventional
thyristors or the turn-off devices.

Thus there are three principal types of current-sourced converters (Figure 4.2):

1 . Diode converter [Figure 4.2(a)], which simply converts ac voltage to dc voltage,
and utilizes ac system voltage for commutation of dc current from one valve
to another. obviously the diode-based, line-commutating converter just con-
verts ac power to dc power without any control and also in doing so consumes
some reactive power on the ac side.

2. Line-commutated converter, based on conventional thyristors (with gate turn-
on but without gate turn-off capability), Figure 4.2(b), utilizes ac system
voltage for commutation of current from one valve to another. This converter
can convert and control active power in either direction, but in doing so
consumes reactive power on the ac side. It can not supply reactive power to
the ac system.

3. Self-commutated converter which is based on turn-off devices (GTOs, MTOs,
IGCTs, IGBTs, etc.), in which commutation of current from valve to valve
takes place with the device turn-off action and provision of ac capacitors, to
facilitate transfer of current from valve to valve. whereas, in a voltage-sourced
converter the commutation of current is supported by a stiff dc bus with a dc
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capacitor, in a self-commutated current-sourced converter, the ac capacitors
provide a stiff ac bus for supplying the fast changing current pulses needed
for the commutations. Apart from its capability of controlled power flow
in either direction, this converter, like the voltage-sourced converter, can
also supply or consume controlled reactive power. However, it is interesting
to note that even though the converter can supply reactive power, sources
of reactive power, i.e., capacitors and ac filters, are needed in any case.
An advantage of the converters with turn-off devices (self-commutating
converters) is that they offer greater flexibility including pwM mode
of operation.

It must be mentioned that when the converters are based on turn-off devices,
the voltage-sourced converters have been preferred over the current-sourced convert-
ers. In fact, none of the converter-based Controllers described in this book are based
on current-sourced converters. However, with evolution in the device characteristics
and functional details of the converters, this situation can change in the future. There-
fore the current-sourced converters with turn-off devices are not discussed in much
detail.

when reactive power management is not a problem, i.e., where controlled reac-
tive power supply is not required and the reactive power consumed by the converters
can be supplied from the system capacitors and/or filters, the line-commutated convert-
ers have a decisive economic advantage over self-commutated converters. For conver-
sion of ac to dc and dc to ac, in HVDC transmission, line-commutated converters
have been used almost exclusively where reactive power is managed through switched
capacitors, filters and the power system. The converters for the superconducting storage
can well be current-sourced converters since the superconducting reactor is itself a
current source. Also the dc power supply for storage means, to drive voltage-sourced
converter-based phase-angle regulators, discussed in Chapter 6, can be current-sourced
converters. The economic advantage of conventional thyristor based converters arises
from the fact that on a per device basis thyristors can handle two to three times the
power than the next most powerful devices such as GTOs, IGCTs, MTOs, etc. In any
case, an engineer should be familiar with a wide variety of converters and keep an
open mind and continuously re-evaluate the converter topologies with the evolution
of the power devices and other components of the system.

There are variations of the above basic types of current-sourced converters,
including thyristor converters with artificial commutation, resonant converters, and
hybrid converters, but they are not discussed in this book.

Since the dc voltage in a current-sourced converter can be in either direction.
the converter valves must have both forward and reverse blocking capability. The
conventional thyristors are usually made as symmetric devices, i.e., they have both
the forward and reverse blocking capability. This is because they are easier and cheaper
to make and can be made with peak blocking voltage as high as 12 kv along with a
high current carrying capability. On the other hand the turn-off devices have a high
on-state forward voltage drop when they are made as symmetric devices. Given the
high production volumes of asymmetric turn-off devices, dictated by the industrial
market, it may be advantageous to connect an asymmetric turn-off device and a diode
in series to get a symmetric device combination. This again results in higher forward
voltage drop and losses. Given this and other aspects, such as fast-switching characteris-
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tics of IGBTs, the industrial converter market has shifted very much towards the
PWM voltage-sourced converters, discussed in Chapter 3.

4.2 THREE.PHASE FULL.WAVE DIODE RECTIFIER

Three-phase, full-wave diode rectifler is discussed in some more detail than necessary,
in order to build the explanations up to the fully controlled converter. In any case

the diode rectifler is very useful as a low-cost source of dc power obtained from an
available ac source. Rectifiers with a rating greater than a few tens of KWs will almost
always be a three-phase, full-wave circuit, shown in Figure 4.3(a), or a combination
of several such circuits.

In order to first simplify the explanation and still be realistic, it is assumed that
the dc side inductance is very large and therefore the dc current is constant. The
circuit consists of six valves, numbered 1 to 6, the number sequence conveying the
order of the current transfer and the dc output voltage. The current commutates from
valve to valve to turn it into an ac current.

Figure 4.3(b) shows the three-phase ac waveforms ua, u6, zrrd u" with respect to
the transformer neutral N. Assuming that the ac system impedance is zero and the
transformer is ideal, the top waveforms of Figure 4.3(b) also show voltage waveforms
of the two dc buses, with respect to the transformer neutral. This is followed by the
waveforms for the constant dc current, ac current waveforms in relation to constant
dc current, and the dc output voltage between the two dc buses.

The beginning of Figure 4.3(b) shows that from instant t1 to t2, valves L and 2

are conducting, the dc current takes the path valve 2, into phase c, out of phase a,

and valve 1. The dc buses are connected to phases a and c, and the dc output voltage
is that between phases a and c, as shown by the thick lines. At point t3 the voltage of
phase b becomes positive with respect to phase a, and valve 3 becomes forward biased.

Being a diode, it starts conducting and takes the current over from valve 1 and the
output dc voltage follows the voltage between the thick lines of phases b and c. The
current waveforms show that the current is flowing through valve 2, phase c, phase b

and valve 3. Next at instant /a, phase a becomes negative with respect to phase c, and

valve 4 becomes forward biased, starts conducting and takes the current over from
valve2. Then at instant /5, valve 5 takes over from valve 3, at instant /6 valve 6 takes
over from valve 4, and at instant I valve 1 takes over from valve 5 for one complete
cycle. The current in the three phases is shown and is made up of 120 degree blocks
of dc current, through an upper and a lower valve of each phase leg.

It should be noted that in a current-sourced converter, the commutation takes
place from valve to valve among valves connected to the same dc bus, i.e., valves 1

to 3 to 5 to 1 and so on. This is different from the voltage-sourced converters in which
the commutation occurs between the valves connected to the same phase leg, i.e..

valve 1 to 4 to 1 and so on. As a result the waveforms of the ac voltage of a voltage-
sourced converter are made up of 180 degree blocks and consequently have triplen
harmonics; the waveforms of ac current of a three-phase current-sourced converter
are made up of L20 degree blocks and consequently do not have triplen harmonics.

The dc output voltage as shown at the top of Figure 4'3(b), is for the two dc

buses with respect to the transformer neutral. Adding the magnitude of these two
waveforms gives the voltage of the upper dc bus with respect to the lower dc bus. As
shown at the bottom of Figure 4.3(b), the dc output voltage has a six-pulse waveform.
made up of the sum of two three-phase, half-wave circuits.
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The dc output voltage is made up of 60 degree segments and with the peak of
ac voltage as a reference point, it is defined by

" 
: {1E cos r,r/

where E is the phase-to-phase voltage. This ideal output voltage is given by

? f +nt6
vo: ; J:',:,'utD.n 

cos at d(^t)

3\n -. . a,-t. 3\n --u'- E[sin ri,t]-_+tE
TT TT

(4.1)

(4.2)

(4.4)

The output voltage is positive with dc current flowing out of the anode bus of the
converter; hence the power flow is from ac to dc (rectifier). DC output voltage contains
some harmonics (discussed at the end of Section 4.3). The ac current, Figure 4.3(b),
is made up of square wave blocks of 120 degree duration each half-cycle. The rms
value of this phase current is given by

I_

Ia : 0.B16Id

AC current also has harmonics (further discussed in Section 4'3).
Equating the fundamental ac power and the dc power (neglecting losses),

$ Bt:vala

and substitutingVa in terms of E from (4.1) gives the rms fundamental ac current:

- v6,L: - Ia:0.781a (4.3)
7T

The rms difference between the total rms current I (4.2), and the rms fundamental
current 1'. is the total rms harmonic current:

Ir,: V(I' - n):0.241a

There was one simplifying assumption in the above discussion that the current
instantaneously commutated from valve 1 to 3, 2 to 4, etc. In reality it will take
a significant time. Typically it may take about 20 degrees to 30 degrees. The
commutation of in-line commutated converters involves transfer of current from
one phase to another through the valves in an inductive circuit of the ac system,

including the transformer inductance.
Consider again the same diode circuit, Figure 4.4, which shows that at instant

/3, when valve 3 becomes forward biased starts to conduct with valve 1 carrying the

full dc current. The conducting ofboth valves 1 and 3 represents a short circuit between
phases a and b with the short-circuit current rising from phase b through valve 3 into
phase a through valve 1. But once the short-circuit current equals the dc current through
valve 1,, its net current reaches zero,valve 1 stops conducting and the commutation is

complete. The short-circuit current between the two phases for this period of commuta-

tion, angle 7s, is defined by
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Assuming that when d - Ia, @t _

Ia:

70 glves

tr
+(1 -cosy6)Y2aL

From (4.5) the commutation angle 1ls can be calculated.
It is noted from Figure 4.4, that the output voltage is somewhat reduced compared

to the output voltage corresponding to 7 - 0 in Figure 4.3. During commutation the
output follows the mean of the two short-circuited voltages. The lost voltage corre-
sponds to the shaded area every 60 degrees and is given by

dV: AAE
3

oA:L[:'tfr,nsin a,/ 1d(at): 
A,EQ - cosyo)

ov:+E$- cosyo)
Y2r

^y z 3aL6V:--- Id
n

(4.s)

(4.6)

(4.7)

(4.8)

(4.eb)

Va:Vo- dV:Vo-3'L Io
T

Thus the dc voltage drop in the converter due to the commutation of dc current 1a is
directly proportional to Id. On the dc side the voltage drop may be simulated as a
resistance, equal to 3aLlId. This does not mean that there is a loss of power, because
it is not an actual resistance. It can be visualized from the current waveform in Figure
4.4 that the current is somewhat shifted to the right by the commutation process. This
means that the ac side power factor is reduced from unity to a somewhat lower value
in the lagging direction, which in turn means that some reactive power is consumed.
This power factor reduction corresponds to the reduction in the dc voltage.

Equating the dc and ac power

\EElcos O -VaIa: (rr-4to\ to
\ " TT -/

which, combined with (4.I) and (4.3) gives

I 3ctLn,
g may be taken as

0< a<30'
30' 1a < 90'

(4.9a)

4.3 THYRISTOR-BASED CONVERTER (with gate turn-on
but without gate turn-off)

4.3.1 Rectifier Operation

From the discussions on the diode rectifier, it is easy to recognize that if the
devices had a turn-on control, the start of each commutation could be delaved and
hence the output voltage reduced or even reversed at will.

rosd-1-

For practical estimation, power factor angle

4, - ot + 2y13, for

O*a+ yl3, for
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Consider again the diode voltage waveform of Figure 4.4 when from instant /3

valve 3 becomes forward biased and it is ready to commutate current from valve 1.
This start of commutation could be delayed if the devices were thyristors. Figure 4.5
shows the output dc voltage and phase-current waveforms for the commutations
delayed by an angle a. The short-circuit current of the commutation process is now
defined as before bv

(a)

di"2Li - V2 Esin cor

..*l"ll

Figure 4.5 Three-phase, full-wave thyristor-based current-sourced converter (thy-
ristors without turn-off)-rectifier operation: (a) six-pulse thyristor con-
verter; (b) voltage and current waveforms.
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Assuming now that the start of commutation is at at : cr, integration for oll : c and
d : 0, gives

From (4.10), angle 7 can be calculated for a given value of angle o. It is seen that
angle 7 decreases with increase in angle o. This should be obvious since the rate or
rise of short-circuit current is greater with increase in the short-circuited voltage.

Equation for the dc output voltage can be obtained by first calculating the output
voltage with commutation angle T : 0, and then subtracting the voltage lost due to
commutations. With 7 : 0, the output voltage, taking a 60 degree segment, is defined by

i,:+(cos a-cos @t)
YZaL

and when crll + T, I,_ ia, gives

Ia:
vffi.[cosc--cos(a+y)]

va :2 [.' 
u.*" tnEcos cot d(at)'u 

TTJ-tl6+a

Va:3v2 E cos a - V6 cos a
TT

dv:+E[cos a- cos(a+y)]I2r

Va: I/o cos a - AV

Vo.
- i [cos a + cos(a + y)]

(4.10)

(4.r1)

(4.12)

(4.r3)

(4.14t

where 7o is the output voltage corresponding to a : 0 and 7o : 0. Thus the output
voltage with 7e : 0 decreases as the cosine function of a. This means that with
increasing a, the output voltage decreases slowly first reaching 86.6Vo for a : 30
degrees, 50Vo with at : 60 degrees and 0 at a : 90 degrees, and negative for a )
90 degrees.

Now taking into account the commutation angle, the area under each commuta-
tion is given by

uo :tl:-' Viu sinat d(at) : 
ftn(cos 

a - cos a + y)

This area represents dc voltage drop every 60 degrees, therefore,

and

or VdlVs, the per unit voltage is given by

From (4.11) and (4.12),,

2:jt.o, a+cos(a+v)l

^,7 3aL loV:---- Id
Flt

which gives

i€-
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7o cos a

t
I

Vd=Vgcosa- 3otL r

T'd

As would be expected the voltage drop for commutation is the same (3aLln)16 for
any delay angle; i.e., the commutation voltage integral is always the same for the
same current.

Thus a converter output voltage for any value of delay angle a, dc current 1a,

and ac voltage E canbe obtained from (4.15) and is represented by a simple equivalent
circuit of a variable dc source in series with an equivalent resistor as shown in Figure
4.6. This resistor in turn is a reflection of reduced lagging reactive power on the ac side.

In per unit terms, assuming Vo" as 1 ptVo, inductance aL in per unit as Xe :
(aL x I)l(El\/3), then combining (a3) and (4.15) gives a per unit value of the dc
output voltage:

Figure 4.6 Equivalent circuit for a current-sourced converter

Va: V6 cos a -t" ,n
TT

VllVon: cos a

Given, S8]: converter transformer plus the system impedance is 207o

(0.2 pu), the dc voltage will drop by about IAVo from no load to full
power factor on the ac side will drop correspondingly.

If it is assumed that V a : I/s cos @, then the power factor cos d is
given by

ValVo :cos O - cos a -ry Ia :] 1.o, a +cos( a + y)]Tr /.-

4.3.2 Inverter Operation

(4.1s)

(4.r7)

-Xo2 (4.r6)

and inductive,
load, and the

approximately

Consider first, converter operation assuming zero commutation angle; Figure 4.7
shows the output voltage with varying delay angle.

Figure 4.7(a) is for the normal rectifier operation with a small delay angle a and
shows the positive output voltage by inclined hatched areas. Figure a.1(b) is for the
case when delay angle a is increased beyond 60 degrees and it is seen that there are
some negative areas corresponding to the angle in excess of 60 degrees, shown by
horizontal hatching. If the dc load on the rectifier was resistive, its operation would
be discontinuous because conduction would not occur in the negative direction. But
with a large inductor, the difference between the positive and negative areas will
average out to a resultant output voltage on the dc side.

At 90 degrees delay, the positive and negative voltage areas become equal and
the average voltage is zero as per (4.11).
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vd

A_s the delay angle is further increased, the average voltage becomes negative and at
180 degrees the negative voltage becomes as large as tha"t for the rectifi'er with zero
delay angle.

It is assumed that for an inverter to operate and feed active power into the ac
system, there is another source of dc power which causes the dc current to flow in
the same direction, against the converter's dc output voltage, thus feeding dc power
into the inverter.

- Actually, an inverter can not be operated at a delay angle of 1g0 degrees,
because some time (angle y) is needed for the commutation of iurrent ana tirtfrei
time (angle d6) is needed for the outgoing valve to fully recover (turn-off) before
the voltage across it reverses and becomes positive. Otirerwise the outgoing valvewill commutate the cunent back and lead to a fault known as commutation failure
(discussed later).

Figure 4.8 shows inverter operation with an angle a, which is somewhat less
than 180 degrees. Also shown are the valve currents and various angles, dividing
the range of 180 degrees angle into the deray angle a, commutation angre 7, safJ
turn-off angle d, and angle of advance B : y i t por safe operation, angle d,
must not be less than 60. Often for convenience, inverter equations are refJrred
to in terms of angle of advance B, commutation angle y, uni margin angle 6. All
the equations derived earlier in terms of a and 7 still apply, and ii prefeired they
can be obtained by substituting a with n - B o, o 

-l 
iy + 6);- they are nj

included here.
Figure 4.9 shows the phasor diagram of ac voltage and current, indicating

the range of operation of a line-commutating converteiwith the hatched area. Ii
shows that the operation is limited to two quadrants; the rectifier operation limited
by the commutation requirements at a : 0, and the inverter operition limited at
the other end by the commutation and valve recovery requirements. Throughout
the range it consumes reactive power, which can be calculated from (a.9i and
(4.17) tor the power factor. For a given current and voltage, the active po*",
decreases and reactive power increases, with increase in a frori zero until it reaches
90 .degrees-(yl2) when the dc output voltage reduces to zeto. At this point the
active power is zero and the reactive power is at its maximum. In fact, a line_
commutating converter is also used as a static var compensator to consume controlled
reactive power. This is done by operating the converier with a short circuit througha dc inductor on the dc side and contiolling the dc current flow by controlliij
angle a.

It should be noted that the equations above represent the rectifier and inverter
conditions for commutation angle y less than 60 degrees; if this angle is exceeded,
the operation is no longer represented by the same equations since two commutations
will take place simultaneously. This situation is not ilt"ty in steady-state conditions
but may occut dunng high dc fault current. It should aiso be noted that operationwith delay angle a tess .thay 30 degrees and commutation angle y greater than60 degrees simultaneously is not pJssible. If f"r; ,"y,-;: o, the current is soincreased that the corresponding angre 7 is,greater 

llran oo degiees, then the firingof the valves will not take prace ui o': 0 but wilt be autoiraticaily derayed sothat y : 60o. This situation iontinues until o : 30. and ;h;; ? can be increased.under such conditions, the equivarent commutation resistance in (a.15) 
"rJ 

F,g;4.6 become 9aLln, three timis the normal value of 3aLln.
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Figure 4.8 Three-phase full-wave thyristor-based current-sourced converter-in-
verter operation: (a) six-pulse thyristor converter; (b) voltage and cur-
rent waveforms.

4.3.3 Valve Voltage

Figure 4.10 shows the valve voltage, valve 5 for example, during inverter opera-
tion. The upper waveforms show the ac voltage, valve sequence, and the voltages
during commutations. As explained before, the commutations are enabled by short
circuits between phases. During these short circuits the voltage of the two short-
circuited ac phases follow the mean of the respective two phases. Diagram for valve
5 voltage shows that during conduction period of l-20' * 7, the voltage is zeto, and
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Figure 4.9 Operation zone of thyristor-
based converter.
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Figure 4.10 Voltage across a valve in a thyristor converter: (a) converter operation
as an inverter; (b) voltage across valve 5.
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at the end of commutation from valve 5 to valve 1, the voltage jumps to a negative
value corresponding to the voltage u*. As mentioned before, the duration o1 this
negative voltage needs to be sufficient for valve 5 to recover before the voltage goes
positive. As the valve voltage follows voltage u"u, it is distorted by change in the voltage
u* during short circuit of phases b and c for commutation from valve 6 to valve 2.
Following that it is again distorted by the change in voltage u"u during commutation
from valve L to valve 3; however, at the completion of this commutation, the valve
voltage follows the voltage u.6, which is later distorted by commutation from valve 2
to valve 4. The cycle is complete when valve 5 turns on again. Thus the voltage across
valve 5, connected to phase c, follows the voltage waveforms, u"u and u.6. Similarly the
voltage across valve 2, the other valve connected to phase c, follows the voltage
waveforms uu. and u6q, and so on. During the inverter operation the valve voltage is
positive much of the time and obviously during rectifier operation it will be negative
much of the time. Given the circuit inductances and capacitances, there will be a
voltage overshoot at each voltage jump, resulting in higher valve voltage when the
overshoot is during the peak of the valve voltage. It is therefore necessary to provide
R-C damping circuits across the valve devices.

4.3.4 Commutation Failures

It was mentioned earlier that a safe minimum angle of advance B is needed in
order to allow successful commutation of current (angle 7) and for the outgoing valve
to fully recover (angle 6. > 60) before the voltage across it reverses and becomes
positive. Otherwise the outgoing valve will commutate the current back and lead to
a fault known as commutation failure. On one hand it is desirable to minimize the
angle B when it is necessary to maximize the inverter output voltage; on the other
hand, allowance has to be made for current rise and/or reduction of ac system voltage
just before and during the commutation process. Some allowance has to be made for
reasonable events and then it has to be accepted that some commutation failures will
still occur on some statistical basis and provide for a safe ride through.

Referring to Figure 4.1,1, tt is the point where valves I and2 are conducting,
valve 3 turns on, and commutation from valve 1 to valve 3 is expected to take place.
Suppose the commutation fails to complete by point /2 the point of voltage crossing.
The commutation will reverse, as shown, and valve 1 together with valve 2 will continue
to carry the dc current. Consequently the dc voltage continues to fall as per voltage
u"". Then at point /3 valve 4 turns on to take over the current from valve 2, at whiih
time u"u is short circuited and the dc voltage falls to zero. Now assuming that the
commutation from valve2 to valve 4 is successful, the dc current is effectively bypassed
through the phaseJeg of valves l" and 4. Following that, valve 5 has no chance,io take
back the current, because its voltage is reverse biased. The dc short circuit ends lo
when valve 6 takes the current over from valve 4, with the dc voltage going slightly
negative first and the converter continues to function correctly. This type of commuta-
tion failure is referred to as a single commutation failure.

When a commutation failure occurs, the scenario is more likely to end with a
single commutation failure, given that the dc inductor is large enough to limit the rate
of rise of current and the protective means advance the turn-on of the next valve with
detection of a commutation failure. Again there is no guarantee that the commutation
of the next valve, immediately after the commutation failure, will be successful. In
the example above if the commutation from valve 2 to valve 4 also fails to complete,

----------G



,lll

t4

I

I

t1

I
I

I

['

,t-l
I

I

l
I

i

"-l |,
i4N

I-\rr,

ln

(c)I

l/
V

I

I

I

I

I

--i-, .'-l /'Ii .r' l r'|i ii
I i/ lill' 'l
I

I

I

-,1

4
I

Figure 4.11 Commutation failure in a thyristor-based line-commutated converter:
(a) six-pulse thyristor converter; (b) inverter voltage during a single
commutation failure; (c) inverter voltage during double commuta-
tion failure.
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then the dc output voltage will go through a full ac cycle voltage u"", following that if
all else is well, the normal operation will continue.

In general this problem is quite manageable in power systems as is evident from
a large number of HVDC projects in satisfactory oplration.

._z\/i,l^^^ - 1 1 1 1 Itu:-;-Ia 
lcosorr-5cos5crrr 

+lcosT,'t - rrcos 
rr.,t*ficos13arr- I (4.1g)

The harmonics are of the order of 6k -r 1, where /< is an integer. The rms value of
any term in (a.18) is given by

4.3.5 AC Current Harmonics

Neglecting commutation angle, the current is
shown in Figure 4.12(a). Analysis of ac current can
and is given by

In: IoY6
nTr

with zl _ 1, the rms value of the fundamental is given by

r V6'It: _ Id:0.781,t
Elt

made up of 120 degree pulses as
be obtained by Fourier analysis

(4.re)

(4.3)

llju_-i"q L:l ratio of a wye/wye transformer, if a delta/wye transformer with
V3: 1 ratio is adopted, the secondary voltages of this transformer would be displaced

1:1

'"' L j j x[
Six pulse

€:1 30'

,r, 
I

Six pulse

Figure 4.12 Six-pulse and 12-pulse current-sourced converters: (a) six-pulse wye/
wye circuit and current waveform; (b) six-pulse wye/delta circuit and
current wavefor-; (c) twelve-pulse circuit and current waveform.
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by 30 degrees with respect to the corresponding voltages in a wye/wye transformer.

11h" line current will now be as shown in Figure 4.I2(b). The analysis will show that

the harmonics are defined by the same (4.16) above, except that harmonics of the 5th,

7th,\7th,Lgth,29th, etc. orders are of opposite sign.

When two six-pulse converters of equal capacity, one with wyc/wye transformer

of ratio 2:1', andthe other with delta/wye transformer of ratio 2\/3:1" are connected

together in either series or parallel, the resultant current is given by

in:+r, 
[ro, 

@t -fi.o, Ll.'t. *cos 13an - *cos 23,,t *
TT

"'] @.zo)

This equation represents the ac current of a 12-pulse converter and has a waveform

shown in Figure a.n@\ Harmonics of the orders 5th, 7th, 17th, L9th, . . . which do

not enter th" u" system, will circulate between the two six-pulse converters. The

harmonics are of the order of 72k + 1, where k is an integer. In fact a 12-pulse

converter will often have one transformer with one primary and two secondaries' It
follows that one can have a24-pulse converter by combining four six-pulse converters,

with L5 degrees phase-shift obtained with phase-shifting transformers.

The iquatibns above took no account of commutation angle. However, it is

important to consider the commutation angle because the harmonics decrease consid-

"tuUty. 
If this is considered, the current wave shape for analysis can be defined in

three parts as in Figure 4.L3.

(cos a- cos @t)
tp: '(coi o -coso-+Y)l

for

for

u< at

Iq - I1

(a + v)

ir : Ia -t,

l(2nt3) + al

Based on Fourier analysis of the waveform defined above, Figures 4.14 to 4.19

show curves of the harmonic current 1, as percentage of the fundamental 1 (defined

by equations above), against the commutation angle y for different values of a or 6
for the 5th, 7th, L1th, 13th, 17th, and 19th in order to convey the nature of these

curves. Curves for specific values of the delay angle a and the margin angle 6 are the

same, because d is a mirror image of a.
It is seen from these curves that, as 7 increases, the magnitude of harmonics

decreases, and with higher orders decreases more rapidly. Each harmonic decreases

to a minimum at an angley:360"1n and then rises slightly thereafter. It is worth

noting that for practical purposes 7 will likely be in the range of L5 to 30 degrees at

full load.
Obviously the voltage harmonics on the ac system side are a function of the ac

system impedance for each harmonic current injected into the system by the converter.

for

::::::- :-.
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Figure 4'13 DC current and voltage waveform definition for harmonic analvsis.

a+y

10 20 30
Angle of overlap y (degrees)

Figure 4.L4 Variation of 5th harmonic cur_
rent in relation to angle of delay a (or margin
angle d) and commutation angle y.

^r,2n,- 
3

gs

v
q.

G

612
tr
(5
Ec
5

o
.,.r 1A
d\ '\,
(o

a
(U

ro

Current i



Section 4.3 I Thyristor-Based Converter (with gate turn-on but without gate turn-off) 1^'23

17

16

15

14

^ 13
--9

"= 12
o
E
€ 11c;
b 10
bq
(o

aqc'v+

Figure 4.LS Variation of 7th harmonic cur-
rent in relation to angle of delay a (or margin
angle d) and commutation angle y.

Figure 4.16 Variation of 11th harmonic cur-
rent in relation to angle of delay a (or margin
angle 6) and commutation angle 7.
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Figure 4.17 Variation of 13th harmonic cur-
rent in relation to angle of delay a (or margin
angle d) and commutation angle 7.

Figure 4.18 Variation of ITth harmonic cur-
rent in relation to angle of delay a (or margin
angle E) and commutation angle y.
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4.3.6 DC Voltage Harmonics

On the dc side of a converter, the output voltage is of a form, which depends
on the pulse order, angle of delay a, and angle of commutation y. The output uoltug"
consists of a dc voltage, on which are superimposed a number of harmonics; these
have an order n equal to ftp, where k is an integer andp : 6 for a six-pulse converter.
With zero delay angle, and no load or neglecting commutation angle, thi rms amplitude
of each harmonic is given by

Vn:Vr#

Thus sixth harmonic has an amplitude of 4.04Vo, twelveth harmonic
of 0.997o of the fundamental dc voltage, etc., for zero delay and
angles.

With reference to Figure 4.I3(u), for harmonic analysis with an
a and commutation angle y, the 60 degree segment of the dc voltage
be defined in three parts:

(4.21)

has amplitude
commutation

angle of delay
waveform can

e,: \nE cos for 0< atla

€t: for alatI(o+y) (4.22)

(n t3)€r: \n,E cos

Figures 4.20, 4.21, and 4.22 show characteristics of harmonics as per unit of the
ideal dc voltage Vs against the commutation angle y, for different values of delay angle
a for 6th, 12th,and 18th harmonic, respectively. It is seen from these characteristics that

I For small values of angle y, the harmonic magnitudes increase with the increase
in angle a and the higher the harmonics, the more rapid the increase.

I For a constant angle a, the harmonics decrease (they may increase slightly at
first for small angles a) and reach a first minimum at, approximately, i : nln.

r For, y : nl(n + 1) and, y : nl(n - 1), the harmonics are constant for anv
angle a.

t At,y : 2rln, there is a maximum and at y : 3nln there is a further minimum.

When two six-pulse converters, one with wye/wye transformer and the other
with wye/delta transformer, are connected in series to form a 12-pulse converter, the
harmonics that are of the orders that are odd multiples of 6, (6th, 1gth, 30th . . .), will
be equal and opposite in phase and cancel out, where as harmonics of the orders that
are even multiples of 6, (l2th,24th,36th. . .) will be in phase.

Obviously the current harmonics on the dc side are a function of the dc side
impedance for each harmonic voltage produced by the converter.

+ \nE cos 
/ ?i\ Ir\0'/ - u)l

for (a+ y)<@t<

;lnEcos (,,-Z)

(''.;)

(^'-:)
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Figure 4.20 Variation of 6th harmonic voltage in relation to angle of delay a (or
margin angle d) and commutation angle 7.
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Figure 4.2I Variation of
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rzth harmonic voltage in relation to angle of delay a (or
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Figure 4.22 Variation of 18th harmonic voltage in relation to angle of delay a (or
margin angle 6) and commutation angle 7.

4.4 CURRENT.SOURCED CONVERTER WITH TURN.OFF
DEVICES (current-stiff converter)

A current-sourced converter with turn-off devices is also referred to as current-stiff
converter. As mentioned previously, these turn-off devices must have reverse withstand
voltage capbbility (symmetric devices) or have diodes in series if they are asymmet-
ric devices.

In the current-sourced converter with conventional thyristors discussed above,
operation of the converter is limited to the third and fourth quadrant (lagging power
factor). This is because thyristors do not have turn-off capability and the dc current
has to be commutated from one valve to another while the anode-cathode voltage of
the incoming valve is still positive. Also, such a converter needs an ac voltage source
for commutation.

In the voltage-sourced converters discussed in Chapter 3, there is the dc capacitor,
which facilitates rapid transfer of current from an outgoing turn-off valve to the
opposite valve in a phase-leg, irrespective of the direction of the ac current. The
capacitor is assumed to be large enough to handle alternate charging and discharging

ft"o
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without substantial change in dc voltage. With turn-off capability, the valves can be
turned off at will. However, turn-off devices in order to turn off still require an
alternate path for rapid transfer of current. Otherwise, they will have to dissipate a
large amount of energy to turn off current in an inductive circuit. It can be visualized
that if ac capacitors are placed between phases, on the ac side of the valves, Figure
4.23(a), they can facilitate rapid transfer of current from the outgoing turn-off valve
to the incoming valve.

Commutation of current from valve 1 to valve 3 is illustrated in Figure 4.23(b).
Given low inductance of the ac shunt capacitor and the bus connections, the transfer
(commutation) is rapid and there is no commutation angle to speak of as far as the
valves are concerned. Actually, with due respect to the turn-on dildt limit of the
devices, inductance of the capacitors and the bus connections can be duly exploited.
Also it is to be noted, that when a valve turns off, valve 1 in Figure 4.23(b), its rate
of rise of voltage is cushioned by the ac capacitor. Details of turn-on and turn-off in
a few tens of microseconds time frame of the commutation is not discussed here.
Suffice it to say that it is a complex and important matter in terms of device losses
and snubber requirements. These capacitors need to handle a sustained alternating
charge/discharge current of the converter valves.

Unlike the line commutated converter using conventional thyristors, this con-
verter with turn-off valves can operate even with a leading power factor and it does
not need a pre-existing ac voltage for commutation. It can in fact operate as an inverter
into a passive or an active ac system.

Figure a.n@) shows the anode-bus current connected to the anode side of valves
L, 3, and 5 and transfer of this incoming dc current from valve L to 3, to 5, to 1 etc.,
in a closed three-valve sequence in a three-phase converter. Similarly shown are the
cathode bus current, the outgoing dc current, and how it transfers from valve 2 to 4,
to 6, to 2 etc.,in a closed three-valve sequence. The two sequences are phase shifted
by 60 degrees and they together form a three-phase, full-wave bridge converter.
Consequent injected ac current in the three phases is also shown in Figure 4.23(c),
which is same as for the conventional thyristor converter when neglecting commutation
angle, Figure a3(b). The currents are injected without the support of ac system volt-
ages, and therefore, the phase angle and the frequency of this injected ac current can
be controlled.

To understand the operation of this converter, it is appropriate to visualize it as
an ac current generator connected to an ac system, which is front-ended with ac
capacitors [Figure 4.23(d)].In FACTS applications, the interface beyond the ac capaci-
tor is likely to be a transformer which may be followed by ac system and fllters to
limit the harmonics from entering the ac system. The ac voltage at the converter
terminal is the result of the interaction of the converter-generated ac current with the
ac system impedance and the system voltage. Naturally, the injected current has to
be coordinated with the characteristics of the ac system in terms of its frequency and
phase relationship to ensure that the consequent ac voltages are acceptable.

In the context of shunt-connected FACTS Controllers, this converter will simply
inject an ac current into the system with the necessary ac voltage to force such an
injection of current. This assumes of course that the dc current source is capable of
driving such a current.

In the context of series-connected FACTS Controllers, the ac current in the line
would flow through the valves to become a unidirectional dc current. Depending on
the dc side impedance and the source, dc voltage of either polarity would appear.
This dc voltage is reflected back as the converter ac voltage, which in turn will influence
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Figure 4.23 Self-commutating current-sourced converter: (a) six-pulse converter;
(b) commutation process; (c) current waveforms; (d) system interface.
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the line current. If for some reason the connection to the ac systems becomes open, the
converter is blocked, the current bypassed by the valves and the dc side voltage can
be quickly reversed to manage the bypassed current; this is a normal practice in HVDC.

Since the current waveform of this single six-pulse converter is identical to that
of Figure 4.3(b), the harmonic content is given by (a.18). The harmonics are of the
order of 6k'r 1, where k is an integer. The rms value of any term in (a.18) is given
by (a.19) and the rms value of the fundamental is given by (a3).

Two six-pulse converters of equal capacity, one with wye/wye transformer and
the other with wye/delta transformer, or one transformer with two secondaries. one
wye connected and the other delta connected, will result in a 12-pulse converter with
harmonics defined by (.20). The ac side fundamental and harmonic voltages are a
function of the ac system and the injected current.

A dc side converter voltage will also have harmonics. Assuming sinusoidal voltage
at the ac capacitor terminals, the dc voltage harmonics are defined by (4.22), but with
7:0:

€, : \nE cos

€r,: \nE cos

0< atlat

alatI(rl3)

(''.;)

(,'-l,)

for

for
(4.23)

The per-unit values of these harmonics are given by the values on the Y-axis of Figures
4.20, 4.2L, and 4.22, for the 6th,12th, and 24th harmonics.

Various PWM concepts discussed for the voltage-sourced converters in Chapter
3 are applicable to the current-sourced converters, although they are not discussed
here. An advantage of the PWM operation is that the commutation capacitor size
will decrease.

4.5 CURRENT.SOURCED VERSUS
VOLTAGE.SOURCED CONVERTERS

There are some advantages and disadvantages of current-sourced versus voltage-
sourced converters:

Diode-based converters are the lowest cost converters, if control of active
power by the converter is not required.

r If the leading reactive power is not required, then a conventional thyristor-
based converter provides a low-cost converter with active power control. It
can also serve as a controlled lagging reactive power load (like a thyristor-
controlled reactor).

r The curent-sourced converter does not have high short-circuit current, as does
the voltage-sourced converter. For current-sourced converters, the rate of rise
of fault current during external or internal faults is limited by the dc reactor.
For the voltage-sourced converters, the capacitor discharge current would rise
very rapidly and can damage the valves.

r The six-pulse, current-sourced converter does not generate third harmonic
voltage, and its transformer primaries for a 12-pulse converter do not have to
be connected in series for harmonic cancellation. It is also relatively simple to
obtain a 24-pulse operation with phase-shifting windings.
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In a current-stiff converter, the valves are not subject to high durdt, due to
the presence of the ac capacitors.

Ac capacitors required for the current-stiff converters can be quite large and
expensive, although their size can be decreased by adoption of pWM topology.
In general the problem of a satisfactory interface of current-sourced converters
with the ac system is more complex.
continuous losses in the dc reactor of a current-sourced converter are much
higher than the losses in the dc capacitor. These losses can represent a signifi-
cant loss penalty.

with the presence of capacitors, which are subjected to commutation charging
and discharging, this converter will produce harmonic voltages at a frequency
of resonance between the capacitors and the ac system inductances. Adverse
effects of this can be avoided by sizing the capacitors such that the resonance
frequency does not coincide with characteristic harmonics.

r These harmonics as well as the presence of a dc reactor can result in overvol-
tages on the valves and transformers.

I Widespread adoption of asymmetrical devices, IGBTs and GTOs, as the de-
vices of choice for lower on-state losses, has made voltage-sourced converters
a favorable choice when turn-off capability is necessary. The device market
is generally driven by high-volume industrial applications, and as a result
symmetrical turn-off devices of high-voltage ratings and required operating
characteristics, in particular the switching characteristics, may not be readily
available until the volume of the FACTS market increases. However as the
devices evolve, particularly with the evolution of advanced GTOs discussed
in Chapter 2, it is important to continuously re-evaluate the converter topology
of choice.
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Static Shu nt Compensators:
SVC and STATCOM

5.1 OBJECTIVES OF SHUNT COMPENSATION

It has long been recognizedthat the steady-state transmittable power can be increased
and the voltage profile along the line controlled by appropriate reactive shunt compen-
sation. The purpose of, this reactive compensation is to chage the natural electrical
characteristics of the transmission line to make it more compatible with the prevailing
load demand. Thus, shunt connected, fixed or mechanically switched reactors are
applied to minimize line overvoltage under light load conditions, and shunt connected,
fixed or mechanically switched capacitors are applied to maintain voltage levels under
heavy load conditions.

In this section, basic considerations to increase the transmittable power by ideal
shunt-connected var compensation will be reviewed in order to provide a foundation
for power electronics-based compensation and control techniques to meet specific
compensation objectives. The ultimate objective of applying reactive shunt compensa-
tion in a transmission system is to increase the transmittable power. This may be
required to improve the steady-state transmission characteristics as well as the stability
of the system. Var compensation is thus used for voltage regulation at the midpoint
(or some intermediate) to segment the transmission line and at the end of the (radial)
line to prevent voltage instability, as well as for dynamic voltage control to increase
transient stability and damp power oscillations.

5.1.1 Midpoint Voltage Regulation for Line Segmentation

Consider the simple two-machine (two-bus) transmission model in which an ideal
var compensator is shunt connected at the midpoint of the transmission line, as shown
in Figure 5.1(a). For simplicity, the line is represented by the series line inductance.
The compensator is represented by a sinusoidal ac voltage source (of the fundamental
frequency), in-phase with the midpoint voltage, V., and with an amplitude identical
to that of the sending- and receiving-end voltages (V^: V, : V, : V) The midpoint
compensator in effect segments the transmission line into two independent parts: the
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Figure 5.1 Two-machine power system with an ideal midpoint reactive compensator
(a), corresponding phasor diagram (b), and power transmission vs. angle
characteristic showing the variation of real power P, and the reactive
power output of the compensator Qo with angle D (c).

first segment, with an impedance of Xl2, carries power from the sending end to the
midpoint, and the second segment, also with an impedance of Xl2, carries power
from the midpoint to the receiving end. The relationship between voltages, V,, V,,
7,, (together with Vr., V^,), and line segment currents .I", and 1," is shown by the
phasor diagram in Figure 5.1(b). Note that the midpoint var compensator exchanges
only reactive power with the transmission line in this process.

For the lossless system assumed, the real power is the same at each terminal
(sending end, midpoint, and receiving end) of the line, and it can be derived readily
from the phasor diagram of Fig. 5.1(b). With

2 P^^,
P' max

Vr*:V*r-Vcosf; Ir*

the transmitted power is

r _r_4V_.6:l^r:l:7smO (s.1)

P - V,*1,*: V*J^,: V*d, cos X: Vt cosJ

ti, 8s,fi',

| (P= 0)

I

tt
Vm Vrtl

(5.2a)
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The relationship between real power P, reactive power Q, and angle d'for the
case of ideal shunt compensation is shown plotted in Figure 5.1(c). It can be observed
that the midpoint shunt compensation can significantly increase the transmittable
power (doubling its maximum value) at the expense of a rapidly increasing reactive
power demand on the midpoint compensator (and also on the end-generators).

It is also evident that for the single-line system of Figure 5.1 the midpoint of the
transmission line is the best location for the compensator. This is because the voltage
sag along the uncompensated transmission line is the largest at the midpoint. Also,
the compensation at the midpoint breaks the transmission line into two equal segments
for each of which the maximum transmittable power is the same. For unequal segments,
the transmittable power of the longer segment would clearly determine the overall
transmission limit.

The concept of transmission line segmentation can be expanded to the use of
multiple compensators, located at equal segments of the transmission line, as illustrated
for four line segmOnts in Figure 5.2. Theoretically, the transmittable power would
double with each doubling of the segments for the same overall line length. Further-
more, with the increase of the number of segments, the voltage variation along the
line would rapidly decrease, approaching the ideal case of constant voltage proflle.

It is to be appreciated that such a distributed compensation hinges on the instanta-
neous response and unlimited var generation and absorption capability of the shunt
compensators employed, which would have to stay in synchronism with the prevailing
phase of the segment voltages and maintain the predefined amplitude of the transmis-

X4 xl4

ix/41"r

Figure 5.2 Two-machine system with ideal reactive compensators maintaining con-
stant transmission voltage profile by line segmentation, and associated
phasor diagram.
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sion voltage, independently of load variation. Such a system, however, would tend to
be too complex and probably too expensive, to be practical, particularly if stability and
reliability requirements under appropriate contingency conditions are also considered.
However, the practicability of limited line segmentation, using thyristor-controlled
static var compensators, has been demonstrated by the major, 600 mile long,735 kV
transmission line of the Hydro-Quebec power system built to transmit up to 12000
MW power from the James Bay hydro-complex to the City of Montreal and to neigh-
boring U.S. utilities. More importantly, the transmission benefits of voltage support
by controlled shunt compensation at strategic locations of the transmission system
have been demonstrated by numerous installations in the world.

5.1.2 End of Line Voltage Support to Prevent
Voltage Instability

The midpoint voltage support of a two-machine transmission power system dis-
cussed above can easily extend to the more special case of radial transmission. Indeed,
if a passive load, consuming power P at voltage V, is connected to the midpoint in
place of the receiving-end part of the system (which comprises the receiving-end
generator and transmission link Xl2), the sending-end generator with the Xl2 imped-
ance and load would represent a simple radial system. Clearly, without compensation
the voltage at th-e midpoint (which is now the receiving end) would vary with the load
(and load power factor).

A simple radial system with feeder line reactance of X and load impedance Z,
is shown in Figure 5.3(a) together with the normalized terminal voltage I/, versus
power P plot at various load power factors, ranging from 0.8 lag and 0.9 lead. The
"nose-point" at each plot given for a specific power factor represents the voltage
instability corresponding to that system condition. It should be noted that the voltage
stability limit decreases with inductive loads and increases with capacitive loads.

The inherent circuit characteristics of the simple radial structure, and the V,
versus P plots shown, clearly indicate that shunt reactive compensation can effectively
increase the voltage stability limit by supplying the reactive load and regulating the
terminal voltage (V - V,: 0) as illustrated in Figure 5.3(b). It is evident that for a
radial line, the end of the line, where the largest voltage variation is experienced, is
the best location for the compensator. (Recall that, by contrast, the midpoint is the
most effective location for the line interconnecting two ac system buses.)

Reactive shunt compensation is often used in practical applications to regulate
the voltage at a given bus against load variations, or to provide voltage support for
the load when, due to generation or line outages, the capacity of the sending-end
system becomes impaired. A frequently encountered example is when a large load
area is supplied from two or more generation plants with independent transmission
lines. (This frequently happens when the locally generated power becomes inadequate
to supply a growing load area and additional power is imported over a separate
transmission link.) The loss of one of the power sources could suddenly increase the
load demand on the remaining part of the system, causing severe voltage depression
that could result in an ultimate voltage collapse.

5.1.3 lmprovement ol Transient Stability

As seen in the previous sections, reactive shunt compensation can significantly
increase the maximum transmittable power. Thus, it is reasonable to expect that, with
suitable and fast controls, shunt compensation will be able to change the power flow
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Figure 5.3 Variation of voltage stability limit of a radial line with load and load
power factor (a), and extension of this limit by reactive shunt compensa-
tion (b).

in the system during and following dynamic disturbances so as to increase the transient
stability limit and provide effective power oscillation damping.

The potential effectiveness of shunt (as well as other compensation and flow
control techniques) on transient stability improvement can be conveniently evaluated
by the equal area criterion. The meaning of the equal area criterion is explained with
the aid of the simple two machine (the receiving end is an infinite bus), two line system
shown in Figure 5.4(a) and the corresponding P versus 6 curves shown in Figure 5.4(b).
Assume that the complete system is characterizedby the P versus 6 curve "a" and is
operating at angle Q to transmit power P1 when a fault occurs at line segment "1.."
During the fault the system is characterized by the P versus 6 curve "b" and thus,
over this period, the transmitted electric power decreases significantly while mechanical
input power to the sending-end generator remains substantially constant corresponding
to P1. As a result, the generator 4gcelerates and the transmission angle increases from
4 to d'z at which the protective breakers disconnect the faulted line segment "1" and
the sending-end generator absorbs accelerating energy, represented by area "4L."
After fault clearing, without line segment "1" the degraded system is characterized

0.97 lead

Unity pf

0.95 lag

0.95 lag
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Figure 5.4 Illustration of the equ al, area criterion for transient stability of a two-
machine, two-line power system.

by the P versus 6 curve "c." At angle 62 on curve "c" the transmitted power exceeds
the mechanical input power P1 and the sending end generator starts to decelerate;
however, angle 6 further increases due to the kinetic energy stored in the machine.
The maximum angle reached at 63, where the decelerating energy, represented by
atea "A2," becomes equal to the accelerating energy represented by area "A1". The
limit of transient stability is reached at d3 : 4,,r, beyond which the decelerating energy
would not balance the accelerating energy and synchronism between the sending end
and receiving end could not be restored. The area "A^o,si,," between 63 and fln,.
represent the transient stability margin of the system.

From the above general discussion it is evident that the transient stability, at a

given power transmission level and fault clearing time, is determined by the P versus
d characteristic of the post-fault system. Since appropriately controlled shunt compen-
sation can provide effective voltage support, it can increase the transmission capabilitl'
of the post-fault system and thereby enhance transient stability.

For comparison, the above introduced equal-area criterion is applied here (and
in subsequent chapters) in a greatly simplified manner, with the assumption that the
original single line system shown in Figure 5.L(a) represents both the pre-fault and
post-fault systems. (The impracticality of the single line system and the questionable
validity of this assumption has no effect on this qualitative comparison, but improves
the visual clarity considerably.) Suppose that this system of Figure 5.1(a), with and
without the midpoint shunt compensator, transmits the same steady-state power. As-
sume that both the uncompensated and the compensated systems are subjected to the
same fault for the same period of time. The dynamic behavior of these systems is

tre
xr

a (pre-fault)

c (post-fault)

Pn

--r----
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illustrated in Figures 5.5(a) and (b). Prior to the fault both of them transmit power
P. (subscript m stands for "mechanical") at angles 6r and 6pr, respectively. During
the fault, the transmitted electric power (of the single line system considered) becomes
zero while the mechanical input power to the generators remains constant (P,). There-
fore, the sending-end generator accelerates from the steady-state angles fl and 601 to
angles 62 and 6pz, respectively, when the fault clears. The accelerating energies are
represented by areas A1 and A6. After fault clearing, the transmitted electric power
exceeds the mechanical input power and the sending-end machine decelerates, but
the accumulated kinetic energy further increases until a balance between the accelerat-
ing and decelerating energies, corresponding to areas Ay Ap.t and A2,.Arz, respectively,
is reached at 63 and 6p:, represellting the maximum angular swings for the two cases.
The areas between the P versus dcurve and the constant P^line over the intervals
defined by angles 6'3 and 6..it, ond 4: and Qait, respectively, determine the margin
of transient stability, that is, the "unused" and still available decelerating energy,
represented by areas Apyg6 ond -4pmrgin.

Comparison of Figures 5.5(a) and (b) clearly shows a substantial increase in the
transient stability margin the ideal midpoint compensation with unconstrained var
output can provide by the effective segmentation of the transmission line. Alterna-
tively, if the uncompensated system has a sufficient transient stability margin, shunt
compensation can considerably increase the transmittable power without decreasing
this margin.

In the preceding discussion, the shunt compensator is assumed to be ideal. The
adjective "ideal" here means that the amplitude of the midpoint voltage remains
constant all the time, except possibly during faults, and its phase angle follows the
generator angle swings so that the compensator would not be involved in real power
exchange, but it would continuously provide the necessary reactive power. As Figure
5.1(c) shows, the reactive power demand on the midpoint compensator increases
rapidly with increasing power transmission, reaching a maximum value equal to four
per unit at the maximum steady-state real power transmission limit of two per unit. For

Pp= 
{sin 

6t2

P
P
max

DrJn

...r,'Apmargin

61 62 63 6crit r 6 66pt 6pz 6ps

(b)

6p crit = 7T

(a)

Figure 5.5 Equal area criterion to illustrate the transient stability margin for a

simple two machine system without compensation (a), and with an ideal
midpoint compensator (b).
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obvious economic reasons, the maximum var output of a practical shunt compensator is
normally considerably less than that required for full compensation. Thus, a practical
compensator can perform as an ideal one only as long as the compensation var demand
does not exceed its rating. Above its maximum rating the compensator either becomes
a constant reactive impedance or a constant reactive current source, depending on
the power circuit employed for reactive power generation. The necessary rating of
the compensator is usually determined by planning studies to meet the desired power
flow objectives with defined stability margins under specific system contingency condi-
tions.

In the explanation of the equal area criterion at the beginning of this section, a
clear distinction was made between the "pre-fault" and "post-fault" power system.
It is important to note that from the standpoint of transient stability, and thus of
overall system security, the post-fault system is the one that counts. That is, power
systems are normally designed to be transiently stable, with defined pre-fault contin-
gency scenarios and post-fault system degradation, when subjected to a major distur-
bance (fault). Because of this (sound) design philosophy, the actual capacity of trans-
mission systems is considerably higher than that at which they are normally used.
Thus, it may seem technically plausible (and economically sawy) to employ fast acting
compensation techniques, instead of overall network compensation, specifically to
handle dynamic events and increase the transmission capability of the degraded system
under the contingencies encountered.

5.1.4 Power Oscillation Damping

In the case of an under-damped power system, any minor disturbance can cause
the machine angle to oscillate around its steady-state value at the natural frequency
of the total electromechanical system. The angle oscillation, of course, results in a
corresponding power oscillation around the steady-state power transmitted. The lack
of sufficient damping can be a major problem in some power systems and, in some
cases, it may be the limiting factor for the transmittable power.

Since power oscillation is a sustained dynamic event, it is necessary to vary the
applied shunt compensation, and thereby the (midpoint) voltage of the transmission
line, to counteract the accelerating and decelerating swings of the disturbed machine(s).
That is, when the rotationally oscillating generator accelerates and angle 6 increases
(d6ldt > 0), the electric power transmitted must be increased to compensate for the
excess mechanical input power. Conversely, when the generator decelerates and angle
6 decreases (d6l dt < 0), the electric power must be decreased to balance the insufficient
mechanical input power. (The mechanical input power is assumed to be essentially
constant in the time frame of an oscillation cycle.)

The requirements of var output control, and the process of power oscillation
damping, is illustrated by the waveforms in Figure 5.6. Waveforms in Figure 5.6(a)
show the undamped and damped oscillations of angle 6 around the steady-state value
fi. Waveforms in Figure 5.6(b) show the undamped and damped oscillations of the
electric power P around the steady-state value P". (The momentary drop in power
shown at the beginning of the waveform represents an assumed disturbance that
initiated the oscillation.)

Waveform c shows the reactive power output Qo of. the shunt-connected var
compensator. The capacitive (positive) output of the compensator increases the mid-
point voltage and hence the transmitted power when d6ldt ) 0, and it decreases those
when d6ldt < 0.
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(a) 6o

(b)

Figure 5.6 Waveforms illustrating power os-
cillation damping by reactive shunt compen-
sation: (a) generator angle, (b) transmitted (C)
power, and (c) var output of the shunt com-
pensator.
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As the illustration shows, the var output is controlled in a "bang-bang,' manner
(output is varied between the minimum and maximum values). This type of control
is generally considered the most effective, particularly if large oscillations are encoun-
tered. However, for damping relatively small power oscillations, a strategy that varies
the controlled output of the compensator continuously, in sympathy with the generator
angle or power, may be preferred.

5.1.5 Summary of Gompensator Requirements

The functional requirements of reactive shunt compensators used for increased
power transmission, improved voltage and transient stability, and power oscillation
damping can be summarized as follows:

r The compensator must stay in synchronous operation with the ac system at the
compensated bus under all operating conditions including major disturbances.
Should the bus voltage be lost temporarily due to nearby faults, the compensa-
tor must be able to recapture synchronism immediately at fault clearing.

r The compensator must be able to regulate the bus voltage for voltage support
and improved transient stability, or control it for power oscillation damping
and transient stability enhancement, on a priority basis as system conditions
may require.

I For a transmission line connecting two systems, the best location for var com-
pensation is in the middle, whereas for a radial feed to a load the best location
is at the load end.

As will be seen, all of the solid-state approaches for var generation and control
discussed in this book can meet the steady-state and dynamic compensation require-
ments of power systems. However, there are considerable differences in the functional
characteristics and achievable response times as well as in their evaluated capital and
operating costs related to space and installation requirements, and loss evaluation cri-
teria.
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5.2 METHODS OF CONTROLLABLE VAR GENERATION

By definition, capacitors generate and reactors (inductors) absorb reactive power when
connected to an ac power source. They have been used with mechanical switches for
(coarsely) controlled var generation and absorption since the early days of ac power
transmission. Continuously variable var generation or absorption for dynamic system
compensation was originally provided by over- or under-excited rotating synchronous
machines and, later, by saturating reactors in conjunction with fixed capacitors.

Since the early 1970s high power, line-commutated thyristors in conjunction with
capacitors and reactors have been employed in various circuit configurations to produce
variable reactive output. These in effect provide a variable shunt impedance by syn-
chronously switching shunt capacitors and/or reactors "in" and "out" of the network.
Using appropriate switch control, the var output can be controlled continuously from
maximum capacitive to maximum inductive output at a given bus voltage. More
recently gate turn-off thyristors and other power semiconductors with internal turn-
off capability have been used in switching converter circuits to generate and absorb
reactive power without the use of ac capacitors or reactors. These perform as ideal
synchronous compensators (condensers), in which the magnitude of the internally
generated ac voltage is varied to control the var output. All of the different semiconduc-

tor power circuits, with their internal control enabling them to produce var output
proportional to an input reference, are collectively termed by the joint IEEE and

CIGRE definition, static uar generators (SyC). Thus, a static uar compensator (SVC)
is, by the IEEE CIGRE co-definition, a static var generator whose output is varied
so as to maintain or control specific parameters (e.g., voltage, frequency) of the electric
power system. It is important that the reader appreciate the difference between these

two terms, static var generator and static var compensator, to understand the structure
of this chapter. From a "black-box" viewpoint, the static var generator is a self-

sufflciently functioning device that draws controllable reactive current from an alternat-
ing power source. The control input to the var generator can be an arbitrary (within
the operating range) reactive current, impedance, or power reference signal that the
SVG is to establish at its output. Thus, the static var generator can be viewed as a
power amplifier that faithfully reproduces the reference signal at the desired power
level. The functional use of the var generator is clearly defined by the reference
signal provided. Consequently, according to the IEEE-CIGRE definition, a static var
generator becomes a static var compensator when it is equipped with special extemal
(or system) controls which derive the necessary reference for its input, from the
operating requirements and prevailing variables of the power system, to execute the
desired compensation of the transmission line. This means that different types of var
generator can be operated with the same external control to provide substantially the
same compensation functions. Evidently, the type and structure of the var generator
will ultimately determine the basic operating characteristics (e.g., voltage vs. var output"
response time, harmonic generation), whereas the external characteristics control the
functional capabilities (e.g., voltage regulation, power factor control, power oscillation
damping), of the static var compensator.

Modern static var generators are based on high-power semiconductor switching
circuits. These switching circuits inherently determine some of the important operating
characteristics, such as the applied voltage versus obtainable reactive output current,
harmonic generation, loss versus var output, and attainable response time, setting
limits for the achievable performance of the var generator and, independent of the
external controls used, ultimately also that of the static var compensator. The following
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two main sections describe the operating principles and characteristics of the two types

of static var generator presently used: those which employ thyristor-controlled reactors
with fixed and/or thyristor-switched capacitors to realize a variable reactive impedance
and those which employ a switching power converter to realize a controllable synchro-
nous voltage source. Subsequent sections deal with the application requirements,
structure, and operation of the external control, applicable to both types of var genera-

tor, which define the functional capabilities and operating policies of the compensator
under different system conditions.

5.2.1 Variable lmpedance Type Static Var Generators

The performance and operating characteristics of the impedance type var genera-

tors are determined by their major thyristor-controlled constituents: the thyristor-
controlled reactor and the thyristor-switched capacitor.

5.2.1.1 The Thyristor-Contolled and Thyristor-Switched Reactor (TCR and
TSR). An elementary single-phase thyristor-controlled reactor (TCR) is shown in
Figure 5.7(a). It consists of a fixed (usually air-core) reactor of inductance L, and a

bidirectional thyristor valve (or switch) sw. Currently available large thyristors can

block voltage up to 4000 to 9000 volts and conduct current up to 3000 to 6000 amperes.

Thus, in a practical valve many thyristors (typically 10 to 20) are connected in series

to meet the required blocking voltage levels at a given power rating. A thyristor valve

can be brought into conduction by simultaneous application of a gate pulse to all
thyristors of the same polarity. The valve will automatically block immediately after
the ac current crosses zero, unless the gate signal is reapplied'

The current in the reactor can be controlled from maximum (thyristor valve

closed) to zero (thyristor valve open) by the method of firing delay angle control.
That is, the closure of the thyristor valve is delayed with respect to the peak of the

applied voltage in each half-cycle, and thus the duration of the current conduction
intervals is controlled. This method of current control is illustrated separately for the
positive and negative current half-cycles in Figure 5.7(b), where the applied voltage

u and the reactor current iilot), at zero delay angle (switch fully closed) and at an

arbitrary a delay angle, are shown. When d:0, the valve syy closes at the crest of
the applied voltage and evidently the resulting current in the reactor will be the same

as that obtained in steady state with a permanently closed switch. When the gating

of the valve is delayed by an angle @ (0 = a < nl2) with respect to the crest of the
voltage, the current in the reactor can be expressed with u(t) : V cos arl as follows:

ir(t)--l f-' ' 
(t) dt : #,(sin 0)t _ sina) (5.4)

Since the thyristor valve, by deflnition, opens as the current reaches zero, (5.4)

is valid for the interval a 3 at < rr - a. For subsequent positive half-cycle intervals

the same expression obviously remains valid. For subsequent negative half-cycle inter-
vals, the sign of the terms in (5.a) becomes opposite'

In (5.a) the term (VlaL) sin a is simply an a dependent constant by which the

sinusoidal current obtained at ot :0 is offset, shifted down for positive, and up for
negative current half-cycles, as illustrated in Figure 5.7(b). Since the valve automatically

turns off at the instant of current zero crossing (which, for a lossless reactor, is

symmetrical on the time axis to the instant of turn-on with respect to the peak of the

current), this process actually controls the conduction interval (or angle) of the thyristor



T6 Chapter 5 I Static Shunt Compensators: SVC and STATCOM

ir@=o)
it@) , ir@)

ol

(a) (b)

Wr(a)'it@)'

(c)

Figure 5.7 Basic thyristor-controlled reactor (a), firing delay angle control (b), and

operating waveforms (c).

valve. That is, the delay angle a defines the prevailing conduction angle o: c: II -
2a. Thus, as the delay angle a increases, the correspondingly increasing offset results
in the reduction of the conduction angle oof the valve, and the consequent reduction
of the reactor current. At the maximum delay of a: nl2, the offset also reaches its
maximum of VlaL, at which both the conduction angle and the reactor current become
zero. The reader should note that the two parameters, delay angle a and conduction
angle o, are equivalent and therefore TCR can be characterized by either of them;
their use is simply a matter of preference. For this reason, expressions related to the
TCR can be found in the literature both in terms of a and o.

It is evident that the magnitude of the current in the reactor can be varied
continuously by this method of delay angle control from maximum (a : 0) to zero
(a: nl2), as illustrated in Figure 5.7(c), where the reactor current i1(o), together
with its fundamental component i6(a), are shown at various delay angles, c. Note,
however, that the adjustment of current in the reactor can take place only once in
each half-cycle, in the zero to nl2 interval ("gating" or o'firing interval"). This restric-
tion results in a delay of the attainable current control. The worst-case delay, when
changing the current from maximum to zero (or vice versa), is a half-cycle of the
applied ac voltage.

The amplitude [p(a) of the fundamental reactor current l1p(a) can be expressed
as a function of ansle a:

(5.sa)

',9= d1
-.r<-

r,,(a) : #(t - ?" - +sin 
za)

sin

iilo)
it@=o)

-.,_. --=E-



Section 5.2 I Methods of Controllable VAR Generation L47

where tr/ is the amplitude of the applied ac voltage, L is the inductance of the thyristor-
controlled reactor, and ar is the angular frequency of the applied voltage. The variation
of the amplitude lyp(a), normalized to the maximum current lro^u, (Iu^u": VlaL),
is shown plotted against delay angle a in Figure 5.8.

It is clear from Figure 5.8 that the TCR can control the fundamental current
continuously from zero (valve open) to a maximum (valve closed) as if it was a variable
reactive admittance. Thus, an effective reactive admittance, Bt(a), for the TCR can
be defined. This admittance, as a function of angle d, can be written directly from
(5.5a), i.e.,

(5.5b)

Evidently, the admittance B1(a) varies with a in the same manner as the fundamental
current lto(a).

The meaning of (5.5b) is that at each delay angle a an effective admittance Bt(o)
can be deflned which determines the magnitude of the fundamental current, Itr(a),
in the TCR at a given applied voltage V. In practice, the maximal magnitude of the
applied voltage and that of the corresponding current will be limited by the ratings
of the power components (reactor and thyristor valve) used. Thus, a practical TCR can
be operated anywhere in a defined V-I area,the boundaries of which are determined by
its maximum attainable admittance, voltage, and current ratings, as illustrated in Figure
5.9(a). The TCR limits are established by design from actual operating requirements.

If the TCR switching is restricted to a fixed delay angle, usually e : 0, then it
becomes a thyristor-switched reactor (TSR). The TSR provides a fixed inductive
admittance and thus, when connected to the ac system, the reactive current in it will
be proportional to the applied voltage as the V-Iplot in Figure 5.9(b) indicates. Several
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VL^u^ = volt€lge limit
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BL = ?dmittance of reactor

/Lr"*

(b)

BL^^*

lL^^* lL lL

(a)

Figure 5.9 Operating V-I area of the TCR (a) and of the TSR (b).

TSRs can provide a reactive admittance controllable in a step-like manner. If the
TSRs are operated at ot :0, the resultant steady-state current will be sinusoidal.

Inspection of Figure 5.7(b) shows that the conduction angle control, characteriz-
ing the operation of the TCR, results in a nonsinusoidal current waveform in the
reactor. In other words, the thyristor-controlled reactor, in addition to the wanted
fundamental current, also generates harmonics. For identical positive and negative
current half-cycles, only odd harmonics are generated. The amplitudes of these are a
function of angle cu, as expressed by the following equation:

sin a cos( na) - n cos a
(s.6)n(n'- 1)

where n:2k + 1., k: 7,2,3, ...
The amplitude variation of the harmonics, expressed as percent of the maximum

fundamental current, is shown plotted against a in Figure 5.10.
In a three-phase system, three single-phase thyristor-controlled reactors are used,

usually in delta connection. Under balanced conditions, the triple-n harmonic currents
(3rd, 9th, 15th, etc.) circulate in the delta connected TCRs and do not enter the power
system. The magnitudes of the other harmonics generated by the thyristor-controlled
reactors can be reduced by various methods.

One method, particularly advantageous for high power applications, employs la
(* = 2) parallel-connected TCRs, each with llm of the total rating required. The
reactors are "sequentially" controlled, that is, only one of the m reactots is delay
angle controlled, and each of the remaining m - 1 reactors is either fully 'oon" or
fully "off," depending on the total reactive power required, as illustrated for four
reactors in Figure 5.11. In this way, the amplitude of every harmonic is reduced by
the factor mwith respect to the maximum rated fundamental current. Furthermore,
losses associated with this scheme are generally lower than those characterizinga TCR
with equivalent rating due to the reduction in switching losses.

Another method employs a L2-pulse TCR arrangement. In this, two identical
three-phase delta connected thyristor-controlled reactors are used, one operated from
wye-connected windings, the other from delta-connected windings of the secondary

Ir,(a):#+{ sin(rua)]
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components in the curent of the rcR

of a coupling transformer. (Other types of transformer arrangements providing two
sets of three-phase voltages with 30-degree phase shift can, of course, also be used.)
Because of the 30-degree phase shift between the related voltages of the two trans-
former windings, the 5th, 7th, 17th, 19th, generally the harmonic currents of order
6(2k- 1) - 1and6(2k - 1) + L,k:L,2,3,...cancel,resultinginanearlysinusoidal
output current, at all delay angles, as illustrated by the current waveforms in Figure 5.12.

Further harmonic cancellation is possible by operating three or more delta con-
nected TCRs from appropriately phase shifted voltage sets. In practice, however, these
L8 and higher pulse circuit arrangements tend to be too complex and expensive. Also,
it becomes increasingly difficult to meet the requirements for symmetry, due to possible
unbalance in the ac system voltages, to achieve significant reduction in the amplitudes
of higher order harmonics. For these reasons, higher than 12-pulse circuit configura-
tions are seldom used. (The reader should note that this statement generally applies
only to line commutated circuits employing conventional thyristors. The output voltage
waveform construction of the self-commutated power circuits is largely independent
of the ac system voltages and high, typically 48- or 24-pulse voltage-sourced converter
structures have been used in all existing high-power compensator installations.)

If the TCR generated harmonics cannot be reduced sufficiently by circuit arrange-
ments, such as the four-reactor system of Figure 5.11 or the 12-pulse structure of
Figure 5.\2,to meet speciflcation requirements for economic or other practical reasons
(which is often the case), harmonic filters are employed. Normally, these filters are
series LC and LCR branches in parallel with the TCR and are tuned to the dominant

ir@)
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Figure 5.1L Waveforms illustrating the method of controlling four TCR banks
sequentially" to achieve harmonic reduction.
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Figure 5.I2 Twelve-pulse arrangement of two sets of thyristor-controlled reactors
and associated current waveforms.
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harmonics, such as the 5th, 7th, and occasionally, the lLth and 13th, usually with an
additional high-pass branch. The high-pass filter is sometimes implemented by shunting
the reactor of one of the LC filter branches with a resistor in order to maintain
reasonable attenuation at higher frequencies where tuned filters are not effective. In
many practical applications, due to unbalances, resonant conditions in the ac system
network, or independent (single-phase) control of the three TCRs, a tuned filter branch
at the third harmonic frequency may also be required.

5.2.1.2 The Thyristor-Switched Capacitor (TSC). A single-phase thyristor-
switched capacitor (TSC) is shown in Figure 5.13(a). It consists of a capacitor, a
bidirectional thyristor valve, and a relatively small surge current limiting reactor. This
reactor is needed primarily to limit the surge current in the thyristor valve under
abnormal operating conditions (e.g., control malfunction causing capacitor switching
at a "wrong time," when transient free switching conditions are not satisfied); it may
also be used to avoid resonances with the ac system impedance at particular fre-
quencies.

Under steady-state conditions, when the thyristor valve is closed and the TSC
branch is connected to a sinusoidal ac voltase source. u : V sin orf. the current in the
branch is given by

n

i(at)-V ;ft .@Ccosoln-- L
(s.7)

(5.8)

where

\/ az LC

i---

1",

1

VL

XC

XL

Figure 5.13 Basic thyristor-switched capacitor (a) and associated waveforms (b).
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The amplitude of the voltage across the capacrtor is

rl n2
YC- , .,\-n--l (s.e)

The TSC branch can be disconnected ("switched out") at any current zero by
prior removal of the gate drive to the thyristor valve. At the current zero crossing,
the capacitor voltage is at its peak value, uc,r=' : Vnzl(n2 - 1). The disconnected
capacitor stays charged to this voltage and, consequently, the voltage across the non-
conducting thyristor valve varies between zero and the peak-to-peak value of the
applied ac voltage, as illustrated in Figure 5.13(b).

If the voltage across the disconnected capacitor remained unchanged, the TSC
bank could be switched in again, without any transient, at the upptopiiate peak of
the applied ac voltage, as illustrated for a positively and negatively ihaiged cipacitor
in Figure sJ4@) and (b), respectively. Normally, the capacitor bank is discharged
after disconnection. Thus, the reconnection of the capacitor may have to be execuied
at some residual capacitor voltage between zero and vn2l(n2 - 1). This can be accom-
plished with the minimum possible transient disturbance if the thyristor valve is turned
on at those instants at which the capacitor residual voltage and the applied ac voltage
are equal, that is, when the voltage across the thyristor valve is zero. Figure 5.15(a) and
(b) illustrate the switching transients obtained with a fully and a partially discharged
capacitor. These transients are caused by the nonzero du I dt at the instant of switching.
which, without the series reactor, would result in an instantaneous current of i, :
Cdu I dt in the capacitor. (This current represents the instantaneous value of the steady-
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Figure 5.1-4 Waveforms illustrating transient-free switching by a thyristor-
switched capacitor.
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Figure 5.15 Waveforms illustrating the switching transients with the thyristor-
switched capacitor fully (a) or partially discharged (b).

state capacitor current at the time of the switching.) The interaction between the
capacitor and the current (and dildt) limiting reactor, with the damping resistor,
produces the oscillatory transients visible on the current and voltage waveforms. (Note
that the switching transient is greater for the fully discharged than for the partially
discharged capacitor because the du ldt of the applied (sinusoidal) voltage has its
maximum at the zero crossing point.)

The conditions for 'otransient-free" switching of a capacitor are summarized in
Figure 5.16. As seen, two simple rules cover all possible cases: (1) if the residual
capacitor voltage is lower than the peak ac voltage (V, < V), then the correct instant
of switching is when the instantaneous ac voltage becomes equal to the capacitor
voltage; and (2) if the residual capacitor voltage is equal to or higher than the peak
ac voltage (V, > V), then the correct switching is at the peak of the ac voltage at
which the thyristor valve voltage is minimum.

From the above, it follows that the maximum possible delay in switching in a
capacitor bank is one full cycle of the applied ac voltage, that is, the interval from
one positive (negative) peak to the next positive (negative) peak. It also follows that
firing delay angle control is not applicable to capacitors; the capacitor switching must
take place at that specific instant in each cycle at which the conditions for minimum
transients are satisfied, that is, when the voltage across the thyristor valve is zero or
minimum. For this reason, a TSC branch can provide only a stepJike change in the

reactive current it draws (maximum or zero). In other words, the TSC branch represents

Q=Rlanl=5

Q=Rlanl=5
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Case 7: vn - V-U

then v/^ - v-Lt

or vsw - 0

Case 2: v,
then a=0
and vsw = min

Figure 5.16 Conditions for "transient-free" switching for the thyristor-switched
capacitor with different residual voltages.

a single capacitive admittance which is either connected to, or disconnected from the
ac system. The current in the TSC branch varies linearly with the applied voltage
according to the admittance of the capacitor as illustrated by the V-I plot in Figure
5.17. The maximum applicable voltage and the corresponding current are limited by
the ratings of the TSC components (capacitor and thyristor valve).

To approximate continuous current variation, several TSC branches in parallel
(which would increase in a step-like manner the capacitive admittance) may be em-
ployed, or, as is explained later, the TSC branches have to be complemented with
a TCR.

Van^^

Van^*= voltage limit

lan^*= current limit

86 = admittance of capacitor

lan^^ 0

Figure 5.I7 Operating V-I area of a single TSC.
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5.2.1.3 Fixed Capacitor, Thyristor-Controlled Reactor Type Var Ganera-
ton A basic var generator arrangement using a fixed (permanently connected) capaci-
tor with a thyristor-controlled reactor (FC-TCR) is shown functionally in Figure
5.1S(a). The current in the reactor is varied by the previously discussed method of
firing delay angle control. The fixed capacitor in practice is usually substituted, fully
or partially, by a fllter network that has the necessary capacitive impedance at the
fundamental frequency to generate the reactive power required, but it provides a low
impedance at selected frequencies to shunt the dominant harmonics produced by
the TCR.

The fixed capacitor, thyristor-controlled reactor type var generator may be con-

sidered essentially to consist of a variable reactor (controlled by delay angle a) and

a fixed capacitor, with an overall var demand versus var output characteristic as shown
in Figure 5.1S(b). As seen , the constant capacitive var generation (Qc) of the fixed
capacitor is opposed by the variable var absorption (Q) of the thyristor-controlled
reactor, to yield the total var output (Q) required. At the maximum capacitive var
output, the thyristor-controlled reactor is off (a : 90").To decrease the capacitive
output, the current in the reactor is increased by decreasing delay angle a. At zero
var output, the capacitive and inductive currents become equal and thus the capacitive
and inductive vars cancel out. With a further decrease of angle o (assuming that the
rating of the reactor is greater than that of the capacitor), the inductive current becomes

larger than the capacitive current, resulting in a net inductive var output. At zero
delay angle, the thyristor-controlled reactor conducts current over the full 180 degree

tq

-

(a)

Figure 5.L8 Basic FC-TCR type static var generator and its var demand versus var

output characteristic.

lrr(*)

Qn
"demand+
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interval, resulting in maximum inductive var output that is equal to the difference
between the vars generated by the capacitor and those absorbed by the fullv conduct-
ing reactor.

The control of the thyristor-controlled reactor in the FC-TCR type var generator
needs to provide four basic functions, as shown in Figure 5.19(a).

One functionis synchronous timing. This function is usually provided by a phase-
locked loop circuit that runs in synchronism with the ac system voltage and genirates
appropriate timing pulses with respect to the peak of that voltage. (In a different
approach, the ac voltage itself may be used for timing. However, this seemingly simple
approach presents difflcult problems during system faults and major disturbances when
the voltage exhibits wild fluctuations and large distortion.)

The second function is the reactiue current (or admittance) to firing angle conuer-
sion. This can be provided by a real time circuit implementation of the mathematical
relationship between the amplitude of the fundamental TCR current lrr(o) and the
delay angle a given by (5.5). Several circuit approaches are possible. One is an analog
function generator producing in each half-cycle a scaled electrical signal that representi
the [p(a) versus a relationship. [This approach is illustrated in Figure 5.19(6).] An-
other is a digital "look-up table" for the normalized lro(o) versus a function which
is read at regular intervals (e.g., at each degree) starting from o : 0 (peak of the
voltage) until the requested value is found, at which instant a firing pulse is initiated.
A third approach is to use a microprocessor and compute, prior to the earliest firing
angle (a : 0), the delay angle corresponding to the required lrr(o). The actual firing
instant is then determined simply by a timing circuit (".g., u counter) "measuring" a
from the peak of the voltage.

lc

/on.t

(Bn"t)

lrt

Thyristor firing delay control

-F(o) \, -F(o) \_ -F(o) = k$ -+"-+sin2a)

t --.qj

ILF(a) iL@)

Figure 5.L9 Functional control scheme for the FC-TCR type static var generator (a),
and associated waveforms illustrating the basic operating principles (b).
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Synchronous
timing
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The third function is the computation of the required fundamental reactor current
Ipp, from the requested total output current Iq (sum of the fixed capacitor and the
TCR currents) defined by the amplitude reference input 1pn"r to the var generator
control. This is simply done by subtracting the (scaled) amplitude of the capacitor
current, 16' from /on.r. (Positive polarity for 1pn"r means inductive output current, and
negative polarity means capacitive output current.)

The fourth function is the thyristor firing pulse generation. This is accomplished
by the firing pulse generator (or gate drive) circuit which produces the necessary gate
current pulse for the thyristors to turn on in response to the output signal provided
by the reactive current to flring angle converter. The gate drive circuits are sometimes
at ground potential with magnetic coupling to the thyristor gates; more often, however,
they are at the (high) potential level of the thyristors. In the latter case, in order to
provide sufficient insulation between the ground level control and the gate drive
circuits, the gating information is usually transmitted via optical fibers ("light pipes").
The operation of the FC-TCR type var generator is illustrated by the waveforms in
Figure 5.19(b).

Taking a "black box" viewpoint, the FC-TCR type var generator can be consid-
ered as a controllable reactive admittance which, when connected to the ac system,
faithfully follows (within a given frequency band and within the specifled capacitive
and inductive ratings) an arbitrary input (reactive admittance or current) reference
signal. The V-l operating area of the FC-TCR var generator is defined by the maximum
attainable capacitive and inductive admittances and by the voltage and current ratings
of the major power components (capacitor, reactor, and thyristor valve), as illustrated
in Figure 5.20. The ratings of the power components are derived from application
requirements.

The dynamic performance (e.g., the frequency band) of the var generator is
limited by the firing angle delay control, which results in a time lag or transport lag
with respect to the input reference signal. The actual transfer function of the FC-TCR
type var generator can be expressed with the transport lag in the following form:

G(t) - ke-ra' (s.10)

where s is the Laplace transform operator, ft is a gain constant, and T6 is the transport
lag corresponding to firing delay angle a.

Van^*= voltage limit for capacitor

VL^^^ = voltage limit for TCR

I an^^= caPacitive current limit

I L^^^ = inductive current limit

BL*^* = max inductive admittance

Bc = admittance of capacitor

lL^u^ lL/c*r'"*

Figure 5.20 Operating V-I area of the FC-TCR type var generator.
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The transfer function G(s) can be written in a simpler from by using a first order
approximation for the exponential term, that is,

(s.11)

Note that this approximation is optimistic and could be misleading by yielding a

considerably wider bandwidth than that obtainable with the exact term (and with the
actual var generator).

For a single-phase (or individually controlled three-phase) TCR, the maximum
transport lag, Ta,is 1.12f : Tl2 (where fis the frequency and Z is the period time of the
applied ac voltage). For a three-phase, six-pulse TCR arrangement (three identical TCRs
in delta) under balanced operating conditions the maximum average transport lag is Z/
6 for the increase, and it is Tl3 for the decrease, of the reactive current. The difference
in transport lag characterizing the turn-on and the turn-off delays of the TCR is due to
the fact that only the start of the current conduction for the TCR is controllable. Once
the conduction is initiated, the magnitude of the current cannot be changed, indeed the
flow of current cannot be stopped, before the current naturally decays to zero. Thus.
assuming full current in the three-phase TCR and stipulating a turn-off command imme-
diately after the zero crossing of one of the TCR currents, it can readily be established
that the three individual TCR branches would turn off in sequence after T16, Tl3, and
?/2 successive time delays, yielding an average transport lag delay of Tl3. With similar
reasoningitcanbe shown easilythatfor a 12- (orhigher) pulse TCRstructure, the overall
worst case transport lags forcurrent increase and decrease would not significantlychange
because the turn-on and turn-off delays of the individual TCR branches would stretch
over the same maximum time intervals established for the basic six-pulse TCR. However.
the smoothness and continuity of transiting from one current level to another would
progressively improve with the pulse number. In system studies, for simplicity, single
transport lagof T16 for the TCR is usually assumed which is sufficiently representative
for planning and general performance evaluation.

In addition to dynamic performance, the loss versus var output characteristic of a
var generator in practical applications is of major importance. In the FC-TCR type var
generator, there are three major constituents ofthe losses encountered: (1) the capacitor
(or capacitive filter) losses (these are relatively small but constant), (2) the reactor losses
(these increase with the square of the current), and (3) thyristor losses (these increase
almost linearly with the current). Thus, the total losses increase with increasing TCR
current and, consequently, decrease with increasing capacitive var output. With refer-
ence to Figure 5.18, in the FC-TCR arrangement zero output is obtained by canceling
the fixed capacitive vars with inductive vars. This, of course, means that the current in
the capacitor is circulated through the reactor via the thyristor valve, resulting in appre-
ciable no load or standby losses (about one percent of rated capacitive output). These
losses decrease with increasing capacitive var output (reduced current) in the TCR and,
conversely, further increase with increasing inductive var output (the TCR current is
made larger than the capacitive current to produce a net inductive var output), as shown
in Figure 5.2L. This type of loss characteristic is advantageous when the average capaci-
tive var output is relatively high as, for example, in industrial applications requiring
power factor correction, and it is disadvantageous when the average var output is low,
as for example, in the case of dynamic compensation of power transmission systems.

5.2.1.4 Thyristor-Switched Capacitor, Thyristor-Controlled Reactor Type Var
Generator. The thyristor-switched capacitor, thyristor-controlled reactor (TSC-
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Figure 5,21 Loss versus var output characteristic of the FC-TCR type static var gen-

erator.

TCR) type compensator was developed primarily for dynamic compensation of power
transmission systems with the intention of minimizing standby losses and providing
increased operating flexibility.

A basic single-phase TSC-TCR arrangement is shown in Figure 5.22(a). For a
given capacitive output range, it typically consists of n TSC branches and one TCR.
The number of branches, n, is determined by practical considerations that include the
operating voltage level, maximum var output, current rating of the thyristor valves,
bus work and installation cost, etc. Of course, the inductive range also can be expanded
to any maximum rating by employing additional TCR branches.

The operation of the basic TSC-TCR var generator shown in Figure 5.22(a) can
be described as follows:

The total capacitive output range is divided into n intervals. In the first interval,
the output of the var generator is controllable in the zero to Qg^oln range, where
O..- is the total rating provided by all TSC branches. In this interval, one capacitor
bank is switched in (by firing, for example, thyristor valve SW1,) and, simultaneously,
the current in the TCR is set by the appropriate firing delay angle so that the sum of
the var output of the TSC (negative) and that of the TCR (positive) equals the
capacitive output required.

In the second, third, . . ., and nth intervals, the output is controllable in the Qs.*/
nto2Q6^-ln,2Qg^ lnto3Q6^*1n,. . ., and (n - L)Qr^*lnto Q6-urange by switching
in the second, third, . .., and nth capacitor bank and using the TCR to absorb the
surplus capacitive vars.

By being able to switch the capacitor banks in and out within one cycle of the
applied ac voltage, the maximum surplus capacitive var in the total output range can
be restricted to that produced by one capacitor bank, and thus, theoretically, the TCR

I' Fixed loss due to the
necesq.ary ;Aniel laiioN
of the fixed capacitor
current
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Figure 5.22 Basic TSC-TCR type static var generator and its var demand versus
var output characteristic.

should have the same var rating as the TSC. However, to ensure that the switchins
conditions at the endpoints of the intervals are not indeterminate, the var rating of
the TCR has to be somewhat larger in practice than that of one TSC in order to
provide enough overlap (hysteresis) between the "switching in" and "switching out"
var levels.

The var demand versus var output characteristic of the TSC-TCR type var
generator is shown in Figure 5.22(b). As seen, the capacitive var output, Qr,is changed
in a step-like manner by the TSCs to approximate the var demand with a net capacitive
var surplus, and the relatively small inductive var output of the TCR, Q1, is used to
cancel the surplus capacitive vars.

In a way, this scheme could be considered as a special fixed capacitor, thyristor-
controlled reactor arrangement, in which the rating of the reactor is kept relativelr'
small (1in times the maximum capacitive output), and the rating of the capacitor is
changed in discrete steps so as to keep the operation of the TCR within its normal
control range.

A functional control scheme for the TSC-TCR type var generator is shown in
Figure 5.23.It provides three major functions:

L. Determines the number of TSC branches needed to be switched in to approxi-
mate the required capacitive output current (with a positive surplus), and
computes the amplitude of the inductive current needed to cancel the surplus
capacitive current.

2. Controls the switching of the TSC branches in a "transient-free" manner.
3. Varies the current in the TCR by firing delay angle control.

The first function is relatively simple. The input current reference /qn* representing
the magnitude of the requested output current is divided by the (scaled) amplitude
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Figure 5.23 Functional control scheme for the TSC-TCR type static var generator.

16 of the current that a TSC branch would draw at the given amplitude V of the ac
voltage. The result, rounded to the next higher integer, gives the number of capacitor
banks needed. The difference in magnitude between the sum of the activated capacitor
currents, I16n, and the reference cunent, Ign"r, gives the amplitude, [p, of the fundamen-
tal reactor current required.

The basic logic for the second function (switching of the TSC branches) is
detailed in Figure 5.24. This follows the two simple rules for "transient-free" switching
summarized in Figure 5.16. That is, either switch the capacitor bank when the voltage
across the thyristor valve becomes zero or when the thyristor valve voltage is at a
minimum. (The first condition can be met if the capacitor residual voltage is less than
the peak ac voltage and the latter condition is satisfied at those peaks of the ac voltage
which has the same polarity as the residual voltage of the capacitor.) The actual firing
pulse generation for the thyristors in the TSC valve is similar to that used for the
TCR with the exception that a continuous gate drive is usually provided to maintain
continuity in conduction when the current is transferred from one thyristor string
carrying current of one polarity (e.g., positive) to the other string carrying current of
opposite polarity (e.g., negative).

The third function (TCR firing delay angle control) is identical to that used in
the fixed-capacitor, thyristor-controlled reactor scheme (refer to Figure 5.19). The
operation of the TSC-TCR type var generator with three capacitor banks is illustrated
by the oscillograms in Figure 5.25. The oscillograms show the reactive current reference
signal Isn"i, the total output current iaF i, + lr), the curent 16, drawn by the thyristor-
switched capacitor banks, and the current 11 drawn by the thyristor-controlled reactor.

From the "black box" viewpoint, the TSC-TCR type var generator, similarly to
its FC-TCR counterpart, can be considered as a controllable reactive admittance,
which, when connected to the ac system, faithfully follows an arbitrary input reference
(reactive admittance or current) signal. An external observer monitoring the output
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1-

1",'

TSC turns on if: "on" = 1 and Vsw= 1

or\
"on" = 1 and Pr = 1 and Vpop 1

Vsw= 1 when Vr= u
Pr=1 when V=V

VpoT 1 when sign Y =sigfl Vc

Figure 5.24 Functional logic for the implementation of "transient-free" switching
strategy for the TSC.

current generally would not be able to detect (when the conditions for transient-free
switching are satisfied) the internal capacitor switching; indeed, would not be able to
tell whether the var generator employs fixed or thyristor-switched capacitors. The V-I
characteristic of the TSC-TCR type generator, shown for two TSCs in Figure 5.26, is
also ide,ntical to that of its FC-TCR counterpart.

The response of the TSC-TCR type var generator, depending on the number of
TSC branches used, may be somewhat slower than that of its FC-TCR counterpart.
This is because the maximum delay of switching in a single TSC, with a charged
capacitor, is one full cycle, whereas the maximum delay of the TCR is only half of a
cycle. (Note that the maximum switching out delay for both the TSC and TCR is a
half-cycle.) However, if two or more TSC branches are employed, then there is a
reasonable chance that, on the average, one or more capacitor banks will be available

Var demand (lag to lead)

i=ic*it

ic

iL

Figure 5.25 Oscillographic waveforms illustrating the operation of the TSC-TCR
type static var generator.
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Figure 5.26 operating v-I area of the TSC-TCR type var generator with two
thyristor-switched capacitor banks.

with the charge of the desired polarity (or without any charge) at the instant at which
an increase in capacitive output is required.

The transfer function of the TSC-TCR type var generator is the same as that
of its FC-TCR counterpart [see (5.10)] except that the maximum transport lag Ta,
encountered when the capacitive output is to be increased, is theoretically twice as
large: it isllf : Zfor single phase, andll3f : Tl3 for balanced three-phase operation.

From the practical viewpoint, in the linear operating range the dynamic perfor-
mance of the TSC-TCR type var generator in power transmission system applications
is generally indistinguishable from that of its FC-TCR counterpart.

The loss versus var output characteristic of the TSC-TCR type var generator
follows from its basic operating principle (refer to Figure 5.22). At or slightly below
zero var output, all capacitor banks are switched out, the TCR current is zero or
negligibly small, and consequently, the losses are zero or almost zero. As the capacitive
output isincreased, an increasing number of TSC banks are switched in with the TCR
absorbing the surplus capacitive vars. Thus, with each switched-in TSC bank. the losses

le=ltr@) -;lcn

Figure 5.27 Loss versus var output characteristic of the TSC-TCR type static var gen-
erator.
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164 Chapter 5 I Static Shunt Compensators: SVC and STATCOM

increase by a fixed amount. To this flxed loss, there are the added losses of the TCR,
which vary from maximum to zero between successive switchings of the TSC banks,
as illustrated in Figure 5.27.Overall, the losses of the TSC-TCR type var generator
vary, on the average, in proportion with the var output. This type of loss characteristic
is clearly advantageous in those applications in which the var generator is used for
dynamic compensation and is not required to provide high average var output for the
normally functioning power system.

In order to reduce the losses of the TSC-TCR type var generator at high capacitive
output, the replacement of the thyristor valves with mechanical breakers seems, at first
sight, plausible. Some of the technical literature actually uses the term "mechanically-
switched capacitor, thyristor-controlled reactor (MSC-TCR)." IJnfortunately, al-
though mechanically-switched capacitors can play a significant part in an overall var
compensation system, the MSC-TCR arrangement does not have the response, nor
the repeatability of operation that are generally needed for the dynamic compensation
of power systems. In the final analysis, the response of the mechanical breakers
employed will determine mostly the elapsed time between the capacitive var demand
and the actual capacitive var output. Since precise and consistent control of the mechan-
ical switch closure is not possible, the capacitor bank must be switched without any
appreciable residual charge to avoid high and, possibly, damaging transients. For this
reason, whenever the capacitor is switched out, it is discharged (usually via a saturating
reactor) before the next switching is allowed to take place. Considering a practical
discharge time of about 3-4 cycles, a typical breaker closing time of about 3-7 cycles,
the MSC delay time may be 6-11 cycles, which is 6 to 11 times higher than that
achievable with a TSC under worst case conditions.

The switched capacitors in a compensator are occasionally subjected to repeated
switching operations. This would be the case, for example, if the var demand would
repeatedly change above and below those levels at which a capacitor bank is switched
in and out. Considering a typical life of 2000 to 5000 operations for mechanical breakers
or switches, repeated switching of the capacitor banks in practice could not be permitted
and therefore the actual var output would have to be allowed to settle (by adjusting the
reactive current reference) above or below the value needed for proper compensation.

The above considerations lead to the overall conclusion that, because of the
much slower response and limitations in the execution of capacitor switchings, the
output of the MSC-TCR combination would not be able to follow a changing reactive
current reference unless the rate of change is very low, or unless it is a single step-
like change at a time when the capacitor is already discharged and ready for switching.
For these reasons, a mechanically-switched arrangement-in agreement with the ap-
propriate IEEE and CIGRE definitions-is not considered as a static var generator
meeting the general requirements of dynamic compensation, and therefore it is not
considered any further here. However, as already indicated, mechanically-switched
reactive branches play a significant part in overall static uar systems andwill be further
treated in Section 5.5 (page 205).

5.2.2 Switching Converter Type Var Generators

Static var generators discussed in the previous section generate or absorb control-
lable reactive power (var) by synchronously switching capacitor and reactor banks
"in" and "out" of the network. The aim of this approach is to produce a variable
reactive shunt impedance that can be adjusted (continuously or in a step-like manner)
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to meet the compensation requirements of the transmission network. The possibility
of generating controllable reactive power directly, without the use of ac capacitors or
reactors, by various switching power converters was disclosed by Gyugyi in 1976.
These (dc to ac or ac to ac) converters are operated as voltage and current sources and
they produce reactive power essentially without reactive energy storage components by
circulating alternating current among the phases of the ac system. Functionally, from
the standpoint of reactive power generation, their operation is similar to that of an
ideal synchronous machine whose reactive power output is varied by excitation control.
Like the mechanically powered machine, they can also exchange real power with the
ac system if supplied from an appropriate, usually dc energy source. Because of these
similarities with a rotating synchronous generator, they are termed Static Synchronous
Generators (sscs). when an SSG is operated without an energy source, and with
appropriate controls to function as a shunt-connected reactive compensator, it is
termed, analogously to the rotating synchronous compensator (condenser), a Static
Synchronous Compensator (Condenser) or STATCO M 6fAfC O N ).

Controllable reactive power can be generated by all types of dc to ac and ac to
ac switching converters. The former group is generally called dc to ac conuerters or
jttst conuerters, whereas the latter one is referredto as frequency changers or frequency
conuerters ot cycloconuerters. The normal function of converters is to change dc power
to ac and that of frequency changers to change ac power of one frequency to ac power
of another frequency. A power converter of either type consists of an array of solid-
state switches which connect the input terminals to the output terminals. Consequently,
a switching power converter has no internal energy storage and therefore the instanta-
neous input power must be equal to the instantaneous output power. Also, the termina-
tion of the input and output must be complementary, that is, if the input is terminated
by a voltage source (which can be an active voltage source like a battery or a passive
one like a capacitor) then the output must be terminated by a current source (which
in practice would always mean a voltage source with an inductive source impedance
or a passive inductive impedance) and vice versa. In the case of dc to ac converters
the dc terminals are usually considered as "input" and therefore uoltage-sourced and
current-sourced converters are distinguished according to whether these are shunted
by a voltage source (capacitor) or by a current source (inductor). Due to their practical
importance in transmission applications, voltage-sourced and current-sourced convert-
ers are treated in detail in Chapters 3 and 4 to provide the necessary technical founda-
tion for their use in FACTS Controllers. Although ac to ac power converters have
application potential in FACTS Controllers, they are not considered in this book
because, without unforeseen major technological advances, they are not economically
viable for high power applications.

Converters presently employed in FACTS Controllers are the voltage-sourced
type, but current-sourced type converters may also be used in the future. As explained
in Chapters 3 and 4, and summarized here for the convenience of the reader, the
major reasons for the preference of the voltage-sourced converter are: (1) Current-
sourced converters require power semiconductors with bi-directional voltage blocking
capability. The available high power semiconductors with gate turn-off capability
(GTOs, IGBTs) either cannot block reverse voltage at all or can only do it with
detrimental effect on other important parameters (e.g., increased conduction losses).
(2) Practical current source termination of the converter dc terminals by a current-
charged reactor is much lossier than complementary voltage source termination by a
voltage-charged capacitor. (3) The current-sourced converter requires a voltage source
termination at ac terminals, usually in the form of a capacitive filter. The voltage-

rciiiE=:i:::

hemant
Highlight

hemant
Highlight



lffi Chapter 5 I Static Shunt Compensators: SVC and STATCOM

sourced converter requires a current source termination at the ac terminals that is
naturally provided by the leakage inductance of the coupling transformer. (a) The
voltage source termination (i.e., a large dc capacitor) tends to provide an automatic
protection of the power semiconductors against transmission line voltage transients.
Current-sourced converters may require additional overvoltage protection or higher
voltage rating for the semiconductors. Flowever, the current-sourced converters have
one major advantage over their voltage-sourced counterpart in that they are almost
totally immune to terminal shorts due to their inherent output current limitation
provided by the dc current source.

Because of the practical advantages voltage-sourced converters offer, in this and
all other chapters dealing with FACTS Controllers, only this type of converter is
considered, and treated only to the extent necessary to convey the operating principles
and characteristics of the particular Controllers discussed. (For operating and circuit
details the reader is referred to Chapter 3.) However, the operating principles and
characteristics of the Controllers discussed would generally remain valid if their future
implementation would be based upon curent-sourced converters discussed in Chap-
ter 4.

5.2.2.1 Basic Operating Principles. The basic principle of reactive power gen-
eration by a voltage-sourced converter is akin to that of the conventional rotating
synchronous machine shown schematically in Figure 5.28. For purely reactive power
flow, the three-phase induced electromotive forces (EMFs),eo,€6,drrd,€", of the synchro-
nous rotating machine are in phase with the system voltages, ua,u6, drrd u". The reactive
current l drawn by the synchronous compensator is determined by the magnitude of

System bus

Reactive power generation by a rotating synchronous compensator
(condenser).
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the system voltage V,that of the internal voltage E, and the total circuit reactance
(synchronous machine reactance plus transformer leakage reactanceplus system short-
circuit reactance) X:

V-EI-

The corresponding reactive power

X
Q exchanged can be

(5.r2)

expressed as follows:

"EL-V
O- =='I"-X

Svstem bus _ V

I

409, couotino

(5.13)

By controlling the excitation of the machine, and hence the amplitude E of its internal
voltage relative to the amplitude V of the system voltage, the reactive power flow can
be controlled. Increasing E above V (i.e., operating over-excited) results in a leading
current, that is, the machine is "seen" as a capacitor by the ac system. Decreasing E
below v (i.e., operating under-excited) produces a lagging current, that is, the machine
is o'seen" as a reactor (inductor) by the ac system. Under either operating condition
a small amount of real power of course flows from the ac system to the machine to
supply its mechanical and electrical losses. Note that if the excitation of the machine
is controlled so that the corresponding reactive output maintains or varies a specific
parameter of the ac system (e.g., bus voltage), then the machine (rotating var generator)
functions as a rotating synchronous compensator (condenser).

The basic voltage-sourced converter scheme for reactive power generation is
shown schematically, in the form of a single-line diagram, in Figure 5.29. From a dc
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x
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Figure 5.29 Reactive power generation by ro-
tating a voltage-sourced switching converter.
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input voltage source, provided by the charged capacitor C5, the converter produces a
set of controllable three-phase output voltages with the frequency of the ac power sys-
tem. Each output voltage is in phase with, and coupled to the corresponding ac system
voltage via a relatively small (0.1-0.15 p.u.) tie reactance (which in practice is provided
by the per phase leakage inductance of the coupling transformer). By varying the ampli-
tude of the output voltages produced, the reactive power exchange between the con-
verter and the ac system can be controlled in a manner similar to that of the rotating
synchronous machine. That is, if the amplitude of the output voltage is increased above
that of the ac system voltage, then the current flows through the tie reactance from the
converter to the ac system, and the converter generates reactive (capacitive) power for
the ac system. If the amplitude of the output voltage is decreased below that of the ac
system, then the reactive current flows from the ac system to the converter, and the
converter absorbs reactive (inductive) power. If the amplitude of the output voltage is
equal to that of the ac system voltage, the reactive power exchange is zero.

The three-phase output voltage is generated by a voltage-sourced dc to ac con-
verter operated from an energy storage capacitor. All of the practical converters so far
employed in actual transmission applications are composed of a number of elementary
converters, that is, of single-phase H-bridges, or three-phase, two-level, six-pulse
bridges, or three-phase, three-level, 12-pulse bridges, shown in Figure 5.30. The valves
used in the elementary converters usually comprise a number (3 to 10) of series
connected power semiconductors, e.9., GTO thyristors with reverse-parallel diodes.
(In the case of the single-phase bridge, complete elementary converters rather than
individual switching devices may be connected in series in a so-called "chain-link"
circuit.) Each elementary converter, as discussed in Chapter 3, produces a square or
a quasi-square or a pulse-width modulated output voltage waveform. These component
voltage waveforms are phase-shifted from each other (or otherwise made complemen-
tary tg each other) and then combined, usually with the use of appropriate magnetic
components, to produce the flnal output voltage of the total converter. With sufficient

VssVs6Vs6 VseYs6Vs6
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Single-phase, Three-phase, two-level
two-level H-bridge six-pulse bridge

Th ree-phase, th ree-level
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Figure 5.30 Basic converter schemes used for reactive power generation.
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design, this final output voltage can be made to approximate a sine wave closely enough
so that no (or a very small amount) flltering is required. For example, Figure 5.31 shows
a typical48-pulse output voltage waveform generated by the combined outputs of either
eight two-level, six-pulse, or four three-level, 12-pulse converters. In this and subsequent
FACTS Controller chapters, the waveform construction aspects of the converter will
not be any further discussed (the interested reader should refer back to Chapter 3) and
the term "converter" here on will imply a complete converter structure capable of pro-
ducing a substantially harmonic free output voltage.

The operation of the voltage-sourced converter, used as a controllable static var
generator, can be explained without considering the detailed operation of the converter
valves by basic physical laws governing the relationship between the output and input
powers. The key to this explanation resides in the physical fact that,like in all switching
power converters, the net instantaneous power at the ac output terminals must always
be equal to the net instantaneous power at the dc input terminals (neglecting the
losses in the semiconductor switches).

Since the converter supplies only reactive output power (its output voltages are
controlled to be in phase with the ac system voltages), the real input power provided
by the dc source (charged capacitor) must be zero (as the total instantaneous power
on the ac side is also zero). Furthermore, since reactive power at zero frequency (at
the dc capacitor) by definition is zero, the dc capacitor plays no part in the reactive
power generation. In other words, the converter simply interconnects the three ac
terminals in such a way that the reactive output currents can flow freely between
them. Viewing this from the terminals of the ac system, one could say that the converter
establishes a circulating current flow among the phases with zero net instantaneous
power exchange.

The need for the dc storage capacitor is theoretically due to the above stipulated
equality of the instantaneous output and input powers. The output voltage waveform
of the dc to ac converter is not a perfect sine wave. For this reason, the net instantaneous
output power (VA) has a fluctuating component even if the converter output currents

P.U.
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Figure 5.31- Typical output voltage and current waveforms of a 48-pulse converter
generating reactive power.
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were pure sine waves (which condition is approximated quite closely in practical
systems). Thus, in order not to violate the equality of instantaneous output and input
powers, the converter must draw a fluctuating ("ripple") current from the dc storage
capacitor that provides a constant voltage termination at the input.

The presence of the input ripple current components is thus entirely due to the
ripple components of the output voltage, which are a function of the output waveform
fabrication method used. In a practical var generator, as explained above, the elemen-
tary two- or three-level converters would not meet practical harmonic requirements
either for the output voltage or for the input (dc capacitor) current. However, by
combining a number of these basic converters into a multi-pulse structure (and/or using
appropriate pulse-width modulation-PWM-or other wave shaping techniques), the
output voltage distortion and capacitor ripple current can be theoretically reduced to
any desired degree. Thus, a static (var) generator, employing a perfect voltage-sourced
converter, would produce sinusoidal output voltages, would draw sinusoidal reactive
currents from the ac system and zero input current from the dc capacitor. In practice,
due to system unbalance and other imperfections (which could increase the ac power
fluctuation considerably), as well as economic restrictions, these ideal conditions are
not achieved, but can be approximated quite satisfactorily by appropriate converter
structures and wave shaping techniques so that the size of the dc capacitor in normal
transmission applications remains relatively small.

In a practical converter, the semiconductor switches are not lossless, and therefore
the energy stored in the dc capacitor would be used up by the internal losses. However,
these losses can be supplied from the ac system by making the output voltages of the
converter lag the ac system voltages by a small angle. In this way the converter absorbs
a small amount of real power from the ac system to replenish its internal losses and keep
the' capacitor voltage at the desired level. The mechanism of phase angle adjustment can
also be used to control the var generation or absorption by increasing or decreasing
the capacitor voltage, and thereby the amplitude of the output voltage produced by
the converter. (Recall that the amplitude difference between the converter output
voltage and ac system voltage determines completely the magnitude and direction of
the reactive current flow, and thus the var generation or absorption produced.) The
dc capacitor also has a vital function, even in the case of a perfect converter, in
establishing the necessary energy balance between the input and output during the
dynamic changes of the var output.

It is, of course, also possible to equip the converter with a dc source (e.g., u
battery) or with an energy storage device of significant capacity (".g., a large dc
capacitor, or a superconducting magnet). In this case the converter can control both
reactive and real power exchange with the ac system, and thus it can function as a
static synchronous generator. The capability of controlling real as well as reactive
power exchange is a significant feature which can be used effectively in applications
requiring power oscillation damping, leveling peak power demand, and providing
uninterrupted power for critical loads. This capability is unique to the switching con-
verter type var generator and it fundamentally distinguishes it from its conventional
thyristor-controlled counterpart.

5.2.2.2 Basic Control Approaches. A static (var) generator converter com-
prises a large number of gate-controlled semiconductor power switches (GTO thyris-
tors). The gating commands for these devices are generated by the intemal converter
control (which is part of the var generator proper) in response to the demand for
reactive and/or real power reference signal(s). The reference signals are provided by
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the external or system control, from operator instructions and system variables, which
determine the functional operation of the STATCOM

The internal control is an integral part of the converter. Its main function is to
operate the converter power switches so as to generate a fundamental output voltage
waveform with the demanded magnitude and phase angle in synchronism with the ac
system' In this way the power converter with the internal control can be viewed as a
sinusoidal, synchronous voltage source behind a tie reactor (provided by the leakage
inductance of the coupling transformer), the amplitude and phase angleof which aie
controlled by the external (STATCOM system) control via appropriate reference
signal(s).

_ ,There are many tasks the internal control executes in operating the power
switches of the converter which are not important from the application viewpoint.
These are mostly related to keeping the individual power semiconductors within their
maximum voltage and current limits, and otherwise to maintaining the safe operation
of the converter under all system conditions

The main function of the internal control, as stated above, is to operate the
converter power switches so as to produce a synchronous output voltage waveform
that forces the reactive (and real) power exchange required io, 

"o-p"osation. 
As

illustrated schematically in Figure 5.32,theinternal control achieves this by computing
the magnitude and phase angle of the required output voltage from 14n"r land l"*")
provided by the external control and generating a set of coordinated timing wavefonns
("gating pattern"), which determines the on and off periods of each ,*it"tt in the
converter corresponding to the wanted output voltage. These timing waveforms have
a defined phase relationship between them, determined by the converter pulse number,
the method used for constructing the output voltage waveform, and the required
angular phase relationship between the three outputs (normally 120 degrees).

The magnitude and angle of the output voltage are those internal parameters
which determine the real and reactive current the converter draws from, and thereby
the real and reactive power it exchanges with the ac system. If the converter is restricted
for reactive power exchange, i.e., it is strictly operated as a static var generator, then
the reference input to the internal control is the required reactive current. From this
the internal control derives the necessary magnitude and angle for the converter output
voltage to establish the required dc voltage on the dc capacitor since the magnitude
of the ac output voltage is directly proportional to the dc capacitor voltage. Ii-".uu."
of this proportionality, the reactive output current, as one approach, can bi controlled
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Figure 5.32 Main functions of the internal converter control.
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indirectly via controlling the dc capacitor voltage (which in turn is controlled by the
angle of the output voltage) or, as another approach, directly by the internal voltage
control mechanism (e.g., PWM) of the converter in which case the dc voltage is kept
constant (by the control of the angle). These two basic approaches to output voltage,

and thus to var control are illustrated in Figures 5.33 and 5.34 for an assumed two-
level converter ("indirect" control) and for a three-level converter ("direct" control),
respectively. Note that if the converter is equipped with an energy storage device,

then the internal control can accept an additional real current reference, which would
control the angle of the output voltage so as to establish a real component of current
in the output as demanded by this reference.

From the "black box" viewpoint the converter-based static var generator can

be viewed as a synchronous voltage source that can be controlled to draw either
capacitive or inductive current up to a maximum value determined by its MVA rating.
It is important to note that the maximum reactive current can be maintained even if
the system voltage is significantly depressed from its nominal value.

A simplified block diagram of the internal control for purely reactive compensa-

tion, based on the indirect approach of dc capacitor voltage control as illustrated in
Figure 5.33, is shown in Figure 5.35. The inputs to the internal control are: the ac

system bus voltage, u, the output current of the converter, io, and the reactive current
reference, Iqn*. Voltage u operates a phase-locked loop that provides the basic synchro-

nizing signal, angle 0. The output current, io, is decomposed into its reactive and real

components, and the magnitude of the reactive current component, 1,q, is compared

to the reactive current reference, lqn*. The error thus obtained provides, after suitable

amplification, angle a, which defines the necessary phase shift between the output
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Figure 5.33 "Indirect" output voltage control by varying the dc capacitor voltage
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Figure 5.34 "Direct" output voltage control by the variation of the midpoint (zero-
level) intervals of a three-level converter.
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voltage ofthe converter and the ac system voltage needed for charging (or discharging)
the storage capacitor to the dc voltage level required. Accordingly, angle a is summed
to 0 to provide angle 0 * cu, which represents the desired synchronizing signal for the
converter to satisfy the reactive current reference. Angle 0 * q. operates the gate

pattern logic (which may be a digital look-up table) that provides the individual gate

drive logic signals to operate the converter power switches.
A simplified block diagram of the internal control for a converter with internal

voltage control capability, such as the three-level converter illustrated in Figure 5.34,

is shown in Figure 5.36. The input signals are again the bus voltage, u, the converter
output current, io, and the reactive current referofics, Igner, plus the dc voltage reference
Va". This dc voltage reference determines the real power the converter must absorb
from the ac system in order to supply its internal losses. As the block diagram illustrates,
the converter output current is decomposed into reactive and real current components.
These components are compared to the external reactive current reference (deter-
mined from compensation requirements) and the internal real current reference de-
rived from the dc voltage regulation loop. After suitable amplification, the real and
reactive current error signals are converted into the magnitude and angle of the wanted
converter output voltage, from which the appropriate gate drive signals, in proper
relationship with the phaseJocked loop provided phase reference, are derived. Note

. that this internal control scheme could operate the converter with a dc power supply
or energy storage as a static synchronow generator. ln this case the internal real current
reference would be summed to an externally provided real current reference that
would indicate the desired real power exchange (either positive or negative) with the
ac system. The combined internal and external real current references (for converter
losses and active power compensation), together with the prevailing reactive current
demand, would determine the magnitude and angle of the output voltage generated,

and thus the real and reactive power exchanged with the ac system.
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From the "black box" viewpoint, the voltage-sourced converter type var genera-
tor can be considered a synchronous voltage source which will draw reactive current
from the ac system according to an external reference which may vary in a defined
range between the same capacitive and inductive maxima, independent of the ac
system voltage. The V-I operating area of this var generator is limited only by the
maximum voltage and current ratings of the converter, as illustrated in Figure 5.37.
(Note that there would also be a low voltage-about 0.2 p.u.-limit at which the
converter still would be able to absorb the necessary real power from the ac system
to supply its operating losses.)

The dynamic response of this type of var generator, due to its almost negligible
transport lag, is generally much faster (about an order of magnitude) than that attain-
able with its variable impedance (FC-TCR and TSC-TCR) counterparts. There are
several reasons for this. The main reason is that both the turn-on and turn-off instants
of the semiconductors (GTOs) used in the converter, and thus both the starting and
ending edges of the converter produced wavefotm, can be controlled, whereas only
the turn-on instants of the thyristors in the TCR and TSC banks, and thus only the
starting edge of the current waveform they draw, are controllable. (In the case of the
TSC, even the turn-on is restricted to a single instant in each cycle.) The turn-on and
turn-off capability of the semiconductors also facilitates optional operating modes for
the converter, €.g.: pulse-width modulation, waveform "notching," multilevel wave-
form construction, which are not possible with the naturally commutated TCRs and
TSCs. Another significant reason is that only about 15Vo change in the magnitude of
the converter output voltage changes the reactive output current 1007o. (The TCR
and TSC must transit from full on to full off, or vice versa, to achieve this.) In addition,
the converter-based var generator also has the unique capability to increase or decrease
the voltage of the dc capacitor (and thereby the magnitude of all three phases of the
output voltage) by a single "shot" of short duration real power exchange with the ac
system, in addition to using its internal voltage control. It is also helpful that for
high power transmission applications the voltage-sourced converters for a variety of
technical and economic reaspns are of multipulse (24 or higher) construction, which,
because of the above reasons (the large effect of small voltage change on reactive
output current), can also significantly contribute to the improvement of the attainable

V*^*= voltage limit

/r", = current limit
lr"*=lLmax= lan^*

16 lan^^ 0 /L*"* ly

t-tmax -

Figure 5.37 Operatifig7-I area of the voltage-sourced converter type var generator.



t76 Chapter 5 I Static Shunt Compensators: SVC and STATCOM

response time. (The TCR/TSC-based var generators, also for economic and technical
reasons, are usually of six-pulse, or occasionally of 12-pulse structure. But even if the
pulse number of these would be increased, the improvement in response time, as

discussed previously in Section 5.2.L.3, would be marginal because the maximum
overall transport lag of the TCR/TSC var generator does not significantly change with
pulse number.)

The very fast response time, per se, attainable by the converter-based var genera-
tor, is not generally required for transmission line compensation. However, as will be
seen, the small transport lag allows a wide frequency closed-loop bandwidth, which
provides stable operation for the STATCOM over a much wider variation of the ac
system impedance than is possible with the SVC.

The loss versus reactive output current characteristic of an actual 100 MVA,
48-pulse voltage-sourced converter, operated as a STATCOM, is shown in Figure
5.38. The total loss is the sum of the losses consumed by the eight constituent six-
pulse, two-level converters of the multipulse arrangement, by the main coupling trans-
former, and by the interface magnetics used to combine the output voltages of the
constituent converters.

The converter losses are due to semiconductor conduction and switching losses,
as well as to 'osnubber" losses (consumed by du/dt and di/dt limiting circuits). These
kisses are greatly dependent on the characteristics of the power semiconductors em-
ployed in the converter and the number of switchings they have to execute during each
fundamental cycle. The loss characteristic shown is valid for a GTO-based converter,
employing devices with a voltage rating of 4.5 kV and a peak turn-off current capability
of 4 kA, operated at 60 Hz switching frequency with 6 pF snubber capacitor. Due to
the low switching frequency, only about one-third of the converter losses is due to

f lorres (% of rated output) (100 Mvar, 48-pulse converter)
1.5

1.0

0.5

1.0 -0.5

-

MVAC (P.U.)
0.5 1.0

MVAR (P.U.)

Figure 5.38 Loss versus var output characteristic of a 48-pulse, {-100 Mvar voltage-
sourced converter type static var generator.
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(semiconductor * snubber) switching losses, the other two-thirds is due to conduc-
tion losses.

The total magnetic losses are due to the main coupling transformer and the
interface magnetics. The main transformer losses are, of course, unavoidable in high-
voltage applications. The losses of the interface magnetics are dependent on the overall
converter structure and operating mode employed.

The above loss characteristic gives an indication for the restrictions imposed on
the design of ahigh-powerconverter. The application of PWMwould allowsomesimpli-
fication of the interface magnetics. However, the impracticality of using pulse-width
modulation to improve the frequency spectrum of the basic converter with presently
available semiconductors is evident from the above data. As explained in Chapter 3, the
elimination of each harmonic from the output waveform would require one "notch" in
the waveform. Thus, for example, the elimination of the fifth and seventh harmonics
would increase the switching rate of the power semiconductors by a factor of three. This
would mean that, in the above 100 MVA converter considered, the losses (not including
magnetics) would go up by abont65%o (with a corresponding increase in cooling require-
ments) and the total installation losses would increase by abolt3}Vo.There are on-going
development efforts to improve the switching characteristics of GTO thyristors and to
devise a simple and reliable method to recover (into the dc storage capacitor) the energy
stored in the snubber capacitor at each turn-off. The results of these efforts would allow
the application of limited PWM techniques, requiring onlymodest switchingfrequencies
and aiming at the elimination of specific harmonics (such as the 5th and 7th) from the
output voltage waveform. As indicated in Chapter 2,major parallel efforts are also being
expended in the development of a new type of semiconductor switching devices that
would be free of the switching limitation of the GTO thyristor. Such devices are a new
generation of high power MOS Turn-Off Thyristors (MTOs), Emitter Turn-Off Thyris-
tors (ETOs),Integrated Gate Commutated Thyristors (IGCTs),Insulated Gate Bipolar
Transistors (IGBTs), and MOS-Controlled Thyristors (MCTs). These devices would, in
principle, allow an increase in the switching frequency, and possibly the elimination of
harmonics fromthe outputwaveform at leastup to the l3th,without any energyrecovery
circuit. However, PWM with high switching frequency for high-power converters may
remain a challenge for some years to come because of the problems associated with the
trapped energy stored in the leakage inductance of the converter structure, associated
transient voltage appearing across opening semiconductor switches, the filtering of the
high-frequency and high-energy carrier component, and, in general, the containment of
high-level, high-frequency electrical noise.

Overall, even at the present state of the art, the loss versus reactive output
characteristic, as well as the actual operating losses, of a converter-based var generator
are comparable to those attainable with its conventional counterpart employing both
thyristor-controlled reactors and thyristor-switched capacitors. With more advinced
GTOs and other power semiconductors presently under development, and with the
judicious combination of multipulse, PWM and other wave shaping (e.g., multilevel)
techniques, both the complexity of the magnetic structure and the overall converter
losses are expected to be further reduced in the future.

5.2.3 Hybrid Var Generators: Switching Converter with TSG
and TcR

The converter-based var generator can generate or absorb the same amount of
maximum reactive power; in other words, it has the same control range for capacitive
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and inductive var output. However, many applications may call for a different var
generation and absorption range. This can simply be achieved by combining the
converter with either fixed and/or thyristor-switched capacitors and/or reactors.

The combination of a converter-based var generator with a fixed capacitor
is shown in Figure 5.39(a). This arrangement can generate vars in excess of the
rating of the converter, shifting the operating range into the capacitive region, as

illustrated by the associated V-I characteristic shown in Figure 5.39(b).
It is, of course, also possible to move the operating characteristic of a static

var generator further into the absorption region by combining the converter with
a shunt reactor as shown in Figure 5.a0(a). The V-I characteristic of this arrangement
is shown in Figure 5.40(b).

Whereas fixed capacitors or reactors shift the operating range of the converter-
based var generator more into the capacitive or into the inductive region without
changing the amount of controllable Mvars, thyristor-switched capacitors and reactors
actually increase the total control range of var output. A converter-based var gener-
ator combined with a TSC and a TCR, together with the associated V-I char
acteristic are shown in Figures 5.al@) and 1(b).

Note that the addition of fixed or switched reactive admittances to the converter-
based var generator undesirably changes the V-I characteristic in that the output
current becomes a function of the applied voltage. The change in the V-l characteristic
is, clearly, dependent on the MVA rating of the converter relative to the total controlled
Mvar range.

Apart from the shift or extension of the controlled var range, hybrid var generator
arrangements, employing a converter with fixed and/or thyristor-controlled capacitor
and reactor banks, may be used for the purpose of providing an optimal loss versus
var output characteristic to a given application.

The generalized hybrid var generator scheme, employing a switching converter
with TSCs, TCRs, and possibly fixed or mechanically-switched capacitors, provides a
useful possibility for the designer to optimize the compensator for defined var range,
loss versus var output characteristics, performance, and cost.

5.2.4 Summary of Static Var Generators

The basic characteristics of the main static var generator schemes are summarized
in Table 5.1 and representative loss versus var output characteristics are shown in
Figure 5.42.
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Figure 5.39 Combined converter-based and fixed capacitor type var generator (a),
and associated operatingV-I area (b).
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V^^* = voltage limit

/ L*"* = rll€lX inductive current

/ Cr"* = III€IX capacitive current
at max voltage

lc /srnrcoMmax o

/cr"* @ v^^,

(b)

/srnrcoMmax /Lr"* lL

(a)

Figure 5.40 Combined converter-based and fixed reactor type var generator (a),
and associated operating V-I area (b).

5.3 STATIC VAR COMPENSATORS: SVC AND STATCOM

Static Var Compensator (SVC) and Static Synchronous Compensator (STAT-
COM) are static var generators, whose output is varied so as to maintain or control
specific parameters of the electric power system. It has been discussed in the previous
sections that a static (var) generator may be of a controlled reactive impedance type,
employing thyristor-controlled and switched reactors and capacitors, or synchronous
voltage source type, employing a switching power converter, or a hybrid type, which
employs a combination of these elements. Although the operating principles of these
var generators are disparate and their V-I and loss versus var output characteristics,
as well as their speed of response and attainable frequency bandwidth, are quite
different, they all can provide the controllable reactive shunt compensation, exhibiting
similar overall functional capabilities within their linear operating range. This means
that the basic external control structure that defines the functional operation of the
compensator, and to this end derives the necessary reference inputs for the var genera-
tor, is substantially the same independent of the type of var generator used. (Note,

J"'o'"o'

Figure 5.4L Combined
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var output characteristics of different static

however, that the converter-based var generator may be equipped with a suitable
energy storage in order to provide active as well as reactive compensation in which
case the compensator control would have to be complemented with additional control
loops for managing the real power exchange between the ac system and the converter.)

The primary objective of applying a static compensator (this term or the shorter
term compensator will be used in a general sense to refer to an SVC as well as to a
STATCOM) in a power system is to increase the power transmission capability,
with a given transmission network, from the generators to the loads. Since static
compensators cannot generate or absorb real power (neglecting the relatively low
internal losses of the SVC and assuming no energy storage for the STATCOM), the
power transmission of the system is affected indirectly by voltage control. That is, the
reactive output power (capacitive or inductive) of the compensator is varied to control
the voltage at given terminals of the transmission network so as to maintain the desired
power flow under possible system disturbances and contingencies.

The control requirements for the compensator (which define the way the output
of the var generator has to be varied to increase power flow and to stabilize specific
parameters of the power system in face of network contingencies and dynamic distur-
bances) has been derived from the functional compensation considerations in Section
5.1 of this chapter. As shown there, the basic compensation needs usually fall into
one of the following two main categories: (1) direct voltage support (to maintain
sufficient line voltage for facilitating increased power flow under heavy loads and for
preventing voltage instability) and (2) transient and dynamic-stability improvements
(to increase the first swing stability margin and provide power oscillation damping).
In that section it was shown that terminal voltage control can enhance significantly
the power transmission capability of the power system. Specifically, the regulation
of the voltage at particular intermediate points and selected load terminals of the
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transmission system, limits voltage variation, prevents voltage instability (voltage col-
lapse), and increases transient (first swing) stability limits, whereas appropriate varia-
tion of the terminal voltage can further enhance transient stability and provide effective
power oscillation damping (dynamic stability).

In order to meet the general compensation requirements of the power system,
the output of the static var generator is to be controlled to maintain or vary the voltage
at the point of connection to the transmission system. A general control scheme,
converting a static var generator (either a controlled impedance type or a converter-
based type) into a transmission line compensator, is shown in Figure 5.43.

The power system, at the terminal of the compensator, is represented by a
generator with a generally varying rotor angle 4 internal voltage u, and source imped-
ance Z (including the generator and transmission line impedance) that is a function
of the angular frequency or and time t (The impedance variation in time is due to
faults, line switching, etc.) The terminal voltage ulof the power system can be character-
izedby a generally varying amplitude V7 and angular frequency ar.

The output of the static var generator is controlled so that the amplitude I, of
the reactive current i, drawn from the power system follows the current reference
/on.r. With the basic static compensator control, the var generator is operated as a
perfect terminal voltage regulator: the amplitude V7 of the terminal voltage u1 is

measured and compared with the voltage reference Vq"1; the error AVr is processed

and amplified by a PI (proportional integral) controller to provide the current reference
Iqn"1 for the var generator. In other words, 1, is closed-loop controlled via 1pn"r so that
V1 is maintained precisely at the level of the reference voltage Vn"r in face of power
system and load changes.

If the proper compensation of the ac power system requires some specific varia-
tion in the amplitude of the terminal voltage with time or some other variable, then
an appropriate correcting signal V1q", derived from the auxiliary inputs, is summed to

v,6

Perfect Regulator:
vr=fiet:avr=a

Static (var)
compensator

VR

PE=0

Converter TSC-TCR
based

Direct Auxiliary
input inputs

General control scheme of a static var generator.

Voltage
measuring

and
processing

circuits

Z(a,t)

Static
var

generator

Figure 5.43
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the fixed reference I/n* in order to obtain the desired effective (variable) reference
signal Yfi", that closed-loop controls the terminal voltage V7.. In the following sections,
some practical auxiliary control loops and the corresponding characteristics of the
static compensator are described.

5.3.1 The Regulation Slope

In many applications, the static compensator is not used as a perfect terminal
voltage regulator, but rather the terminal voltage is allowed to vary in proportion
with the compensating current. There are several reasons for this:

The linear operating range of a compensator with given maximum capacitive
and inductive ratings can be extended if a regulation "droop" is allowed.
Regulation "droop" means that the terminal voltage is allowed to be smaller
than the nominal no load value at full capacitive compensation and, conversely,
it is allowed to be higher than the nominal value at full inductive compensation.
Perfect regulation (zero droop or slope) could result in poorly defined op-
erating point, and a tendency of oscillation, if the system impedance exhibited
a "flat" region (low impedance) in the operating frequency range of interest.

A regulation "droop" or slope tends to enforce automatic load sharing be-
tween static compensators as well as other voltage regulating devices normally
employed to control transmission voltage.

The desired terminal voltage versus output current characteristic of the compensator
can be established by a minor control loop using the previously defined auxiliary input
as shown schematically in Figure 5.M. A signal proportional to the amplitude of the
compensating current r1p with an ordered polarity (capacitive current is negative and

L v7+Avrft)

Av

V

Power system

Figure 5.44 Implementation of the 7-l slope by a minor control loop changing the
reference voltage in proportion to the line current.
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inductive current is positive) is derived and summed to the reference Vp"1. The effective
reference Vfi"r controlling the terminal voltage thus becomes

Vfirt:VRri*xlg

In (5.I4), K, the regulation slope is defined by

_ AYr*u* _ LVt^*
I r^u* I L^u*

(5.15)

where LVc^*is the deviation (decrease) of the terminal voltage from its nominal value
at maximum capacitive output current (Ig^u*: Is^o), LVy^ois the deviation (increase)

of the terminal voltage from its nominal value at maximum inductive output current
(19^*:Ir,u*), /cr* is the maximum capacitive compensating current, and [,o is the
maximum inductive compensating current.

Equation (5.14) indicates that Vfi"1is controlled to decrease from the nominal
(set) value (no compensation) with increasing capacitive compensating current (as

determined by the selected slope rc), and, conversely, it is controlled to increase with
increasing inductive compensating current until the maximum capacitive or, respec-

tively, inductive compensating current is reached. Consequently, the amplitude of the

terminal voltage, V7, is regulated along a set linear slope over the control range of
the compensator. For terminal voltage changes outside of the linear control range,

the output current of the compensator is determined by the basic V-.I characteristic

of the var generator used. That is, the compensating current will stay at the maximum

capacitive or inductive value in the case of a converter-based var generator (i.e., if
the compensator considered is STATCOM) and, in contrast, it will change in the

manner of a fixed capacitor or inductor in the case of a variable impedance (TCR/
TSC) type var generator (i.e., if the compensator is an SVC).

A typical terminal voltage versus output current characteristic of a static compen-

sator with a specific slope is shown in Figure 5.45, together with particular "load lines"
(voltage versus reactive current characteristic) of the ac system. Load line 1 intersects

the compensator V-I characteristic at the nominal (reference) voltage, thus the output
curent of the compensator is zero. Load line 2 is below load line 1 due to a decrease

in the power system voltage (e.g., generator outage). Its intersection with the compen-
sator V-l characteristic calls for the capacitive compensating current lcz. Load line 3

is above load line 1 due to an increase in the power system voltage (e.g., load rejection).
Its intersection with the compensator V-I characteristic defines the inductive compen-
sating current [3. The intersection points of the load lines 2 and 3 with the vertical
(voltage) axis define the terminal voltage variation without any compensation. The
terminal voltage variation with compensation, in the linear operating range under
steady-state conditions and slow system changes is entirely determined by the regula-
tion slope, independent of the type of var generator used, as observable in Figure
5.45. Outside of the linear operating range the STATCOM and SVC act differently,
as indicated in the figure. The dynamic performance of the two types of compensator
is also different.

5.3.2 Transfer Function and Dynamic Performance

The V-I characteristic of the static compensator shown in Figure 5.45 represents

a steady-state relationship. The dynamic behavior of the compensator in the normal
compensating range can be characterized by the basic transfer function block diagram

(s.14)
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Load line 3
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Figure 5.45 v-I characteristic of the SVC and the STATCOM.
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shown in Figure 5.46. This block diagram is derived directly from the basic control
scheme shown in Figure 5.44 and the transfer functions established for the variable
impedance (FC-TCR and rSC-TCR) type and converter-based var generators in
Sections 5.2.1. and 5.2.2, respectively.

- In the linear operating range of the compensator, the terminal voltage v7 can
be.expressed from Figure 5.46 in terms of the internal voltage V and the reference
voltage 7ps1 as follows:

rl -r, | ,,, G1G2Xvr- v T+ cGrHX+ vnetll@@fift (5.16)

Since the objective is to establish how well the terminal voltage is regulated

vr(-n)

Measurement

Figure 5.46 Basic transfer function block diagram of the static (var) compensator.

V7

V+AV
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against the (varying) system voltage, let Vx"i : 0 and consider small variation only.
Then the amplitude variation of the terminal voltage AVl against the amplitude
variation of the power system voltage LV can be expressed in the following
form:

LVr _
AV L+GIG\HX I+GHX (5.17)

where

..\ rlrc(rl:1+fu

Gz: €-Tas

G-GrGr--\,1 2 €-ras
l1- lt,S

(5.18)

(s.1e)

(5.20)

(5.21)H-
1+Tzs

and ?r : main time constant of the PI controller (typically about 10*50 ms depending
on the var generator transport lag), T2: amplitude measuring circuit time constant
(typically about 8-16 ms), Zd : transport lag of the var generator (typically 2.5 ms
for TCR, 5.0 ms for TSC and 0.2-0.3 ms for converter), X : Im Z (reactive part of
the system impedance), rc : regulation slope (typically L-5Vo) given by (5.15), and
s: Laplace operator.

It should be pointed out that practical compensator controls often employ filters
in the signal processing circuits which may introduce additional time constants in
the transfer functions affected. Sometimes phase correcting (lead/lag) circuits are
also employed.

Under steady-state conditions (s -+ 0) (5.17) becomes

LV, 1
(5.22)Lv r+

Equation (5.22) confirms that as the slope becomes smaller (rc -+ 0), the terminal
voltage remains constant, independent of the system voltage variation (LVrl LV --->

0). Similarly, with increasing slope (*> X) the terminal voltage becomes unregulated
(avrtLV---> 1).

It is to be noted too that (5.17) defining the dynamic behavior of the compensator
is a function of the power systern impedance, that is, the system impedance is an integral
part of the feedback loop. This means that the time response, and thus the stability
of the control, is dependent on the system impedance. For this reason, the control
is normally optimized for the maximum system impedance (minimum short-circuit
capacity) expected. This, of course, means that the response time of the system will
be somewhat longer if the system impedance is decreased (short-circuit capacity is
increased). With practical static compensators, the worst case response time is typically
in the range of 30 to 70 ms (2 to 4 cycles at the power system frequency). The tolerance
to system impedance variation and the attainable worst case response time are consid-
erably dependent on the achievable frequency bandwidth of the compensator, which
is ultimately limited by the transport lag of the var generator employed.

X
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In order to estimate the attainable bandwidth and the stability of the closedvoltage regulation loop of the two types of static comp".rruto, lsvc and STATCOM),consider the general expression given by (5.17). This equation equally characterizesboth-types, except for the^"tranJport lag'; time constant ?a in iransfer function G2,which is about an order of magnitude smaller for the STATCOM than it is for theSVC. Recognizing tl:I?-ridesirable phase characteristic of the e-ra, term, theimprovement the STATCoM offers is very significant from the st.anopoint of attainablefrequercy bandwidth. Refer to Figure 5-.47-where the phase angle characteristic ofthe e-ra'term (with t _:_io uor,r_r ft"quency for the pr;io;Jf estaulished transportlag delay times, za : 5.55 ms (TSC), Ti: z.il ms (TCir), andio: 0.5 -, 1"onu"ri*y,are plotted. As can be seen, the frequency at which the phase shift reaches 1g0 degrees(where the closed-loop gain of the- voltage regulator for stability must be less thanunity) is typically more than ten times gieater for the converter-based var genera-tor of the STATCoM than it is for thtTsc and rcR based var generator of theSVC.
It follows from 5.17 that, if the system impedance varies (as it always does inpractice due to line switchings, generator outagei, etc.), the comfensator will remainstable only if the overall roop gain versus r*q""n"y, o"te.-i'n"o by the productG.G2HX, is less than unity withlhe maximum system impedance (weakest ;y*;ibefore the angle of G1G2HX versus frequency. rlaches 1gb degrees. This is usuany

achieved by setting the time constant of the main error amplifiei appropriately large.To illustrate this, consider the basic compensator-based uoltug" regulator shown inFigure 5'43, with the transfer function repiesentation and correlponding data definedin Figure 5.48. If the compensator is a STATCOM with Ii : 0'.5 -r, and thus withG2: s-''*,ss, then stable operation with a regulation bandwidth of 65 Hz (Tt : .14

ms) is maintained over the total two to one system impedance range. As the Bodeplots shown in Figures-5.49(a) and (b) ilrustrate,-with the strong system (x : 4.76r)the gain margin (i.e., the_gain at 1g0" phase angle) is almost -io ag and even withthe weak system (x : 9.522) acomfortable gain maigin of about - 10 dB is maintained.By contrast, as the Bode plots in Figures-5.50(a) ind (b) illustrate, the TSC/TCR_
based SVC (Tz: 5.55 ms), even if the bandwiain is fimiied to 35 Hz (zr : 35 ms)would become unstable (the gain becomes positive at 1g0 degree phase angle) as
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Il9: thyristor-switched capacitor
lUFt: thyristor-controlled reactor
conv. : multipulse, voltage-sourced converter

Figure 5,47 Bode-plot representation of the
trolled elements of a static var
the converter.

transport lag characterizing the con_
generator: the TSC, the TCR. and



GtGrx-ffir-Et

t' - t-n= l+rrs

188 Chapter 5 I Static Shunt Compensators: SVC and STATCOM

Steady-state perfo rmance :

Xmin =
Xrn"* =
rc (s/p.)=

73rsc =
Lconv =

Tz=

Data:

4.761 (strong system)
9.522 (weak system)

0.846 (with strong system)

5.55 ms (TSC/TCR SVC)
0.5 ms (STATCOM)

4ms
avrl
av l"=o

= 0.1 51
1 + Gt GzHX 1 4.761I + 

91946

Determine:

Maximum bandwidth for stable operation with both strong and weak systems, i.e.,

maximum fis6nufor STATCOM and lrsc for TSC/TCR type SVC

Figure 5.48 Compensation example to demonstrate the effect of transport lag on
the stability of voltage regulation in face of varying system impedance.

the system impedance approaches its maximum value. For acceptable stability, the
bandwidth of the SVC would have to be reduced further, to about 2OHz. The reduced
bandwidth would, of course, result in a reduced response to system disturbances. If
the wide impedance variation in the application is encountered, and fast response is

required, then the TSC/TCR-based SVC would have to be equipped with an automatic
gain adjustment that would change the regulation gain either according to the prevail-
ing system impedance or with the sensing of an oscillatory trend in the control.

5.3.3 Transient Stability Enhancement and Power
Oscillation Damping

As established in Section 5.1.5, transient stability enhancement and power oscilla-
tion damping require the appropriate variation of the transmission line (terminal)
voltage in order to control the transmitted power so as to counteract the prevailing
acceleration or deceleration of the disturbed machine(s).

5.3,3.1 Transimt Stability Enhancement. The transient stability indicates the
capability of the power system to recover following a major disturbance. A major
disturbance, for example a severe fault on a heavily loaded line, can result in a large
step-like decrease in the transmitted electric power while the generators feeding the
line receive constant mechanical input power. The difference between mechanical
input and electrical output power causes the machines to accelerate. As explained in
Section 5.1.3, transient stability at a given power level and fault clearing time is
primarily determined by the P versus 6 characteristic of the post-fault system that
controls the electric power transmission and thereby the rate of energy absorption
from the machine.

I
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Type of compensator: STATCOM (a) System: strong (X = 4.761')
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Figure 5.49 Gain and angle versus frequency bode plots representing the case when
the STATCOM regulates the voltage of a strong (low impedance)
system (a) and a weak (high impedance) system (b).

As was shown in that section, a static compensator, controlled to regulate the
terminal voltage, can increase the transient stability by maintaining the transmission
voltage (at the midpoint or some appropriate intermediate point) in face of the in-
creased power flow encountered immediately after fault clearing. However, the tran-
sient stability can be increased further by temporarily increasing the voltage above
the regulation reference for the duration of the first acceleration period of the machine.
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Type of compensator: SVC (TSC/TCR) (a) System: strong (X = 4.761) Tt = 0.035 sec
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Figure 5.50 Gain and angle versus frequency bode plots representing the case when
the SVC regulates the voltage of a strong (low impedance) system (a)
and a weak (high impedance) system (b).

The voltage increased above its nominal value will increase the electric power transmit-
ted and thus will increase also the deceleration of the machine. This is illustrated in
Figure 5.51, where the P versus 6'plots of a simple two-machine system with different
midpoint compensations are shown. The plot marked V-: V represents the P versus
D plot obtained with an ideal compensator holding the midpoint voltage constant
(refer back to Figure 5.1). The plots marked STATCOM and SVC represent these
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P(p.u.)

2.0

vs- t/sin(arf * il vr = Vsin(arf *81

191.

P
t-)

x/2 
- 

x2

vm - Vrsin att

For uncompensated line: sin 6 Az = area with Vm = V (regulated voltage)

AAz = additional area with maximum
capacitive outp ut (V, > V )

Figure 5.5L Attainable enhancement of transient stability by the SVC and STAT-
COM increasing temporarily the (midpoint) transmission voltage.

compensators with a given rating insufficient to maintain constant midpoint voltage
over the total range of 6. Thus, these P versus 6'plots are identical to that of the ideal
compensator up to a specific 6. (, : fl) at which the SVC becomes a fixed capacitor
and the STATCOM a constant current source. In the interval between fl and n, the
P versus 6 plots are those which correspond to a fixed midpoint capacitor and a
constant reactive current source. The continuations of these plots in the d; to zero
interval show the P versus 6 characteristic of the two-machine system with the maxi-
mum capacitive admittance of the SVC and with the maximum capacitive output
current of the STATCOM. That is, at angles smaller than 6; the transmission line is
overcompensated (and, of course, for angles greater, it is undercompensated). This
overcompensation capability of the compensator can be exploited to enhance the
transient stability by increasing the var output to the maximum value after fault
clearing and thereby match the area of accelerating energy (,41) by that of the decelerat-
ing energy (,4r) with a smaller d61, zrS indicated in the figure. Depending on the
rating of the compensator, and the allowed voltage increase, the attainable increase
in transient stability margin (represented by AAr) can be significant.

The implementation of the transient stability enhancement in the basic control
scheme shown in Figure 5.43 can be accomplished simply by summing a signal dV to
the fixed voltage reference signal Vp,1, as illustrated in Figure 5.52. The signal 6V can
be derived from the rate of change of transmitted power, line current or system
frequency, indicating the angular change of the disturbed machines.

5.3.3.2 PowerOscillationDamping. AsdiscussedinSection5.l.4,poweroscil-
lation damping generally requires the variation of the voltage at the terminal of the
compensator in proportion to the rate of change of the effective rotor (or power
transmission) angle. Rotor angle changes, of course, result in frequency and real power
variations. In practice, usually the variation of the transmitted real power or the system

For V=V: re
AA4\^ 7r 6

I I'dilt
I - 6.4, with V^ = const.
| 6.r;, with /c = ffiax.

P= !'
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Vr + AV,U)

fr+Afrft)

Av

V

Power system Perfect regulator:
VT=hLt,JVT=O

hlt = het+DV

Figure 5.52 Implementation of the transient stability enhancement concept by in-
creasing the reference voltage during the first swing of a major distur-
bance.

frequency is measured and used for controlling the var output to produce the terminal
voltage variation desired.

The functional control scheme for damping power oscillations (and for providing
lerminal voltage regulation when power oscillation is absent) is shown in Figure 5.5i
In this scheme, the same general idea of modifying the fixed voltage reference by an
auxiliary control signal to derive the effective voltage reference that controls the
terminal voltage is followed again. Accordingly, a signal corresponding to the variation

W+avrft)
fr + A rrft)
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V

Power system

Af r = d(A6)ldt

Figure 5.53 Implementation of power oscillation damping by modulating the refer-
ence voltage according to frequency or power flow variations.
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of the real power or that of the system frequency is summed to the flxed reference
voltage signal 7p"1. The added signal causes the output current of the compensator to
vary (oscillate) around the fixed operating point to control the terminal voltage so as

to aid system damping. That is, the terminal voltage is increased when, for example,
the frequency deviation Af = d(LA)ldr is positive (in order to increase the transmitted
electrical power and thereby to oppose the acceleration of the generators) and it is
decreased when A/is negative (to reduce the transmitted electrical power and thereby
oppose the deceleration of the generators).

Effective power oscillation damping can be achieved also by the alternative
control scheme shown in Figure 5.54. In this scheme, the signal representing power
oscillation is fed directly to the input of the static var generator. This may be done
to avoid the time constants associated with the terminal voltage regulator loop and
to improve the overall response time, or to simplify the control system if the sole
purpose of the compensator is power oscillation damping. This arrangement is particu-
larly suitable to the implementation of the "bang-bang" type control strategy that
alternates the var output between the attainable maximum positive and negative values.

The control scheme shown in Figure 5.54 can also be used successfully to dampen
subsynchronous oscillations encountered with transmission lines employing series ca-
pacitive compensation. The frequency of subsynchronous oscillation is normally sig-
nificantly higher than that of normal power oscillation. For subsynchronous oscillation
damping, the angular velocity of the generator is usually measured directly by using,
for example, a toothed-wheel magnetic transducer located at the shaft of the rotor.

5.3.4 Var Reserve (operating point) Control

As evident from the previous sections, a static compensator has the functional
capability to handle dynamic system conditions, such as transient stability and power
oscillation damping in addition to providing voltage regulation. Even in the area of

Vr + AVrU)

fr + Atrft) Vr+ AVr

Av

V /onet

Power system
Perfect Regulator:
VT=het,AV7=Q

o vR.f

For coordination

Alternative method of power oscillation damping by modulating the
reference current to the static var generator according to frequency or
power flow variations.

I---->
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f requency
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Figure 5.54
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voltage regulation, the static compensator is viewed primarily as a fast var source to
counteract rapid and unexpected voltage disturbances due to faults, line and load
switching, generator outages, etc. In order to fulfill these applications requirements it
is necessary to ensure that the compensator will have sufficient var capacity to handle
unpredictable dynamic disturbances. This is often accomplished with an automatic
control that maintains predetermined var reserve by adjusting the operating point of
the compensator.

The objective of this control is to limit the steady-state reactive power output
of the compensator to a given reference value. The basic concept is to allow the
compensator to change its output rapidly to counteract transient disturbances. How-
ever, when a disturbance results in a new operating point, with a steady var output,
the var reserve control effectively changes the voltage reference in order to bring
back the var output slowly to the set reference value, and thereby activating "slow"
var sources (e.g., mechanically-switched capacitors) and other compensating means
(e.g., generator excitation) to pick up the steady-state var load. The response time of
this control loop is slow in order not to interfere with the rapid voltage regulation or
any fast stabilizing or auxiliary functions that might be included in the overall var
output control.

A possible scheme to implement a basic var reserve control is shown in Figure
5.55. The magnitude of the output current of the compensator is measured and com-
pared against the reference I$. The error signal A1p is processed by an integrator of
large time constant and added to the fixed voltage reference Vp"1. This forces the input
signal to the voltage regulator to change until the difference between the actual output
current of the compensator and the steady-state output current reference I$ be-
come equal.

The operation of the simple var reserve control described is illustrated in Figure
5.56. Assume that the compensator is operating at point 1 (/o : 1g1) on the V-l curve
when a disturbance in the form of a sudden A[ drop in the amplitude of the terminal
voltage occurs. The voltage change A[ forces, via the fast voltage regulating loop,

vr + Avrft)

Av

V

Power System

td

Voltage
measunng

and
processing

circuits

Z(a,t)

/enet I pr IAV-

Perfect Regulator:

VnLt =VR"f - k.i Ltqdt

Static
var

generator

Current
measuring

and
processing

circuits

Slow
error

integrator

Figure 5.55 Implementation of the var reserve control.
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Figure 5.56 Diagrammatic illustration of the
concept of var reserve control.

195

the output current to increase from the steady-state value 1[ to 162 and the compensator
assumes working point 2 on the V-l curve. However, since 162 > I$, an error signal

A1q is generated within the var reserve control loop, which, via the slow integrator,
changes the reference signal to the voltage regulator, forcing the compensator to
reduce slowly its output current. The compensator finally assumes a new steady state

in working point 3 on the V-I cuwe.

5.3.5 Summary of Compensator Gontrol

The structure of static compensator control illustrating the underlying principle
of superimposing auxiliary input signals on the basic voltage reference, to carry out
specific compensation functions automatically as required by system conditions, is

shown in Figure 5.57. With this principle, the compensator, within its MVA rating
and operating frequency band, acts as a perfect amplifier forcing the magnitude of
the regulated terminal voltage to follow the effective voltage refetence, which is the
sum of the fixed voltage magnitude reference and auxiliary signals. The effective
reference thus defines the operating modes and characteristics (e.g., voltage regulation
with the corresponding steady-state operating point and regulation slope) as well as

the desired actions in response to dynamic changes of selected system variables (e.g.,

transient stability enhancement and oscillation damping).
Apart from the real-time control functions illustrated in Figure 5.57, the total

control system of a modern static compensator has many other elements to manage
the proper and safe operation of the equipment with high reliability and availability,
as well as to accommodate proper interface with local and remote operators, as shown
in a glossary manner in Figure 5.58. The main elements of this overall compensator
control system include:

L. Interface between high-power, high-voltage semiconductor valves of the
overall switching converter and/or TSC and TCR structure and a highly-
sophisticated real-time control required for the internal operation of the var
generator and for the desired system compensation functions. This interface,

STATCOM
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Figure 5.57 Structure of the basic compensator control for multifunctional power
system compensation.

Auxiliary equipment and
system status input

SCADA

Figure 558 Main elements of the complete control operating a static compensator.

transmitting gating commands from the control to the valves and status infor-
mation from the valves to the control is usually implemented by optical links.

2. Signal measuring and processing circuits for system and equipment variables.
The real-time control and protection relays (and operator displays) need as
inputs certain system variables, such as terminal voltage and compensator
output current, as well as appropriate internal voltages and currents of the
equipment, from which magnitude, phase, frequency, and other relevant infor-
mation can be derived to follow in real-time system conditions and monitor
equipment operation.

3. Supervisory control and status monitor which interfaces with the all parts of
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the compensator, including all essential components of the compensator
proper and its support equipment (e.g., cooling system, power suppliei, break-
ers, switches, interlocks, etc.). It collects status information from every part
of the system, usually via serial communication links, organizes and inteipiets
the status data to determine the operational integrity of the compensatoi and
to provide diagnostics for possible malfunctions and failures. Ii also carries
out the start-up and shutdown sequencing and other operating routines of
the compensator and provides appropriate communication linkJfor the local
and remote operators.

I 4. User interface with CRT graphical displays is usually provided by a stand-
alone computer with an appropriate CRT monitor, keyboard, and pointing
device for data entry. This computer usually has a serial link to the status
processor and runs a graphical display and control software. Through the
interface a large amount of information is available for the operation, diignos-
tic, and maintenance purposes in graphical and numerical form. The informa-
tion includes: status information from the valves, identifying failed power
semiconductors and other components and associated circuiti; selected op-
erating modes of the compensator and associated control and operational
parameter settings; control operating and redundancy; and status of support
equipment such as cooling system, auxiliary power supplies, breakers, swifches,
etc., and building climate status (temperature, humidity, etc.).

5.4 COMPARISON BETWEEN STATCOM AND SVC

On the basis of explanations provided in the previous sections it should be clear to
the reader that, on the one hand, in the linear operating range the V-1 characteristic
and functional compensation capability of the STATCOM and the SVC are similar.
However, the basic operating principles of the STATCOM, which, with a converter-
based var generator, functions as a shunt-connected synchronous voltage source, are
fundamentally different from those of the SVC, which, with thyristor-co-ntrolled reac-
tors and thyristor-switched capacitors, functions as a shunt-connected, controlled reac-
tive admittance. This basic operational difference (voltage source versus reactive ad-
mittance) accounts for the STATCOM's overall superior functional characteristics,
better performance, and greater application flexibility than those attainable with the
SVC. These operational and performance characteristics are summarized here, with
the underlying physical reasons behind them, and with the corresponding applica-
tion benefits.

5.4.1 V-l and t/-O Characteristics

The STATCOM is essentially an alternating voltage source behind a coupling
reactance with the correspondingV-I andV-Q chancteristics shown in Figures S.Se1a)
and 5.60(a), respectively. These show that the STATCOM can be operated ou", it.
full output current range even at very low (theoretically zero), typicaliy about 0.2 p.u.
system voltage levels. In other words, the maximum capacitive or inductive output
current of the STATCOM can be maintained independently of the ac system voltage,
and the maximum var generation or absorption changes linearly with the ac systJm
voltage.

In contrast to the STATCOM, the SVC, being composed of (thyristor-switched
capacitors and reactors, becomes a fixed capacitive admittance at full output. Thus,
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Figure 5.59 V-I characteristic of the STATCOM (a) and of the (SVC) (b).

the maximum attainable compensating current of the SVC decreases linearly with ac
system voltage, and the maximum var output decreases with the square of this voltage,
as shown in Figures 5.59(b) and 5.60(b), respectively. The STATCOM is, therefore,
superior to the SVC in providing voltage support under large system disturbances
during which the voltage excursions would be well outside of the linear operating
range of the compensator. The capability of providing maximum compensating current
at reduced system voltage enables the STATCOM to perform in a variety of applica-
tions the same dynamic compensation as an SVC of considerably higher rating.

As Figures 5.59(a) and 5.60(a) illustrate, the STATCOM may, depending on the
power semiconductors used, have an increased transient rating in both the inductive
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Figure 5.60 V-Q characteristic of the STATCOM (a) and of the (SVC) (b).
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and capacitive operating regions. (The SVC has no means to increase transiently the
var generation since the maximum capacitive current it can draw is strictly determined
by the size of the capacitor and the magnitude of the system voltage.) The maximum
attainable transient overcurrent of the STATCOM in the capacitive region is deter-
mined by the maximum current turn-off capability of the power semiconductors (e.g.,
GTO thyristors) employed. As shown in Chapter 3, in the inductive operating region
the power semiconductors of an elementary converter, switched at the fundamental
frequency, are naturally commutated. This means that the transient current rating of
the STATCOM in the inductive range is, theoretically, limited only by the maximum
permissible GTO junction temperature, which would in principle allow the realization
of a higher transient rating in this range than that attainable in the capacitive range.
However, it should be pointed out that this possibility would generally not exist if the
converter poles were operated to produce a pulse-width modulated waveform, when
the current conduction between the upper and lower valves is transferred several
times during each fundamental half cycle. Even with non-PWM converters, abnormal
operating conditions should be carefully considered in the implementation of transient
ratings above the peak turn-off current capability of the semiconductors employed,
because if an expected natural commutation would be missed for any reason, converter
failure requiring a forced shutdown would likely occur.

5.4.2 Transient Stability

The ability of the STATCOM to maintain full capacitive output current at low
system voltage also makes it more effective than the SVC in improving the transient
(first swing) stability. The effectiveness of the STATCOM in increasing the transmitta-
ble power is illustrated in Figure 5.61(a), where the transmitted power P is shown

(a) STATOOM (b) svc
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Figure 5.6L Transmitted power versus transmission angle of a two-machine system

with a midpoint STATCOM (a) and a midpoint SVC (b) obtained with
different var ratings.
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against the transmission angle dfor the usual two-machine model at various capacitive
ratings defined by the maximum capacitive output current 16,o. For comparison, an
equivalent P versus 6 relationship is shown for an SVC in Figure 5.61(b). It can be
observed that the STATCOM, just like the SVC, behaves like an ideal midpoint shunt
compensator with P versus 6 relationship as defined by (5.2b), P : (2V2lX) sin(d/2)
until the maximum capacitive output current /6.,u* is reached. From this point, the
STATCOM keeps providing this maximum capacitive output current (instead of a
fixed capacitive admittance like the SVC), independent of the further increasing angle
6'and the consequent variation of the midpoint voltage. As a result, the sharp decrease
of transmitted power P in the n 12 < 6 < n region, characterizing the power transmission
of an SVC supported system, is avoided and the obtainable I faa area representing
the improvement in stability margin is significantly increased.

The increase in stability margin obtainable with a STATCOM over a conventional
thyristor-controlled SVC of identical rating is clearly illustrated with the use of the
previously explained equal-area criterium (Section 5.1.3) in Figures 5.62(a) and (b).
The simple two-machine system, discussed at the review of the basic shunt compensa-
tion principles [Figure 5.1(a)], is compensated at the midpoint by a STATCOM and
an SVC of the same var rating. For the sake of clarity, it is assumed that the system
transmitting steady-state electric power Py at angle fi, is subjected to a fault for a
period of time during which Pr becomes zero. During the fault, the sending-end
machine accelerates (due to the constant mechanical input power), absorbing the
kinetic energy represented by the shaded area below the constant P1 line, and increasing
& to 6. (6. > 6,). Thus, when the original system is restored after fault clearing, the
transmitted power becomes much higher than P1 due to the larger transmission angle
6". As a result, the sending-end machine starts to decelerate, but 6 increases further
until the machine loses all the kinetic energy it gained during the fault. The recovered
kinetic energy is represented by the shaded area between the P versus d curve and
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the constant power line Pr. The remaining unshaded area below the P versus E curve
and above the constant power line Pr provides the transient stability margin. As can
be observed, the transient stability margin obtained with the srATCoM, due to the
better support of the midpoint voltage, is significantly greater than that attainable
with the SVC of identical var rating. This of course means that the transmittable
power can be increased if the shunt compensation is provided by a STATCOM rather
than by an SVC, or, for the same stability margin, the rating of the STATCOM can
be decreased below that of the SVC.

5.4.3 Response Time

As demonstrated in Section 5.3.2,the attainable response time and the bandwidth
of the closed voltage regulation loop of the STATCOM are also significantly better
than those of the SVC. Although the closedloop voltage regulation of both compensa-
tors can be expressed by the formula given in (5.17), i.e., LVTILV : ll(I + G1G2HX),
the time constant Za in the transfer function G2 (which characterizes the inherent
"transport lag" in the power circuits of the STATCoM and of the SVC) is about an
order of magnitude smaller for the STATCOM than it is for the SVC, i.e., it is typically
from less than 200 g,s to 350 g.s for the STATCoM and between 2.5 and 5.0 ms for
the SVC. Considering the rapidly changing angle versus frequency characteristic of
the e-ra'term, this improvement is important from the standpoint of attainable fre-
quency bandwidth. The practical importance of wide frequency bandwidth cannot be
overstated for applications requiring fast response, but even in typical transmission
applications the STATCOM can provide stable operation with respectable response
over a much wider variation of the transmission network impedance than is possible
with an SVC.

5.4.4 Capability to Exchange Real Power

For applications requiring active (real) power compensation it is clear that the
STATCOM, in contrast to the SVC, can interface a suitable energy storage with the
ac system for real power exchange. That is, the STATCoM is capable of drawing
controlled real power from an energy source (large capacitor, battery, fuel cell, super-
conducting magnetic storage, etc.) at its dc terminal and deliver it as ac power to
the system. It can also control energy absorption from the ac system to keep the stor-
age device charged. This potential capability provides a new tool for enhancing
dynamic compensation, improving power system efficiency and, potentially, prevent-
ing power outages.

The reactive and real power exchange between the STATCOM and the ac system
can be controlled independently of each other and any combination of real power
generation and absorption with var generation and absorption is achievable. Thus, by
equipping the STATCOM with an energy storage device of suitable capacity, extremely
effective control strategies for the modulation of the reactive and real output power
can be executed for the improvement of transient stability and the damping of power
oscillation. It should be noted that for short-term dynamic disturbances an energy
consuming device (".g., a switched resistor) may be effectively used in place of the
more expensive energy storage to absorb power from the ac system via the STATCOM.
with this simple scheme, the STATCoM would transfer energy from the ac system
to the dc terminals where it would be dissipated by the energy-consuming device that
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would be switched on whenever surplus energy at those terminals is detected (by, e.g.,
the increase of dc voltage).

5.4.5 Operation With Unbalanced AG System

The ac system voltages are normally balanced (maximum unbalance does not
usually exceed 1.Vo) and therefore compensators normally control all three phases of
their output current together. This for the SVC normally means that its control estab-
lishes three identical shunt admittances, one for each phase. Consequently, with unbal-
anced system voltages the compensating currents in each phase would become differ-
ent. It is possible to control the three compensating admittances individually by
adjusting the delay angle of the TCRs so as to make the three compensating currents
identical. However, in this case the triple-n harmonic content would be different in
each phase and their normal cancellation through delta connection would not take
place. This operation mode thus would generally require the installation of the usually
unneeded third harmonic fllters. For this reason, individual phase control for SVCs
in transmission line compensation is rarely employed.

The operation of the STATCOM under unbalanced system conditions is different
from that of the SVC, but the consequences of such operation are similar. The STAT-
COM operation is governed by the fundamental physical law requiring that the net
instantaneous power at the ac and dc terminals of the voltage-sourced converter
employed must always be equal. This is because the converter has no internal energy
storage and thus energy transfer through it is absolutely direct, and consequently the
net instantaneous power at its ac and dc terminals must be equal.

Assume that the dc terminal voltage of the STATCOM is supported entirely by
an appropriately charged dc capacitor (i.e., there is no source or sink of power attached
to this terminal), and that the losses of the converter are zero and its pulse number
is infinite (ideal converter). With perfectly balanced sinusoidal ac terminal voltages
(provided by the ac power system), the STATCOM will draw a set of balanced,
sinusoidal currents in quadrature with the system voltages, but the dc capacitor will
experience no charging current because no real power is exchanged with the ac system
and, furthermore, because the net instantaneous power remains invariably zero at the
ac terminals of the converter. However, if the ac system voltages become unbalanced,
then an alternating power component at twice the fundamental frequency will appear
at the ac terminals of the STATCOM converter and this will be matched by an
alternating second harmonic charging current in the dc terminals, producing in turn
an associated alternating voltage component of the same frequency across the capacitor
shunting the dc terminals. If the converter control ignores this ac voltage component,
that is, if it is operated to produce the ac output voltage as if the dc terminal voltage
was constant, then the second harmonic voltage component from the dc terminal
will be transformed (by the converter switching operation) as a negative sequence
fundamental component and a positive sequence third harmonic component to the
ac terminals. As a result, the STATCOM will, in general, draw a negative sequence
fundamental current component (in proportion to the difference between its internally
generated negative sequence voltage and the negative sequence component of the ac
system voltage) as well as a (positive sequence) third harmonic current component.

Out of the two voltage components, generated in the output of the STATCOM
as a result of system unbalance, the third harmonic is clearly "unwanted." Whereas
the negative sequence fundamental voltage, generated "naturally" by the converter
with properly sized dc capacitor, reduces significantly the negative sequence current
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that would otherwise be forced to flow by the negative sequence system
could be very large during single-phase faults), the third harmonic
useful function.

The "natural" behavior of the STATCOM is illustrated in Figure 5.63 where
relevant voltage and current waveforms records, representing a TNA simulated power
system with precisely scaled 48-pulse STATCOM hardware model that was subjected
to a severe line to ground fault. The traces in the figure show (from top to bottom):
line to line voltages up6 zr.d u"6 (phase a is faulted to ground); the three currents drawn
by the STATCOM, io, ib, l.; the dc capacitor voltage u6; and the reactive current
reference 1pn.r (limited to 2 p.u.). In steady state, the STATCOM was producing 1.0
p.u. capacitive current, when it was subjected to a line to ground fault lasting for about
five cycles. It can be observed that, due to the internally generated negative sequence
converter voltage (that largely matched the negative sequence voltage of the unbal-
anced ac system), the STATCOM was providing during the fault substantially balanced,
capacitive compensating currents with the maximum magnitude of 2.0 p.u., but with
considerable third harmonic distortion. Flowever, the harmonics, present only during
the five cycle fault period are, arguably, of no significant consequence (since, presum-
ably, under this condition significantly more distortion is generated by various static

vab 0

vcb 0

ibo

ic0

vdc

Figure 5.63 Waveforms illustrating the operation of a STATCOM (without individ-
ual phase voltage control) during and following a line to ground fault
at the regulated bus.
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and rotating electromagnetic components present in the system). On the other hand,
the STATCOM, as evidenced in the figure by the capacitive compensation maintained,
can provide strong system support during the fault. This, with the STATCOM's fast
response at fault clearing, could greatly contribute to system stability. (It should be
noted that in practice the over-current limit of the STATCOM, for economic reasons,
would normally be set lower than 2.0 p.u. used in this illustrative example.)

The natural behavior of the STATCOM characterized above is related to the
operating mode in which the three output voltages are controlled together; that is,
single-phase voltage control is not applied. This operating mode provides the best VA
utilization of the converter and generally the lowest harmonic generation obtainable
under normal system conditions with a given method of waveform synthesis employed.
However, in special applications where considerable system unbalance exists, or where
large unbalanced loads. are to be compensated, the STATCOM converter with appro-
priate pole structure and waveform synthesis method can be operated to control each
of the output phases individually, that is, to control the positive and negative sequence
compensating currents independently. However, this type of operation is usually associ-
ated with some amount of fluctuating ac power and, therefore, it requires a larger dc
capacitor than typically used in a transmission system STATCOM to accommodate
the consequent second harmonic ripple current at the dc terminals.

5.4.6 Loss Versus Var Output Gharacteristic

As shown in Figures 5.38 and 5.27 the overall loss versus reactive output charac-
teristic, as well as the actual operating losses, of the srATCoM are comparable
to those of the SVC using both thyristor-controlled reactors and thyristor-switched
capacitors. Both types of compensator have relatively low losses (about 0.1to 0.27o)
at and in the vicinity of zero var output. On the average, the losses in both cases
increase with increasing var output reaching about 1.0Vo at rated output. This type of
loss versus output characteristic is generally considered favorable for transmission
applications where the average var output demand is normally low and the compensa-
tor is primarily applied to handle dynamic events, system contingencies, and possibly
the coordination of the overall area var control.

The loss contribution of power semiconductors and related components to the
total compensator losses is higher for the STATCOM than for the SVC. This is because
presently available power semiconductor devices with internal turn-off capability have
higher conduction losses than conventional thyristors. Also switching losses with forced
current interruption tend to involve more losses than natural commutation. However,
it is reasonable to expect that the historically rapid semiconductor developments will
reduce the device losses in the coming years, whereas the losses of conventional
power components, such as reactors, are not likely to change significantly. Thus, the
technological advances probably will have help to reduce the overall losses of the
STATCOM more than those of the SVC.

5.4.7 Physical Size and Installation

From the standpoint of physical installation, because the STATCOM not only
controls but also internally generates the reactive output power (both capacitive and
inductive), the large capacitor and reactor banks with their associated switchgear and
protection, used in conventional thyristor-controlled SVCs, are not needed. This results
in a significant reduction in overall size (about 30to 40Vo), as well as in installation
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labor and cost. The small physical size of the STATCOM
for installations in areas where land cost is at a premium,
anticipated system changes may require the relocation of

5.4.8 Merits of Hybrid Compensator

20s

makes it eminently suitable
and for applications where
the installation.

From the V-I characteristics shown in Figures 5.39 through 5.40 for hybrid var
generators employing a switching power converter with thyristor-switched clpacitors
and thyristor-controlled reactors the obvious deduction can be made that, in general,
the operating and performance advantages attainable with the STATCOM will also be
exhibited by a hybrid compensator, in direct proportion to the rating of the STATCOM
relative to the total controllable var range of the hybrid compensator.

In considering hybrid compensator schemes, a particuiarly good case can be
made for the replacement of the TCR with a converter-based vai generator in the
presently used TCR-TSC compensator arrangements. This replacement would result
in a number of signiflcant operating and performance advantiges, including:

L. Faster response, since the converter can immediately provide capacitive output
before the TSCs could be switched in. (The TCR can only absorb ,"u"tru"
power.)

2. Reduced harmonic generation and the possible elimination of filters, since
the converter can be designed to have very low harmonic generation. (TCR
is the harmonic source in the SVC.)

3. Greater flexibility to optimize for loss evaluation criteria, since the converter
can generate and absorb reactive power, which makes it possible to switch
the capacitors with either a net var output surplus or a net var output shortage
that the converter then needs to absorb or generate. (The TCR can only
absorb reactive power, making it necessary to switch the capacitors with a
net var surplus. For example, even at very small capacitive output demand
the first TSC must be switched in, which forces the TCR to absorb a very
large surplus capacitive vars, causing significant internal losses at that op-
erating point of the compensator.)

It should be also noted that, in contrast to the TCR and mechanically-switched capaci-
tor (MSC) arrangement, the combination of a STATCOM with trriSCr may provide
a good and economical solution for many applications. This is because the STATCOM
would be able to provide capacitive var output immediately upon demand and only
the additional capacitive output would be delayed by the MSC operation. By contrast,
in the TCR-MSC arrang"*"ot, there would be no clmpensation before the first MSC
would be switched in.

5.5 STATIC VAR SYSTEMS

A static var system is, per CIGRE/IEEE definition, a combination of static compensa-
tors and mechanically-switched capacitors and reactors whose operation is coordinated.
A static var system is thus not a well-defined compensating arrangement because it
does not have a uniform V-I characteristic and its overall t"rpori" time is greatly
dependent on the mechanical switching devices used.

The emphasis in a static var system is on coordination. The major objective is
usually to ensure that the static compensator, having a well-define d, V-I chaiacteristic
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and fast speed of response, is available for dynamic compensation and other elements
of the overall var system handle the steady-state var demands. Another reason for
coordination is to minimize the steady-state losses in the compensator and the overall
power system.

The var output coordination may follow different strategies. In the simplest form,
it may be nothing more than the previously described var reserve control, which forces
the output of the static compensator to return to a specific (or adjustable) var reference
after each significant var demand change in the power system. With this arrangement,
the availability of a specific amount of fast compensation capacity is enforced by an
automatic control action, but the steady var demand is left for unidentified "other
means" in the power system (which may include generator voltage regulators, synchro-
nous compensators (condensers), and mechanically-switched capacitor and reactor
banks activated by under- and over-voltage relays) to provide.

An equally simple, but philosophically opposite, policy is to let the static compen-
sator pick up the reactive compensation as required, but provide an alarm signal to
the power system dispatcher if a specific var output is exceeded. It is left to the
dispatcher to determine whether the compensator should keep providing the compen-
sation or other available means should be brought in operation.

In a more rigorous coordination scheme, the compensator would control a num-
ber of dedicated capacitor and reactor banks within the overall static var system. That
is, if the capacitive output of the compensator would exceed a preset level for a

specified time duration, then the compensator control would activate, in a predeter-
mined sequence, the mechanically-switched capacitor banks until the output of the
compensator is reduced below that level. Similarly, an excess in inductive var output
would initiate the systematic disconnection of capacitor banks and, if required, actuate
an appropriate number of mechanically-switched reactor banks.

In providing automatic coordination, due attention must be paid to the capabili-
ties of the mechanical switches with regard to the frequency of operation and, also,
the limitation of possible surge currents. A microprocessor-based control is usually
the most convenient for monitoring switch status, storing switching history, and ef-
fecting overall coordination according to established priorities and compensation pol-
icies.
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Static Series
Compensators: GCSC,

TSSC, TCSC and SSSC

6.1 OBJECTIVES OF SERIES COMPENSATION

It was shown in Chapter 5 that reactive shunt compensation is highly effective in
maintaining the desired voltage profile along the transmission line interconnecting
two busses of the ac system and providing support to the end voltage of radial
lines in the face of increasing power demand. Thus, reactive shunt compensation,
when applied at sufficiently close intervals along the line, could theoretically make
it possible to transmit power up to thermal limit of the line, if a large enough angle
between the two end voltages could be established. However, shunt compensation is
ineffective in controlling the actual transmitted power which, at a defined transmission
voltage, is ultimately determined by the series line impedance and the angle between
the end voltages of line.

It was always recognized that ac power transmission over long lines was
primarily limited by the series reactive impedance of the line. Series capacitive
compensation was introduced decades ago to cancel a portion of the reactive line
impedance and thereby increase the transmittable power. Subsequently, within the
FACTS initiative, it has been demonstrated that variable series compensation is
highly effective in both controlling power flow in the line and in improving stability.

Controllable series line compensation is a cornerstone of FACTS technology.
It can be applied to achieve full utilization of transmission assets by controlling
the power flow in the lines, preventing loop flows and, with the use of fast controls,
minimizing the effect of system disturbances, thereby reducing traditional stability
margin requirements.

In this section the basic approach of reactive series compensation will be
reviewed to provide the necessary foundation for the treatment of power electronics-
based compensators. The effect of series compensation on the basic factors, deter-
mining attainable maximal power transmission, steady-state power transmission
limit, transient stability, voltage stability and power oscillation damping, will be ex-
amined.

209
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6.1.1 Concept of Series Capacitive Gompensation

The basic idea behind series capacitive compensation is to decrease the overall
effective series transmission impedance from the sending end to the receiving end,
i.e., X in the P : (V2lX) sin 6 relationship characterizing the power transmission over
a single line. Consider the simple two-machine model, analogous to that shown for
shunt compensation in Figure 5.1, but with a series capacitor compensated line, which,
for convenience, is assumed to be composed of two identical segments, as illustrated
in Figure 6.1(a). The corresponding voltage and current phasors are shown in Figure
6.1(b). Note that for the same end voltages the magnitude of the total voltage across
the series line inductance, V, : 2V,n is increased by the magnitude of the opposite
voltage, V6, developed across the series capacitor; this results from an increase in the
line current.

The effectiue transmission impedance X,Twith the series capacitive compensation
is given by

or

where k is

x,ff - x * x6

x,ff-(1 -k)x
the degree of series compensation, i.e.,

k

Assuming v,: v,: v in Figure 6.1(b), the current in
corresponding real power transmitted, can be derived

(6.1)
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(6.4)

(6.5)

(6.6)

The reactive power supplied by the series capacitor can be expressed as follows:

,2V6r- o-kvsm1
P-v^I:&sind

Qc: I'Xr:ry ,, k 
t-'-(1 - cos 6)X (1 - k1z"^

The relationship between the real power P, series capacitor reactive power Qg, and
angle 6 is shown plotted at various values of the degree of series compensation /c in
Figure 6.1(c). It can be observed that, as expected, the transmittable power rapidly
increases with the degree of series compensation ft. Similarly, the reactive power
supplied by the series capacitor also increases sharply with k and varies with angle 6
in a similar manner as the line reactive power.

After deriving the simple relationships characterizing series capacitive compensa-
tion, the reader should note the duality of the underlying physical explanations. The
conventional explanation is that the impedance of the series compensating capacitor
cancels a portion of the actual line reactance and thereby the effective transmission
impedance, per (6.L), is reduced as if the line was physically shortened. An equally
valid physical explanation, which will be helpful to the understanding of converter-
based power flow controllers, is that in order to increase the current in the given series
impedance of the actual physical line (and thereby the corresponding transmitted
power), the voltage across this impedance must be increased. This can be accomplished
by an appropriate series connected circuit element, such as a capacitor, the impedance
of which produces a voltage opposite to the prevailing voltage across the series line
reactance and, as the phasor diagram in Figure 6.1(c) illustrates, thereby causes this
latter voltage to increase. It is easy to see that within this second explanation the
physical nature of the series circuit element is irrelevant as long as it produces the
desired compensating voltage. Thus, an alternate compensating circuit element may
be envisioned as an ac voltage source which directly injects the desired compensating
voltage in series with the line. As will be seen, the switching power converter used in
the shunt-connected STATCOM, applied as a voltage source in series with the line,
serves the functional capabilities of series capacitive compensation and also provides
additional options for power flow control.

6.1.2 Voltage Stability

Series capacitive compensation can also be used to reduce the series reactive
impedance to minimize the receiving-end voltage variation and the possibility of
voltage collapse. A simple radial system with feeder line reactance X, series compensat-
ing reactanca Xs, and load impedance Z is shown in Figure 6.2(a). The corresponding
normalized terminal voltage V, versus power P plots, with unity power factor load at
0, 50, and 757o series capacitive compensation, are shown in Figure 6.2(b). The "nose-
point" at each plot given for a specific compensation level represents the corresponding
voltage instability. Note that Figure 6.2 is analogous to Figure 5.3 where the same
radial system with a reactive shunt compensator, supporting the end voltage, is shown.
Clearly, both shunt and series capacitive compensation can effectively increase the
voltage stability limit. Shunt compensation does it by supplying the reactive load
demand and regulating the terminal voltage. Series capacitive compensation does it
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Figure 6.2 Transmittable power and voltage stability limit of a radial transmission
line as function of series capacitive compensation.

by canceling a portion of the line reactance and thereby, in effect, providing a "stiff"
voltage source for the load. For increasing the voltage stability limit of overhead
transmission, series compensation is much more effective than shunt compensation
of the same MVA rating.

6.1.3 lmprovement of Transient Stability

As shown in Chapter 5, transient stability improvement by controlled shunt
compensation is achieved by increasing the power transmission via increasing (or
maintaining) the (midpoint) transmission line voltage during the accelerating swing
of the disturbed machine(s). The powertul capability of series line compensation to
control the transmitted power can be utilized much more effectively to increase the
transient stability limit and to provide power oscillation damping. The equal area
criterion, introduced in Chapter 5 to investigate the capability of the ideal shunt
compensator to improve the transient stability, is used again here to assess the relative
increase of the transient stability margin attainable by series capacitive compensation.

Consider the simple system with the series compensated line shown in Figure
6.1(a). As for the shunt compensated system shown in Figure 5.1, it is, for convenience,
also assumed for the series compensated case that the pre-fault and post-fault systems
remain the same. Suppose that the system of Figure 6.1(a), with and without series
capacitive compensation, transmits the same power P.. Assume that both the uncom-
pensated and the series compensated systems are subjected to the same fault for the
same period of time. The dynamic behavior of these systems is illustrated in Figures
6.3(a) and (b). As seen, pdor to the fault both of them transmit power P, at angles
6r and fl1, respectively. During the fault, the transmitted electric power becomes zero
while the mechanical input power to the generators remains constant, P,. Therefore,
the sending-end generator accelerates from the steady-state angles dr and 6,1 to angles
62 and 6,2, respectively, when the fault clears. The accelerating energies are represented
by areas A1 and 1,1. After fault clearing, the transmitted electric power exceeds the
mechanical input power and therefore the sending-end machine decelerates. However,
the accumulated kinetic energy further increases until a balance between the accelerat-
ing and decelerating energies, represented by areas At, A,r, and A2, A,2, respectively,
is reached at the maximum angular swings, 63 and fl3, respectively. The areas between
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the P versus 6 curve and the constant P^ line over the intervals defined by angles 5'3

and 6.,i , and 4e and 6,6,, respectively, determine the margin of transient stability,
represented by areas Aa61g;n artd Ar.arsro.

Comparison of Figures 6.3(a) and (b) clearly shows a substantial increase in the
transient stability margin the series capacitive compensation can provide by partial
cancellation of the series impedance of the transmission line. The increase of transient
stability margin is proportional to the degree of series compensation. Theoretically
this increase becomes unlimited for an ideal reactive line as the compensation ap-
proaches 100Vo. However, practical series capacitive compensation does not usually
exceed 757o for a number of reasons, including load balancing with parallel paths,
high fault current, and the possible difficulties of power flow control. Often the compen-
sation is limited to less than 307o due to subsynchronous concerns.

It is emphasized here again that under practical fault scenarios the pre-fault and
post-fault systems are generally different. From the standpoint of transient stability,
and of overall system security, the post-fault system is the one that matters. That is,
power systems are normally designed to be transiently stable, with defined pre-fault
contingency scenarios and post-fault system degradation, when subjected to a major
disturbance. For this reason, in most practical systems, the actual capacity of transmis-
sion networks is considerably higher than that at which they are normally used. The
powerful capability of series compensation, with sufflciently fast controls, to handle
dynamic disturbances and increase the transmission capability of post fault or otherwise
degraded systems, can be effectively used to reduce the "by-design" underutilization
of many power systems.

6.1.4 Power Oscillation Damping

Controlled series compensation can be applied effectively to damp power oscilla-
tions. As explained in Chapter 5, for power oscillation damping it is necessary to vary
the applied compensation so as to counteract the accelerating and decelerating swings
of the disturbed machine(s). That is, when the rotationally oscillating generator acceler-
ates and angle 6 incre ases (d6l dt > 0), the electric power transmitted must be increased
to compensate for the excess mechanical input power. Conversely, when the generator

D 
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Figure 6.3 Equal area criterion
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decelerates and angle 6decreases (d6ldt < 0), the electric power must be decreased
to balance the insufficient mechanical input power.

The required variation of the degree of series compensation, together with the
corresponding variation of the transmission angle 6 and transmitted power P versus
time of an under-damped oscillating system are shown for an illustrative hypothetical
case in Figure 6.4. Waveforms in Figure 6.4(a) show the undamped and damped
oscillations of angle d around the steady-state value fr. Waveforms in Figure 6.a(b)
show the corresponding undamped and damped oscillations of the electric power P
around the steady-state value Ps, following an assumed fault (sudden drop in P) that
initiated the oscillation. Waveform c shows the applied variation of the degree of
series capacitive compensation, k, applied. As seen, k is maximum when d6ldt > 0,
and it is zero when d6ldt < 0. With maximum k, the effective line impedance is
minimum (or, alternatively, the voltage across the actual line impedance is maximum)
and consequently, the electric power transmitted over the line is maximum. When k
is zero, the effective line impedance is maximum (or, alternatively, the voltage across
the actual line impedance is minimum) and the power transmitted is minimum. The
illustration shows that k is controlled in a "bang-bang" manner (output of the series
compensator is varied between the minimum and maximum values). Indeed, this type
of control is the most effective for damping large oscillations. However, damping
relatively small power oscillations, particularly with a relatively large series compensa-
tor, continuous variation of k, in sympathy with the generator angle or power, may
be a better alternative.

6.1.5 Subsynchronous Oscillation Damping

Sustained oscillation below the fundamental system frequency can be caused
by series capacitive compensation. The phenomenon, referred to as subsynchronous
resonance (SSR), was observed as early as1937, but it received serious attention
only in the 1970s, after two turbine-generator shaft failures occurred at the Mojave
Generating Station in southern Nevada. Theoretical investigations showed that interac-
tion between a series capacitor-compensated transmission line, oscillating at the natural

6
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(subharmonic) resonant frequency, and the mechanical system of a turbine-generator
set in torsional mechanical oscillation can result in negative damping with the conse-
quent mutual reinforcement of the electrical and mechanical oscillations. The phenom-
enon of subsynchronous resonance can be briefly described as follows:

A capacitor in series with the total circuit inductance of the transmission line
(including the appropriate generator and transformer leakage inductances) forms a
series resonant circuit with the natural frequency of f, : ll2tr\Ee : f \/m,where
Xs is the reactance of the series capacitor and X is the total reactance of the line at

the fundamental power system frequency f
Since the degree of series compensation k : XclX is usually in the 25 to 75Vo

range, the electrical resonant frequency f, is less than the power frequency ,f, i.e., f is
a subharmonic frequency. (The reader should note that the term subharmonic as it
is used here does not mean that there is an integral relationship between the two
frequencies; it only means that f. is less than l) If the electrical ciriuit is brought into
oscillation (by some network disturbance) then the subharmonic componeni of the
line current results in a corresponding subharmonic field in the machine which, as it
rotates backwards relative to the main field (since f < /), produces an alternating
torque on the rotor at the difference frequency of f - f,. If this difference frequency
coincides with one of the torsional resonances of the turbine-generator set, meclianicil
torsional oscillation is excited, which, in turn, further excites the electrical resonance.
This condition is defined as subsynchronous resonance. (Of course, this process could
also start in the reverse sense: a shock could start a torsional oscillation which, under
the condition of subsynchronous resonance, would be reinforced by the response of
the electrical network.)

Large generators with multistage steam turbines, which have multiple torsional
modes with frequencies below the power frequency, are most susceptible to subsyn-
chronous resonance with series capacitor compensated transmission lines.

In order to be able to fully exploit the functional capabilities of controlled series
capacitive compensation for power flow control, transient stability improvement and
power oscillation damping, it is imperative that the series compensator, as a minimal
requirement, remains passive (nonparticipating) to, or, preferably, actively mitigates
subsynchronous resonance. It will be seen later that power electronics-based series
compensators can meet this requirement either by their non-capacitive characteristic
in the subharmonic frequency range of interest or by active, control-initiated damp-
ing action.

6.1.6 Summary of Functional Requirements

The series compensator is primarily applied to solve power flow problems. These
problems may be related to the length of the line or the structure of ihe transmission
network. The electric length of the line can be shortened to meet power transmission
requirements by fixed (percent) compensation of the line. Network structure related
problems, which typically result in power flow unbalance, as well as parallel and loop
power flows, may require controlled series compensation, particularly if contingency
or planned network changes are anticipated.

Fixed or controlled series capacitive compensation can also be used to minimize
the end-voltage variation of radial lines and prevent voltage collapse.

Series compensation, appropriately controlled to counteract prevailing machine
swings, can provide significant transient stability improvement for post-fault systems
and can be highly effective in power oscillation damping.
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Appropriately structured and controlled series compensation can be applied with-
out the danger of subsynchronous resonance to achieve full utilization of transmission
lines.

In future Flexible AC Transmission Systems various controlled series compensa-
tors will play a key part in maintaining power flow over predefined paths, establishing
alternative flow paths under contingency conditions, managing line loading, and gener-
ally ensuring the optimal use of the transmission network.

It will be seen that, analogously to shunt compensation, controlled series compen-
sation to meet the above functional requirements can be accomplished by both thyristor-
controlled impedance type and converter-based, voltage-source type compensators.
F{owever, the operating and performance characteristics of the two types of series com-
pensator are considerably different.

6.1.7 Approaches to Gontrollable Series Compensation

As described in Chapter 5, there are two basic approaches to modern, power elec-
tronics-based shunt compensators: one, which employs thyristor-switched capacitors
and thyristor-controlled reactors to re alize avaiable reactive admittance, and the other,
which employs a switching power converter to realize a controllable synchronous voltage
source. The series compensator is a reciprocal of the shunt compensator. The shunt
compensator is functionally a controlled reactive current source which is connected in
parallel with the transmission line to control its voltage. The series compensator is func-
tionally a controlled voltage source which is connected in series with the transmission
line to control its current. This reciprocity suggests that both the admittance and voltage
source type shunt compensators have a corresponding series compensator. Indeed, as

indicated earlier, the series compensatorcanbe implemented either as a variable reactive
impedance or as a controlled voltage source in series with the line. Because of this duality
between the shunt and series compensators, many of the concepts, and circuit and control
approaches discussed in Chapter 5 are applicable, with a complementary view, in the
present discussion. That is, in shunt compensation the basic reference parameter is the
transmission voltage and in series compensation it is the line current. Therefore, the
operation of the shunt compensator is viewed from the perspective of the transmission
voltage and that of the series compensator from the perspective of the line current. This
complementary relationship willbe exploited in this chapter to buildupon the principles
established for shunt compensation in Chapter 5 and extend them to series compensation
so as to develop a general understanding and unified perspective for the role and applica-
tion of controllable reactive compensation for electric power transmission.

6.2 VARIABLE IMPEDANCE TYPE
SERIES COMPENSATORS

Just as in reactive shunt compensation, variable impedance type series compensators
are composed of thyristor-switched/controlled-capacitors or thyristor-controlled reac-
tors with fixed capacitors.

6.2.1 GTO Thyristor-Gontrolled Series Capacitor (GCSC)

An elementary GTO Thyristor-Controlled Series Capacitor, proposed by Karady
with others in1992, is shown in Figure 6.5(a). It consists of a fixed capacitor in parallel
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Figure 6.5 Basic GTO-Controlled Series Capacitor (a), principle of turn-off delay
angle control (b), and attainable compensating voltage waveform (c).

with a GTO thyristor (or equivalent) valve (or switch) that has the capability to turn
on and off upon command.

This compensator scheme is interesting in that it is the perfect combination of
the well-established TCR, having the unique capability of directly varying the capacitor
voltage by delay angle control. Apart from the theoretical interest, this technique, as

will be seen, has some operational merits and it may be incorporated into some
series compensator schemes in the future, particularly when larger GTO thyristors
become available.

The objective of the GCSC scheme shown in Figure 6.5(a) is to control the ac
voltage u6 &croSS the capacitor at a given line current i. Evidently, when the GTO
valve, sw, is closed, the voltage across the capacitor is zero, and when the valve is
open, it is maximum. For controlling the capacitor voltage, the closing and opening
of the valve is carried out in each half-cycle in synchronism with the ac system fre-
quency. The GTO valve is stipulated to close automatically (through appropriate
control action) whenever the capacitor voltage crosses zero. (Recall that the thyristor
valve of the TCR opens automatically whenever the current crosses zero.) However,
the turn-off instant of the valve in each half-cycle is controlled by a (turn-off) delay
angle 7 (0 < y < nlL), with respect to the peak of the line current. Refer to Figure
6.5(b), where the line current i, and the capacitor voltage ug(y) are shown at y : g

(valve open) and at an arbitrary turn-off delay angle y,for a positive and a negative
half-cycle. When the valve sw is opened at the crest of the (constant) line current
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(y : 0), the resultant capacitor voltage uc will be the same as that obtained in steady
state with a permanently open switch. When the opening of the valve is delayed by
the angle y with respect to the crest of the line current, the capacitor voltage can be
expressed with a defined line current, i(t) : 7 cos ol/, as follows:

u c(t) :LI;' T

i(t) dt - *(sin at - sin 7) (6.7)

Since the valve opens at y and stipulated to close at the first voltage zero, (6.7) is
valid for the interval f = at = r - 7. For subsequent positive half-cycle intervals the
same expression remains valid. For subsequent negative half-cycle intervals, the sign
of the terms in (6.7) becomes opposite.

Comparison of (6.7) to (5.a) derived for the cuffent of the TCR indicates that
the two equations are formally identical and can be interpreted in the same manner.

In (6.7) the term (IlaC) sin y is simply a 7 dependent constant by which the
sinusoidal voltage obtained at y : 0 is offset, shifted down for positive, and up for
negative voltage half-cycles, as illustrated in Figure 6.5(b). Since the GTO valve
automatically turns on at the instant of voltage zero crossing (which is symmetrical
on the time axis to the instant of turn-off with respect to the peak of the capacitor
voltage), this process actually controls the nonconducting (blocking) interval (or angle)
of the GTO valve. That is, the turn-off delay angle 7 deflnes the prevailing blocking
angle {: (: n - 27. Thus, as the turn-off delay angle 7 increases, the correspondingly
increasing offset results in the reduction of the blocking angle ( of the valve, and the
consequent reduction of the capacitor voltage. At the maximum delay of y : nl2,the
offset also reaches its maximum of IlaC, at which both the blocking angle and the
capacitor voltage become zero.

It is evident that the magnitude of the capacitor voltage can be varied continu-
ously by this method of turn-off delay angle control from maximum (y : 0) to zero
(y : nl2), as illustrated in Figure 6.5(c), where the capacitor voltage uc(y), together
with its fundamental componentuce(f), are shown at various turn-off delay angles,
7. Note, however, that the adjustment of the capacitor voltage, similar to the adjustment
of the TCR current, is discrete and can take place only once in each half-cycle.

Comparison of Figure 6.5 to Figure 5.7 shows that the waveshape obtained for
the current of the thyristor-controlled reactor is identical to that derived above for
the voltage GTO thyristor-controlled series capacitor and confirms the duality between
the GCSC and the TCR.Indeed, the duality between the TCR and the GCSC is quite
evident. The TCR is a switch in series with a reactor, the GCSC is a switch in shunt
with a capacitor. The TCR is supplied from a voltage source (transmission bus voltage),
the GCSC is supplied from a current source (transmission line current). The TCR
valve is stipulated to close at current zero, the GCSC at voltage zero. The TCR is
controlled by a turn-on delay with respect to the crest of the applied voltage, which
defines the conduction interval of the valve. The GCSC is controlled by a turn-off
delay with respect to the peak of the line current, which defines the blocking interval
of the valve. The TCR controls the current in a fixed inductor from a constant voltage
source, thereby presenting a variable reactive admittance as the load to this source.
The GCSC controls the voltage developed by a constant current source across a fixed
capacitor, thereby presenting a variable reactive impedance to this source.

The duality established above makes it possible to use the analytical results
given in (5.5a), (5.5b), and (5.6), and to extend the circuit structural and operational
considerations applied to the TCR in Chapter 5 to the GCSC and related series
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capacitive compensators. Thus, per (5.5a), the amplitude Vrr(y) of the fundamental
capacitor voltage ucr(y) can be expressed as a function of angle y:

(6.8a)

where / is the amplitude of the line current, C is the capacitance of the GTO thyristor-
controlled capacitor, and or is the angular frequency of the ac system.

The variation of the amplitude Vro(y), normalized to the maximum voltage
VcF^*: IlaC,is shown plotted against delay angle 7 in Figure 6.6.

On the basis of Figure 6.6 the GCSC, varying the fundamental capacitor voltage
at a fixed line current, could be considered as a variable capacitive impedance. Indeed,
an effective capacitive impedance can be found for a given value of angle y or, in
other words, an effective capacitive impedance, Xg, ds a function of y, for the GCSC
can be defined. This impedance can be written directly from (6.8a), i.e.,

(6.8b)

Evidently, the admittance Xg(y) varies with 7 in the same manner as the fundamental
capacitor voltage V u@).

In a practical application the GCSC can be operated either to control the compen-
sating voltag e,Vce(y), or the compensating reactance, Xs(y). In the voltage compensa-

tion mode, the GCSC is to maintain the rated compensating voltage in face of decreas-

ing line current over a defined interval /,in < 1=s /.o, as illustrated in Figure 6.7(aI).
In this compensation mode the capacitive reactance Xc,is selected so as to produce
the rated compensating voltage with /: I,in, i.e.,Vs^u*: XcI^* As current I,6 is

increased toward 1."", the turn-off delay angle 7 is increased to reduce the duration
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Figure 6.7 Attainable I/-1 (compensating voltage vs. line current) characteristics of
the GCSC when operated in voltage control (a1) and reactance control
(b1) modes, and the associated loss vs. line current characteristics (a2

and b2, respectively).

of the capacitor injection and thereby maintain the compensating voltage with increas-
ing line current. The loss, as percent of the rated var output, versus line current
characteristic of the GCSC operated in the voltage compensation mode is shown in
Figure 6.7(a2) for zero voltage injection [the capacitor is bypassed by the GTO valve
to yield Vuj) : 0] and for maximum rated voltage injection [Vo@): V..*].

In the impedance compensation mode, the GCSC is to maintain the maximum
rated compensating reactance at any line current up to the rated maximum, as illus-
trated in Figure 6.7(b1). In this compensation mode the capacitive impedance is chosen
so as to provide the maximum series compensation at rated current, Xs: Vs^ol l^il,
that the GCSC can vary in the 0 = Xs(y) < Xs range by controlling the effective
capacitor voltagevsp(y),i.e., Xs(y) : V6(y)lI. The loss versus line current character-
istic of the GCSC for this operating mode is shown in Figure 6.7 (b2) for zero compensat-
ing impedance (capacitor is bypassed by the GTo valve) and for maximum compensat-
ing impedance (the GTO valve is open and the capacitor is fully inserted). The
impedance and voltage compensating modes are, of course, interchangeable by control
action within the rating limitation of the series capacitor controlled.

It should be appreciated that, to realize the theoretically defined operating 7-.I
areas shown in Figures 6.7(aI) and 6.7(b1), the power components in the GCSC (the
GTO valve and capacitor) must have corresponding voltage and current ratings. In
practical applications, series compensators are often required to have increased short
duration ratings and they can be exposed to significantly higher than the nominal or
short-term rated maximum line current during line faults and other major disturbances.
Such fault curents would generally be too high for the GTo valve to conduct. How-
ever, if the valve is turned off, as a protection measure, then the voltage across
the GCSC capacitor could become excessive both for the capacitor and the parallel
connected valve. Thus, in practice it would usually be necessary to protect the GCSC
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externally, either by an external voltage MOV arrester or other voltage limiting device
or by an appropriate bypass switch arrangement (together with a back-up mechanical
bypass breaker), which would ensure that the defined voltage and current ratings of
the GCSC would not be exceeded under any operating condition. The reader should
note that this protection requirement is not unique to the GCSC. Indeed, practically
all series connected compensators, including the conventional, uncontrolled series
capacitor, require a similar protection arrangement.

The turn-off delay angle control of the GCSC, just like the turn-on delay angle
control of the TCR, generates harmonics. For identical positive and negative voltage
half-cycles, only odd harmonics are generated. The amplitudes of these are a function
of angle y and, per (5.6), can be expressed in the following form:

vr^(y):#i{ sinycos(n7) - n cos y sin(ny
n(n' -

)] (6.9)
1)

where n : 2k + 1, k : L,2,3,...
The amplitude variation of the harmonics, expressed as a percentage of the

maximum fundamental capacitor voltage, is shown plotted against 7 in Figure 6.8.
The elimination of the triple-n and other harmonics families in the capacitor

voltage by the usual methods of three-phase operation and multipulse circuit structures
are probably not practical for the GCSC, because those approaches would usually
require an insertion transformer. The GCSC, like other series compensating capacitors,
would normally be inserted directly, without any magnetic coupling, in series with the
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Figure 6.8 The amplitudes of the harmonic voltages, expressed as percents of the
maximum fundamental capacitor voltage vs. the turn-off delay angle y.
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line, if operated on a high-voltage platform of sufficient insulation level. The effect
of these harmonics may be relatively small, particularly if the transmission line imped-
ance at the harmonic frequencies considered is relatively large. However, if necessary,
the magnitudes of the harmonics generated by GCSC can be attenuated effectively
by the complementary application of the method of "sequential control" introduced
for the reduction of TCR generated harmonics in Section 5.2.7.7.

Recall that this method stipulated the use of. m (m > 2) parallel-connected TCRs,
each with Llm of the total rating required. The reactors are "sequentially" controlled;
that is, only one of the n reactors is delay angle controlled, and each of the remaining
m - l reactors is either fully ooon" or fully "off."

The method of sequential control eminently suits the GCSC. It follows from its
duality with the TCR that it requires the use of m (m > 2) series connected GCSCs,
each with l.lm of the total (voltage) rating required. As illustrated in Figure 6.9, all
but one of m capacitors are "sequentially" controlled to be inserted (valve is off) or
bypassed (valve is on). The single capacitor is turn-off delay angle controlled to
facilitate continuous voltage control for the whole GCSC over the total operating
range. With this arrangement the amplitude of each generated harmonic is evidently
reduced by a factor of m in relation to the maximum total fundamental compensat-
ing voltage.

Note that, in contrast to the TCR arrangement, where for economic reasons
only a relatively small number (usually no more than two) of parallel branches would
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Figure 6.9 Waveforms illustrating the method of controlling four series-connected

GCSC banks "sequentially" to achieve harmonic reduction.
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be applied, there is no significant economic disadvantage, and may be a technical
preference, to break a single high-voltage valve into four or more series connected
modules to realize a practical GCSC.

The losses of the sequentially controlled GCSC are inversely proportional to
the var output l*niX Xocsc. The losses are maximum (about 0.7Vo of the rated var
output) when all capacitors of the sequentially controlled GCSC are bypassed (GTO
valves are fully on); they are negligible when all capacitors are fully inserted (all GTO
valves are off).

In view of the "on and off" operation of all but one of the m GCSC modules,
the question naturally arises: why not replace the GTO valves in the m - 1 modules
with the less expensive conventional thyristor modules? The answer is that with conven-
tional thyristor valves the operation of the total valve would become different. In
other words, the conventional thyristor valve cannot imitate GTO valve operation
even for full conduction capacitor switching. Refer to Figure 6.5(b). Consider the full
capacitor insertion producing the voltage wave u6(y : 0). Note that in order to obtain
this half-cycle wave, the GTO valve must turn on and off when the capacitor voltage
is zero, at which instant the line current is at its peak. The conventional thyristor valve
could be turned on at the required instant of voltage zero, but it would only turn off
at a current zero, which occurs either a quarter cycle before or a quarter cycle after
the voltage zero where the proper turn-off should take place. In addition, as shown
in the next section, when the conventional thyristor valve turns off at a current zero,
it produces a full dc offset for the capacitor voltage, doubling the maximum voltage
stress on the valve and the time delay after which the capacitor could again be bypassed.

6.2.2 Thyristor-Switched Series Capacitor (TSSC)

The basic circuit arrangement of the thyristor-switched series capacitor is shown
in Figure 6.10. It consists of a number of capacitors, each shunted by an appropriately
rated bypass valve composed of a string of reverse parallel connected thyristors, in
series. As seen, it is similar to the circuit structure of the sequentially operated GCSC
shown in Figure 6.9, but its operation is different due to the imposed switching restric-
tions of the conventional thyristor valve.

The operating principle of the TSSC is straightforward: the degree of series
compensation is controlled in a step-like manner by increasing or decreasing the
number of series capacitors inserted. A capacitor is inserted by turning off, and it is
bypassed by turning on the corresponding thyristor valve.

A thyristor valve commutates "naturally," that is, it turns off when the current
crosses zero. Thus a capacitor can be inserted into the line by the thyristor valve only
at the zero crossings of the line current. Since the insertion takes place at line current
zero,a full half-cycle of the line current will charge the capacitor from zero to maximum

vc,
<-

vc2
<-

vc^-,
<_

vc^
<-

Figure 6.1-0 Basic Thyristor-Switched Series Capacitor scheme.
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and the successive, opposite polarity half-cycle of the line current will discharge it
from this maximum to zeto, as illustrated in Figure 6.11. As can be seen, the capacitor
insertion at line current zero, necessitated by the switching limitation of the thyristor
valve, results in a dc offset voltage which is equal to the amplitude of the ac capacitor
voltage. In order to minimize the initial surge current in the valve, and the correspond-
ing circuit transient, the thyristor valve should be turned on for bypass only when the
capacitor voltage is zero. With the prevailing dc offset, this requirement can cause a
delay of up to one full cycle, which would set the theoretical limit for the attainable
response time of the TSSC.

The TSSC can control the degree of series compensation by either inserting or
bypassing series capacitors but it cannot change the natural characteristic of the classi-
cal series capacitor compensated line. This means that a sufficiently high degree of
TSSC compensation could cause subsynchronous resonance just as well as an ordinary
capacitor. In principle, the TSSC switching could be modulated to counteract subsyn-
chronous oscillations. However, considering the relatively long switching delays en-
countered, the modulation is likely to be ineffective, if not counterproductive, except
for the very low end of the subsynchronous frequency band. Therefore, the pure TSSC
scheme of Figure 6.10 would not be used in critical applications where a high degree
of compensation is required and the danger of subsynchronous resonance is present.
Nevertheless, the TSSC could be applied for power flow control and for damping
power oscillation where the required speed of response is moderate.

The basic V-I characteristic of the TSSC with four series connected compensator
modules operated to control the compensating voltage is shown in Figure 6.12(aI).
For this compensating mode the reactance of the capacitor banks is chosen so as to
produce, on the average, the rated compensating voltage, Vc^o: 4X6 I^ , in the face
of decreasing line current over a defined interval 1,6 s 1 5 1,*. As the current 1,6 is
increased toward 1,u", the capacitor banks are progressively bypassed by the related
thyristor valves to reduce the overall capacitive reactance in a step-like manner and
thereby maintain the compensating voltage with increasing line current. The loss, as

percent of the rated var output, versus line current characteristic of the TSSC operated
in the voltage compensating mode is shown in Figure 6.72(a2) for zero voltage injection
(all capacitors are bypassed) and for maintaining maximum rated voltage injection
(capacitors are progressively bypassed).

In the impedance compensation mode, the TSSC is applied to maintain the
maximum rated compensating reactance at any line current up to the rated maximum,

Figure 6.11 Illustration of capacitor offset voltage
inserting at zera line current.

SW is allowed to turn on at vc= 0

resulting from the restriction of
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(a1)

Losses l'/.1
0.5

(a2)

(b1)

Losses l%1

0.5

(b2)vc=o xc=o

Figure 6.12 Attainable V-l (compensating voltage vs. line current) characteristics
of the TSSC when operated in voltage control (a1) and reactance
control (b1) modes, and the associated loss vs. line current characteris-
tics (a2 and b2, respectively).

as illustrated in Figure 6.I2(bI).In this compensation mode the capacitive impedance
is chosen so as to provide the maximum series compensation at rated current, 4X, :
Vg^oll^*, that the TSSC can vary in a step-like manner by bypassing one or more
capacitor banks. The loss versus line current characteristic for this compensation mode
is shown in Figure 6.12(b2) for zero compensating impedance (all capacitor banks are
bypassed by the thyristor valves) and for maximum compensating impedance (all
thyristor valves are off and all capacitors are inserted).

The maximum rated line current and corresponding capacitor voltage are design
values for which the thyristor valve and the capacitor banks are rated to meet the
speciflc application requirements. The TSSC may also have transient ratings, usually
defined as a function of time. Outside the deflned ratings the TSSC would be protected
against excessive current and voltage surges either by external protection across the
capacitor and the parallel valve or, with sufficient rating, by the valve itself in by-
pass operation.

Constraints imposed by physical device limitation on the turn-on conditions of
thyristors (such as dildt and surge current magnitude) would necessitate in practice
the use of a current limiting reactor in series with the TSSC valve to handle bypass
operation, or possible misfirings, which could turn on the valve into a fully charged
capacitor of over 2.0 p.u. voltage. However, if a reactor in series with the valve is
included in the TSSC structure, then, as is explained in the next section, the resulting
power circuit offers new control options which can significantly improve the operating
and performance characteristics of the series compensator.

6.2.3 Thyristor-Controlled Series Capacitor (TCSC)

The basic Thyristor-Controlled Series Capacitor scheme, proposed in 1986 by
Vithayathil with others as a method of "rapid adjustment of network impedance," is
shown in Figure 6.13. It consists of the series compensating capacitor shunted by a
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Thyristor-Controlled Reactor. In a practical TCSC implementation, several such basic
compensators may be connected in series to obtain the desired voltage rating and
operating characteristics. This arrangement is similar in structure to the TSSC and, if
the impedance of the reactor, X1, is sufficiently smaller than that of the capacitor, Xc,,
it can be operated in an on/off manner like the TSSC. However, the basic idea behind
the TCSC scheme is to provide a continuously variable capacitor by means of partially
canceling the effective compensating capacitance by the TCR. Since, as shown in
Chapter 5, the TCR at the fundamental system frequency is a continuously variable
reactive impedance, controllable by delay angle a, the steady-state impedance of the
TCSC is that of a parallel LC circuit, consisting of a fixed capacitive impedance, X6,
and a variable inductive impedance, Xr(or), that is,

xrcsc(a) : xcxr(a)
Xr(u) - X, (6.10)

(6.1 1)

where, from (5.5b),

Xt(a) : Xr , X, = Xr(a) = *,Tr-2c--sina

X1 : @L, and a is the delay angle measured from the crest of the capacitor voltage
(or, equivalently, the zero crossing of the line current).

The TCSC thus presents a tunable parallel LC circuit to the line current that is
substantially a constant alternating current source. As the impedance of the controlled
reactor, X{a), is varied from its maximum (infinity) toward its minimum (arl), the
TCSC increases its minimum capacitive impedange, X16'5c,mn: Xc: llaC, (and thereby
the degree of series capacitive compensation) until parallel resonance at Xr: Xr(q)
is established and X165c,,* theoretically becomes infinite. Decreasing Xr(q) further,
the impedance of the TCSC, Xrcsc(q) becomes inductive, reaching its minimum value
of XlXsl(X1 - Xc) at q. :0, where the capacitor is in effect bypassed by the TCR.
Therefore, with the usual TCSC arrangement in which the impedance of the TCR
reactor, X;, is smaller than that of the capacitor, Xs, the TCSC has two operating
ranges around its internal circuit resonance: one is the ecm s ot = rl2 range, where
Xrcsc(at) is capacitive, and the other is the 0 < e.3 o,uin range, where X1s56(a) is
inductive, as illustrated in Figure 6.14.

The steady-state model of the TCSC described above is based on the characteris-
tics of the TCR established in an SVC environment, where the TCR is supplied from
a constant voltage source. This model is useful to attain a basic understanding of the
functional behavior of the TCSC. However. in the TCSC scheme the TCR is connected

SW
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Figure 6.14 The impedance vs. delay angle a characteristic of the TCSC.

in shunt with a capacitor, instead of a fixed voltage source. The dynamic interaction
between the capacitor and reactor changes the operating voltage from that of the
basic sine wave established by the constant line current. A deeper insight into this
interaction is essential to the understanding of the actual physical operation and
dynamic behavior of the TCSC, particularly regarding its impedance characteristic at
subsynchronous frequencies.

Refer to the basic TCSC circuit shown in Figure 6.13, which, for convenience,
is also shown at the top of Figure 6.15(b). Assume that the thyristor valve, sw, is
initially open and the prevailing line current i produces voltage u6s €rcrosS the fixed
series compensating capacitor, as illustrated in Figure 6.15(a). Suppose that the TCR
is to be turned on at a, measured from the negative peak of the capacitor voltage.
As seen, at this instant of turn-on, the capacitor voltage is negative, the line current
is positive and thus charging the capacitor in the positive direction. During this first
half-cycle (and all similar subsequent half-cycles) of TCR operation, the thyristor
valve can be viewed as an ideal switch, closing at a,in series with a diode of appropriate
polarity to stop the conduction as the current crosses zero, as shown at the bottom
of Figure 6.15(b).

At the instant of closing switch sw, two substantially independent events will
take place: One is that the line current, being a constant current source, continues to
(dis)charge the capacitor. The other is that the charge of the capacitor will be reversed

Capacitive region
o Cti^3a1rrl2
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_L>

(a) (b) (c)

Figure 6.L5 Illustration of capacitor voltage reversal by TCR: (a) line current and
corresponding capacitor voltage, (b) equivalent circuit of the TCSC at
the firing instant a, and (c) the resulting capacitor voltage and related
TCR current.

during the resonant half-cycle of the LC circuit formed by the switch closing. (This
second event assumes, as stipulated, that Xt < Xc.) The resonant charge reversal
produces a dc offset for the next (positive) half-cycle of the capacitor voltage, as
illustrated in Figure 6.15(c). In the subsequent (negative) half-cycle, this dc offset can
be reversed by maintaining the same d, and thus a voltage waveform symmetrical to
the zero axis can be produced, as illustrated in Figure 6.L6, where the relevant current
and voltage waveforms of the TCSC operated in the capacitive region are shown.

vsw, iLp)

Figure 6.16 Capacitor voltage and current
waveforms, together with TCR voltage and
current waveforms, characteizing the TCSC
in the capacitive region under steady-state op-
eration.
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Similar waveforms are shown for the inductive operating range, where the overall
impedance of the TCSC is inductive, in Figure 6.17.

The reversal of the capacitor voltage is clearly the key to the control of the
TCSC. The time duration of the voltage reversal is dependent primarily on xplX6
ratio, but also on the magnitude of the line current. rf. xL < X6, then the reversal is
almost instantaneous, and the periodic voltage reversal produces a square wave across
the capacitor that is added to the sine wave produced by the line current. Thus, as
illustrated in Figure 6.L8, the steady-state compensating voltage across the series
capacitor comprises an uncontrolled and a controlled component: The uncontrolled
component iS u6s, o sine wave whose amplitude is directly proportional to the amplitude
of the prevailing line current, and the controlled component is u676,n, substantially a
square wave whose magnitude is controlled through charge reversal by the TCR.
For a finite, but still relatively small, X1, the time duration of the charge reversal is
not instantaneous but is quite well defined by the natural resonant frequency, / =
1.12 nf LC, of the TCSC circuit, since the TCR conduction time is apiroximaiely
equal to the half-period corresponding to this frequency: Tl2 : IIZ f : nt/LC.
However, as X1 is increased relative to Xs, the conduction period of the TCR increases
and the zero crossings of the capacitor voltage become increasingly dependent on the
prevailing line current. (Note that this is in contrast to the TCR operation in the
SVC environment, where the voltage zero crossings are singularly determined by the
substantially constant applied voltage and are, therefore, independent of the delay
and conduction angles of the TCR.)

The reader should appreciate that the impedance of the TCR reactor does not
significantly alter the physical operation of the TCSC, provided that it is sufficiently

v 
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Figure 6.L7 Capacitor voltage and current waveforms, together with TCR voltage
and current waveforms, characterizing the TCSC in the inductive region
under steady-state operation.
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Figure 6.18 Composition of the idealized

TCSC compensating voltage waveform from
the line current produced (sinusoidal) capaci-

tor voltage and the square wave voltage gen-

erated by capacitor voltage reversal.

small in relation to the impedance of the capacitor to facilitate the desired control of
the series compensation. However, the design of the reactor for an actual compensator

requires careful considerations to reconcile contradictory requirements. On the one

hand, small X1 is advantageous in providing well-defined charge reversal and control

of the period time of the compensating voltage (important, as will be seen, for handling

subsynchronous resonance). A small reactor is also advantageous in facilitating an

effeCtive protective bypass for large surge cuffent encountered during system faults.

On the other hand, small X1 increases the magnitudes of the current harmonics

generated by the TCR and circulated through the series capacitor, and thus also

in".eur". the magnitudes of the capacitor voltage harmonics injected into the line. It
also decreases the range of actual delay angle control and thus possibly makes the

closed-loop parameter regulations more difficult. In addition, small Xr produces large

short-duration current pulses in the thyristor valve, necessitating the increase of its
current rating and possibly also its voltage rating. In present (prototype) installations

the XJXc ratio used is 0.133, and thus the natural resonant frequency of the TCSC

circuit is2j4 times the 60Hz fundamental frequency. Generally, the XLIXc ratio for
practical TCSCs would likely be in 0.L to 0.3 range, depending on the application

requirements and constraints. It is important that the natural resonance frequency of
the TCSC does not coincide with, or is close to, two and three times the fundamental.

The mechanism of controlling the dc offset by charge reversal is illustrated for
the increase and decrease of the capacitor voltage in Figures 6.19(a) and (b), respec-

tively. For the clarity of illustration, the theoretically ideal case of instantaneous voltage

reveisal is assumed (with an infinitesimal X1).ln Figure 6.19(a), initially the TCR is
gated on at a : rl2, at which the TCR current is zero and the capacitor voltage is

entirely due to the line current. To produce a dc offset, the periodically repeated

gating in the second cycle is advanced by a small angle e' i.e., the prevailing half-

period is reduced by e to z' - e. This action produces a phase advance for the capacitor

voltage with respect to the line current and, as a result, the capacitor absorbs energy

fromlhe line, cliarging it to a higher voltage. (Note that with the phase advance, the

vc@) =V6s* Vctca
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Figure 6.19a Inqease of the capacitor voltage by advancing the voltage reversal
froma=Ttod.:T-a.

I iat f greater for the positive current segment than for the negative one in the half-
period considered, and the resulting difference between these two integrals provides
a net positive offset charge for the capacitor.) Should this phase advance be maintained,
then the offset charge of the capacitor would keep increasing its charge at every half-
cycle without a theoretical limit, as illustrated for the subsequent half-cycle in the
figure. However, if the e phase advance is negated, when the sufficient offset level of
the capacitor voltage is reached, then the capacitor voltage at the desired magnitude
can be maintained (for the lossless circuit assumed) by continuing periodic gating at
line current zeroes (o : 0), as shown for the successive half-cycles in Figure 6.19(a).

In Figure 6.19(b), the opposite process is illustrated, that is, when the magnitude
of the capacitor voltage is decreased by retarding the periodic gating from the iurrent
zeros until the desired offset voltage level is reached.

With a practical TCR the voltage reversals would take place over a finite conduc-
tion period (o) and this period would vary with the applied phase advancement or
retard, and the circuit would behave as if a conventional delay angle control was
applied. The process of transition from one capacitor voltage to another therefore
would be more complex than the theoretical case illustrated; it would be a function
of the prevailing line current, and generally there would be a transitional period
before a steady-state condition would be reached. However, the end result would be
substantially the same.

It has been shown above that the original objective of providing continuously
variable series capacitive compensation can be achieved by the TCSC circuit structure.

___.--/
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TCH current
/ tcn

Figure 6.19b Decrease of the capacitor voltage by retarding the voltage reversal
froma - n toa - n * e.

That is, the effective capacitive impedance of the TCSC can be increased above the
actual reactance of the capacitor bank by increasing the conduction angle of the TCR.
This increase of the effective impedance is due to the additional voltage the TCR
produces across the capacitor by repetitive charge reversals. From the qualitative
circuit analysis provided, this process can be summarized in the following way. When
the thyristor valve of the TCR is gated on prior to a negative to positive zero crossing
of the capacitor voltage (dugldt > 0), the prevailing capacitor voltage will drive a
current in the TCR that will self-commutate when the integrated volt-seconds over
the conduction interval becomes zero (since at the end of the conduction interval the
current in the thyristor valve also decreases to zero). The current in the reactor is
supplied from the parallel capacitor. Thus, the capacitor voltage will change in propor-
tion to the integral of the reactor current, reversing its polarity (from negative to
positive) by the end of the conduction period. This positive voltage offset will remain
until reversed again by a similar TCR conduction period around the positive to negative
zero crossing of the capacitor voltage (dugldt < 0) in the subsequent half-cycle. The
periodic reversal of the offset voltage adds a controllable in-phase alternating voltage
to the uncontrolled capacitor voltage produced by the line current. In this way, the
TCSC can increase the compensating voltage over that produced by the capacitor
bank alone at a given line current. In other words, the TCSC can increase the effective
impedance of the series compensating capacitor. It is important to appreciate that in
contrast to the TCSC the GCSC controls the capacitive impedance from zero to the
actual impedance of the capacitor.
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The compensating voltage versus line current (V-I) eharacteristic of a basic TCSC
is shown in Figure 6'20(a1). As illustrated, in the capacitive region the minimum delay
angle, 46,11., sets the limit for the maximum compensating voltige up to a value of hnl
current (1,6) at which the maximum rated voltaga, vc^o, constriins the operation
until the rated maximum current, 1,*, is reached. In the inductive region, the maximum
delay angle, ar16, limits the voltage at low line currents and the maximum rated
thyristor current at high line currents. The loss, as a percent of the rated var outptrt,
versus line current for voltage compensation mode in the capacitive operating t"gion
is shown in Figure 6'20(a2) for maximum and minimu- co-p"nrating voltagelas-well
as for bypass operation (thyristor valve is fully on). The lossJs are almost enlirelv due
to the TCR, which include the conduction and switching losses of the thyristor valve
and the 1? losses of the reactor. Note that the loss charicteristic of the iCSC shown
in Figure 6.20(a2) correlates with its voltage compensation characteristic shown in
Figure 6-20(aI)' That is, the losses increase in proportion with the line current at the
fixed maximum TCR conduction angle obtained with the minimum delay angle, c66,
and then they decline as the conduction angle is continuously decreased with iricreasing
a (acm ( a ( rl2) to keep the capacitor voltage consiant, below the maximuri
voltage constraint.

In the impedance compensation mode, the TCSC is applied to maintain the
maximum rated compensating reactance at any line current up to the rated maximum.
For this operating mode the TCSC capacitor and thyristoi-controlled reactor are
chosen so that at ag\^ the maximum capacitive reactance can be maintained at and
below the maximum rated line current, as illustrated in Figure 6.20(b1). The minimum
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Figure 6.20 Attainable V-I (compensating voltage vs. line current) characteristics
of the TCSC when operated in voltage control (a1) and reactance
control (b1) modes, and the associated loss vs. line current characteris-
tics (a2 and b2, respectively).
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capacitive compensating impedance the TCSC can provide is, of course, the impedance
of the capacitor itself, theoretically obtained at ot : 90" (with nonconducting thyristor
valve). The loss versus line current characteristic for this operating mode is shown in
Figure 6.20(b2) for maximum and minimum capacitive compensating reactances. The
reader is reminded again that the voltage and impedance compensation modes are
interchangeable by control action; however, limitations imposed by component ratings
may constrain the attainable range of the desired operating mode. For example, the
compensating voltage versus line current characteristic shown in Figure 6.20(a1,) can
be transformed into the compensating reactance versus line current characteristic
shown in Figure 6.21.. k can be observed in these figures that constant compensating
voltage necessarily results in varying compensating impedance and, vice versa, constant
impedance produces varying compensating voltage with changing line current.

The maximum voltage and current limits are design values for which the thyristor
valve, the reactor and capacitor banks are rated to meet specific application require-
ments. The TCSC, like its switched counterpart, the TSSC, is usually required to have
transient voltage and current ratings, defined for speciflc time durations. The TCSC
design is complicated by the fact that the internally generated harmonics aggravate
the limit conditions. Harmonic currents cause additional losses and corresponding
temperature increase in both the thyristor valve and the reactor. The harmonic voltages
they produce across the capacitor increase the crest voltage and the stress on the
TCSC power components. The effects of the harmonics must be taken into account
under the worst case operating conditions to determine the necessary maximum voltage
and current ratings of the major TCSC components to satisfy specified operating
conditions. Outside these deflned operating limits, the TCSC is protected against
excessive voltage and current surges either by a shunt connected external protection
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Figure 6.2L The attainable compensating reactance vs.

of the TCSC corresponding to the voltage
characteristic shown in Figure 6.20(a7).
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(e.g., Mov arresters, triggered spark gap, bypass breaker) or by the TCR itself (with
a backup breaker) in bypass operation.

The TCSC, with partial conduction of the TCR, injects harmonic voltages into
the line. These harmonic voltages are caused by the TiR harmonic currenti which
circulate through the series compensating capacitor. The TCR, as established in Chap-
ter 5, generates all odd harmonics, the magnitudes of which are a function of the delav
angle a (see Figure 5.10). The harmonic voltages corresponding to these currents in
a TCSC circuit are clearly dependent on the impedance ratio o1the TCR reactor to
the series capacitot, X1l X6.For XylXc : 0.133 (used in the existing TCSC installations),
the most important harmonic voltages, the 3rd, 5th, and 7th, geneiated in the capacitive
operating region, are plotted against the line current 1in Figure 6.22, as percents of
the fundamental capacitor voltage, vg,,with the TCR oft; rated current. For the
plots shown the TCSC is assumed to maintain the rated compensating voltage against
varying line current as defined by the V-I characteristic shown in Figure e-ZO1it1.lt
can be observed that the magnitudes of the harmonic voltages rapidly decrease with
the frequency, and harmonics above the seventh are totally tt"gtigibt". The lower
order harmonics, although appearing to have reratively trig-h magnitudes, may not
contribute significantly to the existing harmonic line currents. This is because ihese
harmonics are substantially voltage sources and the TCSC is usually applied to long,
high impedance lines, in which the generated line current harmonicj wijf Ue relativeiy
low. (In the existing installations, the TCSC-caused line current harmonics *u. m"u-
sured lower than the ambient system harmonics.)

Figure 6.21, clearly conveys that the TCSC does not have control below x6,6,
the system frequency impedance of the capacitor, to xy^in, the system trequency
impedance of the inductor. If the TCSC is one large single unit, the unconirolled

hwl
20

/ r",.
Figure 6.22 Dominant harmonic voltages generated by the TCSC at an X1Xcratio

of 0.133.
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capacitive band can be quite large. A large uncontrolled band will make it difficult
to use the TCSC for control of dynamic stability (power oscillation damping). Dividing
TCSC installation into several modules would enable sequential insertion of modules
and narrow the uncontrolled band to a small size.

It was established earlier that the GCSC controls the effective capacitor imped-
ance from zero to its system frequency impedance. It follows that in a modular TCSC
(or TSSC) arrangement if one module is a GCSC, then the capacitive impedance may,
in principle, be continuously controlled over its entire range. However, certain technical
problems inherent in this hybrid arrangement, as discussed at the end of Section 6.2.1,

may result in some operating constraints.

6.2.4 Subsynchronous Characteristics

As discussed in Section 6.L.5, series capacitive line compensation can cause

subsynchronous resonance when the series capacitor resonates with the total circuit
inductance of the transmission line at a subsynchronous frequency, f,, that is equal to
the frequency difference between the power frequency, /, and one of the torsional
resonant frequencies of the turbine generator set, f^, i.e., when f, : f - /,. Variable
impedance type series compensators do insert a series capacitor in series with the
line, and therefore their behavior in the transmission network at subsynchronous
frequencies is critical to their general applicability for unrestricted line compensation
and power flow control.

As indicated earlier, the limitations imposed by the subsynchronous resonance
(SSR) on the use of series capacitors prompted considerable development effort to
find an effective method for the damping of subsynchronous oscillations. In 1981

N. G. Hingorani proposed a thyristor-controlled damping scheme for series capacitors
(see Chapter 9 for NGH Damper), which has been proven to provide effective SSR
mitigation. Although this scheme could be used to complement the series capacitive
compensators discussed in this chapter, subsequent research efforts found that the
NGH damping principle can be extended to the basic TCSC circuit structure to make
it substantially immune to subsynchronous resonance.

The basic principle of the NGH Damper is to force the voltage of the series

capacitor to zero at the end of each half-period if it exceeds the value associated with
the fundamental voltage component of the synchronous power frequency. Thus, the
NGH Damper is basically a thyristor-controlled discharge resistor (in series with a
dildt limiting reactor), operated synchronously with the power system frequency in
the region near the end of the half cycle on the capacitor voltage, as illustrated in
Figure 6.23.The NGH Damper clearly interferes with the process of subsynchronous

SW

NGH SSR Damper

Figure 6.23 Basic NGH SSR Damper.
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Figure 6.24 The capacitor voltage and its fundamental component produced by a
24 Hz subsynchronous current under the constraints imposed bv the
NGH Damper.

oscillation build up since the capacitor voltage cannot respond naturally to a subsyn-
chronous line current. The actual effect of the NGH Damper on the capacitor voltage
produced by a subsynchronous line current component is illustrated in Figure 6.i4.
For the illustration, the frequency of the subsynchronous line current is chosen to be
24 Hz and the NGH Damper is operated at 120 Hz to discharge the capacitor at
regular half-cycle intervals corresponding to the 60Hz power frequency. ihe figure
shows the 24 Hz sinusoidal line current, rs, the corresponding sinusoidal capacitor
voltage, usso, that would develop without the NGH Damper, the actual capacitor
voltage, uscNcn, and its fundamental component, uscwca,r obtained with the aciivated
NGH Damper. Inspection of this flgure leads to an interesting observation that the
NGH Damper shifts the capacitor voltage at the 24 Hz subsynchronous frequency so
as to be in (or almost in) phase with the corresponding subsynchronous line current.
In other words, the series capacitor with the NGH Damper exhibits a resistive rather
thln a capacitive impedance characteristic at the 24 Hz subsynchronous frequency.
Although this observation is made on a single illustrative example, and not ptouen
or generalized in a rigorous manner, studies and field measurements indicate ionclu-
sively that the actual circuit behavior is in agreement with this resistive impedance
characteristic observed.

The reader may already see the striking similarity between the NGH Damper
and the TCSC circuit, the former being composed of a thyristor-controlled resistor, and
the latter of a thyristor-controlled reactor, both in parallel with the series compensating
capacitor' Although the TCSC circuit configuration was originally conceived for the
realization of a variable series capacitor, the circuit similarity sugglsted the possibility
to use it also to implement the NGH principles of SSR mitigation.

It has been discussed that the thyristor-controlled reactor, when operated within
the TCSC to increase the effective capacitive impedance, reverses the capacitor voltage
in the region near to the end of each half cycle corresponding to the po*"r frequencly.
Thus, it can be expected that this synchronous charge reversal, just like the synchionous
discharge of the capacitor in the NGH scheme, will interfere with the normal response
of the capacitor to a subsynchronous current excitation so as to hinder or prevent the
build up of subsynchronous oscillation. However, it is also obvious that the charge
reversal, in contrast to the synchronous discharge action of the NGH Damper, does
not result in the dissipation of any energy (ignoring circuit losses) and thus SSR
mitigation by actual damping through the extraction and dissipation of energy from
the resonant LC circuit cannot take place.
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Figure 6.25 The capacitor voltage and its fundamental component produced by a
24 Hz subsynchronous current under the constraints imposed by the
TCR executed capacitor voltage reversal.

In order to draw a parallel between the operation of TCSC and the NGH circuit,
the voltage waveform obtained across the series capacitor is illustrated in Figure 6.25
for the previously considercd? Hzsubsynchronous current excitation, with the regular
half-cycle (60 Hz) capacitor voltage reversal characterizing the operation of the TCSC
in the capacitive region. Figure 6.25, similarly to Figure 6.24, shows the 24 Hz line
current, i5, the corresponding capacitor voltage, u56,, that would develop without the
TCR executed charge reversals, the actual capacitor voltage, uscrcsc, and its fundamen-
tal componerrt,usgygss,p,obtained with periodically repeated charge reversal. Inspection
of this figure reveals that the charge reversal shifts the fundamental 24 Hz voltage
component so that it leads the corresponding 24 Hz line current by 90 degrees. In
other words, the TCSC circuit exhibits the impedance characteristic of an inductor at
subsynchronous frequencies. Thus, whereas the NGH Damper with actual energy
dissipation establishes a resistive characteristic for the series capacitor, the TCR exe-
cuted charge reversal transforms the impedance of the series capacitor into that of
an inductor in the subsynchronous frequency band. This observation is evidently
important since it would indicate that the TCSC compensated line could not cause or
participate in a subsynchronous resonance.

The general validity of the above observation is not proven rigorously to date
and applicable relationships for the impedance versus frequency characteristic of
TCSC, in terms of the relevant circuit and control parameters (e.g., Xr, Xs and a ot
o), arc not available in the form of mathematical expressions. However, extensive
studies, computer simulations and actual tests in prototype installations seem to indi-
cate that the TCSC is substantially neutral to subsynchronous resonance and would
not aggravate subsynchronous oscillations. The single condition for this important
circuit property is that the charge reversal must take place at equal half-period intervals
corresponding to the fundamental system frequency. With varying delay and conduc-
tion angle of the TCR, this condition actually stipulates that the center of different
conduction angles remain flxed to the successive half-period intervals, independently
from the prevailing delay angle. In other words, the conduction angle in the total
operating range is to be symmetrically positioned around the zero crossings of the
capacitor voltage. Evidently, it is increasingly difficult to satisfy this condition with
decreasing delay angles, since with the correspondingly increasing TCR conduction,
the locations of the capacitor voltage zero crossings are, as previously explained,
increasingly influenced by the line current.

.ra.fffi
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As shown above, the TCSC circuit arrangement, with proper gating control can
be made immune to subsynchronous resonance. This method can, of course, be ex-
tended to the TSSC, in which case the TCR conduction would be kept at a minimum
and used exclusively to achieve SSR neutrality. (The reader should recall that the
thyristor valve must have a reactor in series even in the "classical" TSSC circuit to
limit rate of rise of current.) Actually, in a large series capacitive compensator probably
several basic TCSC circuits would be connected in series, and most of them would be
operated with the TCR fully on (bypass) or fully off (capacitor inserted) to minimize
harmonics and operating losses.

The behavior of the NGH scheme and TCSC under subsynchronous system
conditions also makes a convincing case for the subsynchronous neutrality of GTO
Thyristor-Controlled Series Capacitor (GCSC), presented in Section 6.2.1.1. For this
compensator case the capacitorvoltage is forcibly keptatzero around the zero crossings
of the fundamental capacitor voltage by the normal GTO valve operation (see Figure
6.5), except when the valve is fully off to provide the maximal capacitive compensation.
However, there would be no significant loss of compensating voltage if a minimum
turn-off delay angle, f : lmint would be maintained which would allow the controlled
synchronization of the capacitor voltage to the power system frequency and thereby
ensure immunity to subsynchronous resonance.

6.2.5 Basic Operating Control Schemes for GCSC, TSSC,
and Tcsc

The function of the operating or "internal" control of the variable impedance
type compensators is to provide appropriate gate drive for the thyristor valve to
produce the compensating voltage or impedance defined by a reference. The internal
control operates the power circuit of the series compensator, enabling it to function
in a self-sufficient manner as a variable reactive impedance. Thus, the power circuit
of the series compensator together with the internal control can be viewed as a "black
box" impedance amplifier, the output of which can be varied from the input with a
low power reference signal. The reference to the internal control is provided by the
"external" or system control, whose function it is to operate the controllable reactive
impedance so as to accomplish specified compensation objectives of the transmission
line. Thus the external control receives a line impedance, current, power, or angle
reference and, within measured system variables, derives the operating reference for
the internal control.

As seen, the power circuits of the series compensators operate by rigorously
synchronized current conduction and blocking control which not only define their
effective impedance at the power frequency but could also determine their impedance
characteristic in the critical subsynchronous frequency band. This synchronization
function is thus a cornerstone of a viable internal control. Additional functions
include the conversion of the input reference into the proper switching instants
which result in the desired valve conduction or blocking intervals. The internal
control is also responsible for the protection of the main power components (valve,
capacitor, reactor) by executing current limitations or initiating bypass or other
protective measures.

Structurally the internal controls for the three variable impedance type compen-
sators (GCSC, TCSC, TSSC) could be similar. Succinctly, their function is simply to
define the conduction andior the blocking intervals of the valve in relation to the
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Figure 6.26 Functional internal control scheme for the GCSC (a) and associated

waveforms illustrating the basic operating principles (b).

fundamental (power frequency) component of the line current. This requires the
execution of three basic functions: synchronization to the line current, turn-on or
turn-off delay angle computation, and gate (firing) signal generation. These functions
obviously can be implemented by different circuit approaches, with differing advan-
tages and disadvantages. In the following, three possible internal control schemes are
functionally discussed: one for the GCSC, and the other two for the TCSC power
circuit arrangements. Either of the TCSC schemes could be adapted for the TSSC if
subsynchronous resonance would be an application concern.

An internal control scheme for the GTO-Controlled Series Capacitor scheme
of Figure 6.5 is shown in Figure 6.26(a). Because of the duality between the shunt-
connected GCSC and the series-connected TCR arrangements, this control scheme
is analogous to that shown for the TCR in Figure 5.19(a). It has four basic functions.

The first function is synchronous timing, provided by a phase-locked loop circuit
that runs in synchronism with the line current.

Valve turn-on

-ffi
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The second function is the reactive voltage or impedance to turn-off delay angle
conversion according to the relationship given in (6.8a) or (6.8b), respectively.
The third function is the determination of the instant of valve turn-on when the
capacitorvoltage becomes zero. (This function may also include the maintenance
of a minimum on time atvoltage zero crossings to ensure immunity to subsynchro-
nous resonance.)

The fourth function is the generation of suitable turn-off and turn-on pulses for
the GTO valve.

The operation of the GCSC power circuit and internal control is illustrated by
the waveforms in Figure 6.26(b).Inspection of these waveforms show that, with a
"black box" viewpoint, the basic GCSC (power circuit plus internal control) can be
considered as a controllable series capacitor which, in response to the transmission
line current, will reproduce (within a given frequency band and specified rating) the
compensating impedance (or voltage) defined by the reference input. The dynamic
performance of the GCSC is similar to that of the TCR, both having a maximum
transport lag of one half of a cycle.

The main consideration for the structure of the internal control operating the
power circuit of the TCSC is to ensure immunity to subsynchronous resonance. Present
approaches follow two basic control philosophies. One is to operate the basic phase-
lockedJoop (PLL) from the fundamental component of the line current. In order to
achieve this, it is necessary to provide substantial filtering to remove the super- and,
in particular, the subsynchronous components from the line current and, at the same
time, maintain correct phase relationship for proper synchronization. A possible inter-
nal control scheme of this type is shown in Figure 6.27. ln this arrangement the
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vc*",

(Xcr",)

Figure 6.27 A functional internal control scheme for the TCSC based on the syn-
chronization to the fundamental component of the line current.
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conventional technique of converting the demanded TCR current into the correspond-
ing delay angle, which is measured from the peak (or, with a fixed 90 degreJ shift,
from the zero crossing) of the fundamental line current, is used. The reference for
the demanded TCR current is, as illustrated in Figure 6.27, wually provided by
a regulation loop of the external control, which compares the actual capacitive
impedance or compensating voltage to the reference given for the desired system oper-
ation.

The second approach also employs a PLL, synchronized to the line current, for
the generation of the basic timing reference. However, in this method the actual zero
crossing of the capacitor voltage is estimated from the prevailing capacitor voltage
and line current by an angle correction circuit. The delay angle is then determined
from the desired angle and the estimated correction angle so as to make the TCR
conduction symmetrical with respect to the expected zero crossing, as illustrated in
Figure 6.28. The desired delay angle in this scheme can be adjusted by a closed-loop
controlled phase shift of the basic time reference provided by the PLL circuit [refer
back to Figures 6.19(a) and (b)]. The delay angle of the TCR, and thus the compenJating
capacitive voltage, as in the previous case, is controlled overall by a regulation loop
of the external control in order to meet system operating requirements. This regulation
loop is relatively slow, with a bandwidth just sufficient to meet compensation require-
ments (power flow adjustment, power oscillation damping, etc.). Thus, from the stand-
point of the angle correction circuit, which by comparison is very fast (correction
takes place in each half cycle), the output of the phase shifter is almost a steady-
state reference.

Although control circuit performances are usually heavily dependent on the
actual implementation, the second approach is theoretically more likely to provide
faster response for those applications requiring such response.
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Figure 6.28 A functional internal control scheme for the TCSC based on the predic-
tion of the capacitor voltage zero crossings.
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6.3 SWITCHING CONVERTER TYPE
SERIES COMPENSATORS

243

It has been established in Chapter 5 (see Section 5.2.2)thata voltage-sourced converter
with its internal control can be considered a synchronous voltage source (SVS) analo-
gous to an ideal electromagnetic generator: it can produce a set of (three) alternating,
substantially sinusoidal voltages at the desired fundamental frequency with controllable
amplitude and phase angle; generate, or absorb, reactive power; and exchange real
(active) power with the ac system when its dc terminals are connected to a suitable
electric dc energy source or storage. Thus, the SVS can be operated with a relatively
small dc storage capacitor in a self-sufficient manner, like a static var generator, to
exchange reactive power with the ac system or, with an external dc power supply like
a static generator, or with an energy storage device, to also exchange independently
controllable real power. A functional representation of the SVS is shown in Figure 6.29.
References Qa4 and Pa"i (or other related parameters, such as the desired compensating
reactive impedance Xs4 and resistance Rx"1) define the amplitude V and phase angle
ry' of the generated output voltage necessary to exchange the desired reactive and
active power at the ac output. If the SVS is operated strictly for reactive power
exchange, Ppa (or Rp4) is set to zero.

The concept of using the synchronous voltage source for series compensation is
based on the fact that the impedance versus frequency characteristic of the series
capacitor, in contrast to filter applications, plays no part in accomplishing the desired
compensation of a transmission line. (On the contrary, as discussed in the previous
sections, special control techniques are applied in the thyristor-controlled series capaci-
tors to change their impedance versus frequency characteristics in the subsynchronous
frequency band to make them immune to subsynchronous resonance.) The function
of the series capacitor is simply to produce an appropriate voltage at the fundamental
ac system frequency in quadrature with the transmission line current in order to
increase the voltage across the inductive line impedance, and thereby increase the
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Figure 6.29 Functional representation of the synchronous voltage source based on
a voltage-sourced converter.
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line current and the transmitted power. The characteristics of the synchronous voltage
source clearly suggest a comparable line compensation capability.

6.3.1 The Static Synchronous Series Compensator (SSSG)

The voltage-sourced converter-based series compensator, called Static Synchro-
nous Series Compensator (SSSC), was proposed by Gyugyi in 1989 within the concept
of using converter-based technology uniformly for shunt and series compensation, as
well as for transmission angle control. The basic operating principles of the SSSC can
be explained with reference to the conventional series capacitive compensation of
Figure 6.1, shown simplified in Figure 6.30 together with the related voltage phasor
diagram. The phasor diagram clearly shows that at a given line current the voltage
across the series capacitor forces the opposite polarity voltage across the series line
reactance to increase by the magnitude of the capacitor voltage. Thus, the series
capacitive compensation works by increasing the voltage across the impedance of the
given physical line, which in turn increases the corresponding line current and the
transmitted power. While it may be convenient to consider series capacitive compensa-
tion as a means of reducing the line impedance, in reality, as explained previously, it
is really a means of increasing the voltage across the given impedance of the physical
line. It follows therefore that the same steady-state power transmission can be estab-
lished if the series compensation is provided by a synchronous ac voltage source,
as shown in Figure 6.31, whose output precisely matches the voltage of the series
capacitor, i.e.,

Vo: Yc: -jXrJ - -jkXI (6.12)

where, as before, I/c is the injected compensating voltage phasor, 1is the line current,
x6 is the reactance of the series capacitor, X is the line reactance, k : xcl x is the
degree of series compensation, and j : \/ -7. Thus, by making the output voltage of
the synchronous voltage source a function of the line current, as specified by (6.12),
the same compensation as provided by the series capacitor is accomplished. However,
in contrast to the real series capacitor, the SVS is able to maintain a constant compensat-
ing voltage in the presence of variable line current, or control the amplitude of the
injected compensating voltage independent of the amplitude of the line current.

For normal capacitive compensation, the output voltage lags the line current by
90 degrees. For SVS, the output voltage can be reversed by simple control action to
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L
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Figure 6.30 Basic two-machine system with a series capacitor compensated line
and associated phasor diagram.
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vs

Vs = Vr = V

Figure 6,31 Basic two-machine system as in Figure 6.30 but with synchronous
voltage source replacing the series capacitor.

make it lead or lag the line current by 90 degrees. In this case, the injected voltage
decreases the voltage across the inductive line impedance and thus the series compensa-
tion has the same effect as if the reactive line impedance was increased.

With the above observations, a generalized expression for the injected voltage,
Vo, can simply be written:

VL

where Vu$) is the magnitude of the injected compensating voltage (0 = Vq($ - Vn^ )
and ( is a chosen control parameter. The series reactive compensation scheme, using
a switching power converter (voltage-sourced converter) as a synchronous voltage
source to produce a controllable voltage in quadrature with the line current as defined
by (6.13) is, per IEEE and CIGRE definition, termed the Static Synchronous Series
Compensator (SSSC).

6.3.2 Transmitted Power Versus Transmission
Angle Characteristic

The SSSC injects the compensating voltage in series with the line irrespective of
the line current. The transmitted power Po versus the transmission angle 6relationship
therefore becomes a parametric function of the injected voltage, Vo({), and it can be
expressed for a two-machine system as follows:

Vo: tjVr(O+

P -firrnd+ {v,cost

(6.13)

(6.1,4)

The normalized power P versus angle 6 plots as a parametric function of Vu are
shown in Figure 6.32 for Vn : 0, -f 0.353, and +-0.707. For comparison, the normalized
power P versus angle d plots of a series capacitor compensated two-machine system
are shown in Figure 6.33 as a parametric function of the degree of series compensation
k For this comparison, /< is chosen to give the same maximum power as the SSSC
with corresponding Vn. That is, at 6 : 90", k : L15 when 7o : 0.353 and k : 113
when Vn : 0.707.

Comparison of the corresponding plots in Figures 6.32 and 6.33 clearly shows
that the series capacitor increases the transmitted power by a fixed percentage of that
transmitted by the uncompensated line at a given 6 and, by contrast, the SSSC can

v2Pq=-, sin6
xr- i
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Figure 6.34 Oscillograms from Tl,{A simulation showing the capability of the SSSC

to control as well as reverse real power flow.

increase it by a fixed fraction of the maximum power transmittable by the uncompen-
sated line, independent of 6, in the important operating range of 0 < 5 < nlZ.

For applications requiring (steady-state or dynamic) power flow control, the
basic P versus 6 characteristics shown in Figure 6.32 indicates that the SSSC, similarly
to the STATCOM, inherently has twice as wide controlled compensation range as the
VA rating of the converter. This means that the SSSC can decrease, as well as increase
the power flow to the same degree, simply by reversing the polarity of the injected
ac voltage. The reversed (180'phase-shifted) voltage adds directly to the reactive
voltage drop of the line as if the reactive line impedance was increased. Furthermore,
if this (reverse polarity) injected voltage is made larger than the voltage impressed
across the uncompensated line by the sending- and receiving-end systems, that is,
if Vq > lV, - V,l, then the power flow will reverse with the line current 1 :
(Vo - lV,- V,l)lX, as indicated in Figure 6.32.

The feasibility of reversing power flow by reactive compensation is demonstrated
in Figure 6.34 by the results obtained from the TNA simulation of a simple two-
machine system controlled by a precisely detailed SSSC hardware model. The plots
in the figure show, at 6 : l-0", the line current I together with the receiving-end (/ -
n) voltage u,: u2 for phase A, the transmitted power P together with the reactive
power Q supplied by the receiving end, the same line current I together with the
voltage un injected by the SSSC in phase A, and the reactive power the SSSC exchanged
with the ac system for no compensation (Vq : 0), purely reactive compensation for
positive power flow (Vu : IX - lV, - V,l), and purely reactive compensation for
negative power flow (7, : IX + lV" - V,l).Apart from the stable operation of the
system with both positive and negative power flows, it can also be observed that the
SSSC has, as expected, an excellent (subcycle) response time and that the transition
from positive to negative power flow through zero voltage injection is perfectly smooth
and continuous.
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Apart from the bi-directional compensation capability, the basic operating char-
acteristic of the SSSC also suggests a significant difference between the behaviors of
SSSC and the series capacitor under the condition of variable line reactance that the
reader should note. The gist of this difference is that the SSSC could not be tuned
with any finite line inductance to have a classical series resonance (at which the
capacitive and inductive voltages would be equal) at the fundamental frequency,
because the voltage across the line reactance would, in all practical cases, be greater
than, and inherently limited by, the (flxed) compensating voltage produced by the
SSSC. This compensating voltage is set by the control and it is independent of network
impedance (and, consequently, line current) changes. That is, the voltage Ya across
an ideal line of reactance X (R : 0) at a fixed 6is the function of only the compensating
voltage Vn injected by the SSSC, that is,

Vx: IX : Vn * zvrin I (6.1s)

where again V is the ac system (l - n) voltage, and d is the transmission angle. As
(6.15) shows , Vy cz(r be equal to Vn only if 6' : 0, in which case the transmission would
be controlled entirely by the SSSC as if it were a generator and the line current would
be restricted to the operating range of 0 < 1 < VqlX. (It should be noted that the
SSSC would require an external dc power supply for the replenishment of its internal
losses to be able to establish power transmission at zero transmission angle.)

6.3.3 Control Range and VA Rating

The SSSC can provide capacitive or inductive compensating voltage independent
of the line current up to its specified current rating. Thus, in voltage compensation
mode the SSSC can maintain the rated capacitive or inductive compensating voltage
in the face of changing line current theoretically in the total operating range of zero
to Iq 

^, 
as illustrated in Figure 6.35(a1). (The practical minimum line current is that

at which the SSSC can still absorb enough real power from the line to replenish its
losses.) The corresponding loss, as percent of the (capacitive or inductive) rating of
the SSSC, versus line current characteristic is shown in Figure 6.35(aZ). The VA rating
of the SSSC (solid-state converter and coupling transformer) is simply the product of
the maximum line current (at which compensation is still desired) and the maximum
series compensating voltage: VA : I^u*Vq o.

In impedance compensation mode, the SSSC is established to maintain the
maximum rated capacitive or compensating reactance at any line current up to the
rated maximum, as illustrated in Figure 6.35(b1). The corresponding loss versus line
current characteristic is shown in Figure 6.35(b2).

Note that in practical applications, as indicated previously for variable impedance
type compensators, 1,u, may be separately defined for the rated maximum steady-state
line current and for a specified short duration overcurrent. The basic VA rating of
the major power components of the SSSC must be rated for these currents and for
the relevant maximum voltages.

It is seen in Figure 6.35 that an SSSC of 1.0 p.u. VA rating covers a control
range corresponding to 2.0 p.u. compensating vars, that is, the control range is continu-
ous from -1.0 p.u. (capacitive) vars to +1.0 p.u. (inductive) vars. In many practical
applications, only capacitive series line compensation is required. In these applications,
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as well as in those which already use or plan to use series capacitors as part of the
overall series compensation scheme, the SSSC may be combined cost effectively with
a fixed capacitor, as illustrated in Figure 6.36, where an SSSC of 0.5 p.u. VA rating
is combined with a flxed capacitor of 0.5 p.u. VAC rating to form a continuously
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Figure 6.36 Hybrid compensation scheme consisting
and a 0.5 p.u. SSSC.
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controllable overall series compensator with a maximum compensating range of zero
to 1.0 p.u. capacitive. (The reader should note that this is a dual of th; hybrid shunt
compensator in which a STATCOM of -r0.5 p.u. is used in parallel with a fixed
capacitor of 0.5 p.u. rating to provide an overall zero to 1.0 p.u. compensating range.)
The injected voltage versus line current characteristic of the SSSC + FC arrangement
in the voltage compensation mode is shown in Figure 6.37(aI) and in impedance
compensation mode in Figure 6.37(bI). The corresponding loss versus line current
characteristics are shown in Figures 6.37(a2) and (b2), respectively. This compensation
scheme from the standpoints of major component (converter and fixed capacitor)
ratings and operating losses is extremely advantageous, in spite of the fact ihat the
flxed capacitor produces a compensating voltage that is proporiional to the line current,
and therefore, the controllable compensating voltage range of the overall compensator
also becomes, to some degree, a function of the line current.

6.3.4 Capability to Provide Real power Compensation

In contrast to the series capacitor, which functions in the transmission circuit as
a reactive impedance and as such is only able to exchange reactive power, the SSSC
can negotiate both reactive and active power with the ac system, simply by controlling
the angular position of the injected voltage with respect to the line current. However,
as explained previously, the exchange of active power requires that the dc terminal
ofthe SSSC converter be coupled to an energy source/sink, or a suitable energy storage.

The capability of the SSSC to exchange active power has significant applicati,on
potential. One important application is the simultaneous compensation of both the

vq= vt
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Figure 6.37 Attainable V-I (compensating voltage vs. line current) characteristics
of the hybrid series compensator of Figure 6.36, when operated in
voltage control (u1) and reactance control (b1) modes, and the associ-
ated loss vs. line current characteristics (a2 and b2, respectively).
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reactive and resistive components of the series line impedance in order to keep the

XIR ratio high. In many applications, particularly at transmission voltage levels of
L1.5,230, and even 340 kV, where the XIR ratio is usually relatively low (in the range

of 3 to 10), a high degree of series capacitive compensation could further reduce the

effective reactive to resistive line impedance ratio to such low values at which the

progressively increasing reactive power demand of the line, and the associated line
losses and possible voltage depression, would start to limit the transmittable active

power. This situation is illustrated with a phasor diagram in Figure 6.38 for a normal
angle-controlled line whose uncompensated XIR ratio is 7.4. As seen, by applying

increasing series capacitive compensation (e.g., 50 andTSVo), the effective X"slR :
(X, * Xc)lR ratio decreases (to 3.7 and 1.85, respectively). As a result, the reactive

component of the line current, I sin(512 + f), supplied by the receiving-end system,

progressively increases and the real component, 1 cos (612 + {), transmitted to the

receiving end, progressively decreases with respect to those which would be obtained

with an ideal reactive line (R : 0).
The transmittable active power, P, and the reactive power' Q, supplied by the

receiving end bus can be expressed for the simple two-machine system, employing

angle adjustment for power flow control at constant end voltages (% : V,: V), as
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functions of the (actual or effective) reactive line impedance, X, the line resistance,
R, and transmission angle, fl as follows:

P-#[xsind-R(1 -cos6)]

e-#[Rsind+ x0-cos6)].

(6.16)

(6.17)

1.85

The normalized active power P and reactive power p versus angle 6transmission
characteristics described by (6.16) and (6.17) are plotted as a parametric function of
the xlR ratio for xlR: o,7.4,3.7,L.85 in Figure 6.39. These plots clearly show that
the maximum transmittable active power decreases, and the ratio of active to reactive
power increases, with decreasing X/R ratio.

The SSSC with an appropriate dc power supply (which could be powered simply,
for example, from an accessible bus or from the tertiary of a conveniently located
transformer) would be able to inject, in addition to the reactive compensating voltage,
a component of voltage in antiphase with that developed across the line resistance
to counteract the effect of the resistive voltage drop on the power transmission.
In this way, by providing simultaneous, and independently controllable compensation
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Figure 6,39 Transmitted real power P and reactive power Q vs. transmission angle
6 as a parametric function of the line X/R ratio.

7'.r' ^r'

tt tt a)

#'ti1i::""



Section 6.3 I Switching Converter Type Series Compensators 253

of both the reactive and real impedance of the line, in effect an ideal reactive
line can be created for maximum power transmission. It should be noted that the
power 12R would, of course, still be dissipated by the physical line. However, this
dissipated power would be replenished by the SSSC from the auxiliary power
supply. The real power compensation capability could also be used effectively in
minimizing loop power flows by balancing both the real and reactive power flows
of parallel lines.

The recordings, obtained from the TNA simulation of a two machine system
compensated by the SSSC with a dc power supply, illustrate the combined compensa-
tion of the line reactance and resistance in Figure 6.40. The plots show the line current
i in phase A together with the corresponding receiving-end (/ - n) voltaga t), : t)2,

the transmitted power P together with the reactive power Q supplied by the receiving
end, the line current i again in phase A together with the voltage un injected by the
SSSC, and the active and reactive power the SSSC exchanged with the ac system via
the series voltage injection for no compensation (Vu : 0), purely reactive compensation,
and reactive plus resistive compensation. (The system was operated at 6 : 20" with
XIR : 6.) It can be observed that the additional resistive compensation increases the
transmitted power significantly, while it also decreases the reactive power demand on
the receiving end.)

From the standpoint of dynamic system stability, reactive line compensation
combined with simultaneous active power exchange can also enhance power oscillation
damping. For example, during the periods of angular acceleration, the SSSC with a
suitable energy storage can apply maximum capacitive line compensation to increase
the transmitted active power and concurrently absorb active power to provide the
effect of a damping resistor in series with the line. During the periods of angular
deceleration, the SSSC can execute opposite compensating actions, that is, apply
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Figure 6.40 Oscillograms from TNA simulation showing the capability of the SSSC

to provide both reactive and resistive series line compensation.

Pq

Qq

ttgo
ooo(E

I||IF.
s-

=o-
tt
f;o.qd
tr



254 chapter 6 t Static series compensators: GCSC, TSSC, TCSC and SSSC

maximum inductive compensation to decrease the transmitted active power and con-
currently provide the effect of a negative resistance (i.e., a generator) to supply addi_
tional active power for the line (negative damping). (Although an energy storage is
required for the ideal damping obtained by injecting an alterniting positive and n-ega-
tive damping resistor, a more economical and still effective damping can be providied
with just an energy sink, e.g., a high energy resistor tied to the dc terminals of the
SSSC. With this arrangement the SSSC would be able to absorb active power during the
periods of angular accelerations, which then would be dissipated by ihe 

"n"rgy.ink.;
6.3.5 lmmunity to Subsynchronous Resonance

The desired function of the series capacitor is to provide a compensating voltage
opposite to that which develops across the reactive line impedance af the fundamental
system frequency to increase the transmitted power. However, the impedance of the
series capacitor is a function of frequency and thus it can cause resonances at various
subsynchronous frequencies with other reactive impedances present in the network.
As discussed in previous s,ections, in recent years there has been considerable progress
made in modifying the inherent frequency characteristic of the series capacitor ii ttre
dominant subsynchronous frequency band by a parallel connected thyristor-controlled
reactor, making it immune to subsynchronous resonance with the use of electronic
control.

In contrast to a series capacitor and an impedance type series compensator, the
voltage-sourced converter-based static synchronous seriesiompensatorls essentially
an ac voltage source which, with a constant dc voltage and fixedcontrol inputs, wouli
operate only at the selected (fundamental) output frequency, and its outpuiimpedance
at other frequencies would theoretically be zero. In practice, the SSSC doei have a
relatively small inductive output impedance provided by the leakage inductance of the
series insertion transformer. The voltage drop across this impedance is automatically
compensated at the fundamental frequency when the SSSC provides capacitive line
compensation. Thus, the effective output impedance versus frequency characteristic
of the SSSC, operated at a constant dc voltage, remains that of a small inductor at
all but its fundamental operating frequency. consequently, such an SSSC is unable
to form a classical series resonant circuit with the inductive line impedance to initiate
subsynchronous system oscillations.

In a practical SSSC, the voltage-sourced converter on the dc side is terminated
by a finite (and relatively small) energy storage capacitor to maintain the desired dc
operating voltage. (Recall that this dc capacitor is kept charged by the energy absorbed
from the system by the converter itself.) Thus the di capacltor in effect interacts with
the ac system via the operating switch (valve) array of the converter. This interaction
may conceivably influence the subsynchronous behavior of a practical SSSC.

. For the purpose of this discussion let it be assumed (wtrat is a typical practical
case) that the SSSC has no source or sink of power attached to its doLrminals, and
furthermore let us neglect the power losses of the converter. The dc terminal uoitug"
is thus supported entirely by a dc capacitor bank. With perfectly balanced sinusoidal
line currents, the converter (with sufficiently large pulsi number) will produce bal-
anced, sinusoidal voltages in quadrature with the line current, and the dc capacitor
bank will experience no charging current since no real power is exchanged uf th" a"
terminals of the converter. If the converter is controlled to produce these same voltages
while additional sub- and supersynchronous components are introduced into the lte
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current, then alternating power components will appear at the ac terminals of the
converter and these will be matched by alternating charging currents in the dc capacitor,
producing in turn an associated alternating voltage component on the capacitor. This
is because the energy transfer through the converter is absolutely direct, and thus the
net instantaneous power at the input terminals must always be equal to the net
instantaneous power at the output terminals. For example, if the line current contains
sub- and supersynchronous components with frequencies of f,,u : fo - f. and f,u, :
fo * f^, respectively, in addition to the synchronous component of frequency /,, due
to the modulation process taking place at the mechanical system frequency /, during
the subsynchronous resonance stipulated in the example, then an ac current component
of frequency f. will flow through the dc terminals to balance the fluctuating power
appearing at the ac terminals of the converter. As a result, the dc terminal voltage of
the SSSC converter (which is supported only by a finite capacitor) will have a superim-
posed ac component with frequency f..If.the converter control ignores this ac compo-
nent, that is, if it is operated to produce the ac output voltage as if the dc terminal
voltage was constant, then the SSSC will have sub- and supersynchronous voltage
components in its output with the same f,,6 : fo - f- and f*p : fo * f, frequencies.
However, it should be recognized that the variation in dc link voltage does not inher-
ently affect the ability of the converter to produce the designated output voltages
unless the dc voltage dips too low, or rises too high for the safe operation of the
converter valves. That is, it is possible to produce the designated sinusoidal output
voltages at the wanted single synchronous frequency by appropriately controlling the
(instantaneous) magnitude of the converter's output voltage. In this way the converter
can maintain ideal terminal characteristics: the positive sequence synchronous line
currents would flow through the converter valves, bypassing the dc terminals (while
the converter would be exchanging reactive power at the synchronous frequency with
the line), and the sub- and supersynchronous line current components would circulate
through the converter valves and the dc capacitor as if the ac terminals were shunted
by ideal, fundamental frequency voltage sources. Thus, in spite of the modulated dc

terminal voltage, the power system would "see" the SSSC as a perfect synchronous
voltage source, which acts as a short circuit at nonsynchronous frequencies. In other
words, from the standpoint of the power system, this SSSC would exhibit ac terminal
characteristics identical to those obtained with an ideal converter whose dc terminal
voltage is provided by an inflnite source of zero impedance.

For converters not having suitable output control capability, an obvious approach
to limit the dc bus voltage excursions, and the corresponding effects on the ac output
voltage, is to increase the amount of dc capacitance. With sufficient dc bus capacitance
the SSSC can produce ideal output voltages irrespective of the composition of the
line current and it will clearly remain neutral to SSR.

Without increasing the dc capacitor size, or establishing an internal voltage
control capability in the converter, there exists another method of operating the SSSC

safely in the presence of subsynchronous line current components. This approach
makes use of the intrinsic ability of the converter to change the phase angle of its
output voltages very rapidly. The technique is best explained using instantaneous
vectors to represent the three-phase voltage and current sets. By this method, each

three-phase set (excludingzero sequence components) is entirely represented at each

instant of time by a single two-dimensional vector. (Readers not familiar with the
instantaneous vector representation should consider it simply an extension of the
conventional phasor representation. The major difference is that while a phasor repre-
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sents a single voltage or current component, usually the fundamental, a vector repre-
sents all, except the zero sequence, components, present in the three-phase voliage
or current sets. The basic rules for power exchange important in the presint discussion
are similar: for purely real power exchange the voltage and current vectors, just like
the voltage and current phasors, must be in phase. For purely reactive power exchange,
these vectors, just like the corresponding phasors, must be in quadrature.) The u""L,
representing the converter terminal voltages can be controlled in magnitude (constant,
for example) and, as explained previously, can be assigned any angle virtually instanta-
neously. By the simple strategy of keeping the converter voltage vector instantaneously
and continuously in quadrature with the line current vector, the ac terminal power of
the SSSC can be maintained precisely at zero, absolutely irrespective of the nature
of the line current' The dc capacitor thus sees no charging currents during abnormal
line conditions, and the dc voltage stays constant.

In view of above general conclusions, consider now the consequence of the
prescribed control technique in the presence of SSR on the line. In thiJ case too, the
magnitude of the voltage vector, representing the output voltages of the SSS|, is
freely controlled according to the compensation requirements of tle tne, but its angle
is kept precisely at 90 degrees with respect to the vector representing the three li-ne
currents, which are now modulated by the torsional machine oscillaiions. Thus, by
definition, the instantaneous total power at the terminals of the SSSCwill be maintained
at zero. The SSSC therefore appears in series with the line as an "energy-neutral,,
device, since at no instant in time does it ever deliver any energy to the neiwork nor
absorb any energy from it. It is evident that an energy-neutral device cannot contribute
in any way to the occurrence of an SSR which is, after all, a power oscillation between
a generator and various energy storage components.

From the above argument, one can conclude that, due to fundamental physical
laws, a sufficient condition for the SSSC to remain neutral to subsynchronous oscilla-
tions, independently of system conditions, is to keep its instantaneous output voltage
vector (representing the output voltages of the converter) in quadrature with the
instantaneous line current vector.

While the generality of the above postulated sufficient condition is supported
by basic physical laws, it should be recognized that other methods (e.g., the priviousty
established voltage control method) may also be used to exclude the SSS-C's active
participation in subsynchronous oscillation. Also, if the SSSC is equipped with a
dc power supply, for example, to facilitate real power exchange for iesistive line
compensation, then this power supply may also be used to reguiate the dc terminal
voltage in the presence of subsynchronous (or other) line components. With this, the
converter would naturally generate only the desired fundamental compensating voltage
and be neutral to subsynchronous resonance. Although not yet proven, it is also very
likely that the SSSC, due to the fast, almost instantaneou.-r"spon." of the voltage-
sourced converter, can be controlled to be highly effective in the active damping"of
prevailing subsynchronous oscillations brought about by conventional series 

"upu"iiiu"compensation.
In discussing dynamic interactions, it is also a consideration that the SSSC, like

actively controlled equipment, could under abnormal conditions exhibit instability or
oscillatory interaction with the ac system if, for example, its closed-loop gains, providing
automatic power flow control or other regulative functions, are improperly set, or if
the electronic control itself malfunctions. However, these consideritions are generic
to all actively controlled systems and are soluble by the well-established techniques
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of control robustness, control redundancy, and protection, which are not the subject
of this book.

6.3.6 Internal Control

The discussion on subsynchronous resonance in the preceding section indicates
that the implementation of some SSR immunity strategies requires the full (magnitude
and angle) controllability of the compensating voltage the SSSC generates. As ex-
plained, the SSSC is based on the synchronous voltage source concept, which is
implemented by a voltage-sourced converter. Basic approaches to this implementation,
from the standpoints of converter power circuit and related internal controls, are
discussed in detail in Chapter 5, Section 5.2.2.2. These approaches are summarized
here with appropriate changes in the corresponding internal controls necessary for
series compensation.

From the standpoint of output voltage control, converters may be categorized
as "directly" and "indirectly" controlled. For directly controlled converters both the
angular position and the magnitude of the output voltage are controllable by appro-
priate valve (on and off) gating. Figure 5.34 is an example of this converter. For
indirectly controlled converters only the angular position of the output voltage is

controllable by valve gating; the magnitude remains proportional to the dc terminal
voltage. (Recall, however, that when the dc terminal voltage is provided by a charged
capacitor, the magnitude of the output voltage can be varied by angle control which
establishes momentary real power exchange at the ac terminals to charge or discharge
the dc capacitor.) An example for such an indirectly controlled converter is shown in
Figure 5.33.

The control method of maintaining a quadrature relationship between the instan-
taneous converter voltage and line current vectors, to provide reactive series compensa-
tion and handle SSR, can be implemented with an indirectly controlled converter.
The method of maintaining a single-frequency synchronous (i.e., fundamental) output
independent of dc terminal voltage variation, requires a directly controlled converter.
Although high-power directly controlled converters are more difficult and costly to
implement than indirectly controlled converters (because their greater control flexibil-
ity is usually associated with some penalty in terms of increased losses, greater circuit
complexity, and/or increased harmonic content in the output), nevertheless they can
be realized to meet practical utility requirements and, indeed, they are used, along with
indirectly controlled converters, in existing installations for transmission compensation.

A possible internal control scheme for the indirectly controlled SSSC converter
is shown in Figure 6.4L. The inputs to the internal control are: the line current l, the
injected compensating voltage un, and the reference Vr. The control is synchronized
to the line current by a phase-locked loop which, after a *nl2 or -nl2 phase shift,
provides the basic synchronizing signal d. (The reader should note that the PLL itself
could also be operated from the ac system voltage, in which case the phase shift of 0

would also take into account the relative phase angle between the system voltage and
line current.) The phase shifter is operated from the output of a polarity detector
which determines whether reference Vn is positive (capacitive) or negative (inductive).
The compensating voltage u, is controlled by a simple closed loop: the absolute value
of reference Vn is compared to the measured magnitude of the injected voltage un and
the amplified difference (error) is added, as a correction angle Aa, to the synchronizing
signal 0(:art). Depending on the polarity of Aa, angle 0, and consequently the con-
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scheme for the SSSC employing an indirectly

verter gate drive signals, will be advanced or retarded and, thereby, the compensating
voltage uo will be shifted with respect to the prevailing line current from its original
*r12 or -r12phase position. This phase shift will cause the converter to absorb real
power from the ac system for the dc capacitor or, vice versa, supply that to the ac
system from the dc capacitor. As a result, the voltage of the dc capacitor will increase
or decrease, causing a corresponding change in the magnitude of the compensating
voltage. (Recall that the magnitude of the output voltage generated by the indirectly
controlled converter is proportional to the dc voltage.) Once the desired magnitude
of uu is reached (normally within I or 2 milliseconds), the substantially quadrature
relationship between the line current and compensating voltage gets reestablished
with only a remaining small, steady angular difference necessary to absorb power
from the ac system to replenish the operating losses of the converter.

A possible control scheme for the directly controlled SSSC converter is shown
in Figure 6.42. This scheme can be used to eliminate the unwanted output voltage
components due to the modulation of the dc capacitor voltage by subsynchronous or
other line current components. It is also suitable to provide both reactive and real
(resistive) line compensation if the converter is equipped with a suitable dc power
supply (and/or sink).

As shown in Figure 6.42, the synchronization to the line current is again accom-
plished by a phase-locked loop in a manner discussed above. Overall, the control
structure is similar to that discussed in connection with the indirectly controlled con-
verter, except for the continuous and independent control of both the magnitude and
angle of the compensating voltage.

In its general form, the control is operated from three reference signals: Vqqu"r,

defining the desired magnitude of the series reactive compensating voltage;the optional

%nn"r, defining the desired magnitude of the series real compensating voltage; and
Va,p"1, defining the operating voltage of the dc capacitor. The reactive voltage reference

%sn* (which with the line current determines the reactive power exchange for series
compensation) and the overall real voltage reference %nn* * Va.q"1 (which with the
line current determines the real power exchange for the optional real power compensa-
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Figure 6.42 Functional internal control scheme for the SSSC employing a directly
controlled converter.

tion of the line and for keeping the dc capacitor charged to its operating voltage level)
are compared to the corresponding components of the measured compensating voltage
un. From the resulting signals the magnitude of un and its angle { with respect to 0

(identifying the crest of the line current) are derived. Magnitude Vn and the 0 + $
are then used to generate the gate drive signals for the converter. With sufficient
closed-loop bandwidth and suitable instantaneous vector-based signal processing, this
type of control is able to maintain sinusoidal compensating voltage at the power
system frequency in the presence of subsynchronous line current components and the
consequent modulation of the dc capacitor voltage. (The reader should note that if
resistive line compensation is not applied, i.e., Vnxs"s : 0, angle @ in steady state would
provide the same function as Aa, a small, substantially constant angle to ensure energy
absorption from the ac system to replenish the converter losses.)

6.4 EXTERNAL (SYSTEM) CONTROL FOR SERTES
REACTIVE COMPENSATORS

In the previous sections, variable impedance type and synchronous voltage source
type compensators, comprising the pertinent power circuit and related internal control,
have been described. As seen, these compensators have different operating principles
and exhibit differing compensation and performance characteristics. However, they
all can provide series reactive compensation and be operated self-sufficiently from an
input reference defining the desired compensating voltage or reactance. This means
that the external control that defines the functional operation of the compensator and
derives the reference input for it can basically be the same for all types of series

compensator discussed. (The reader should recall that the same conclusion was also
reached for the external control of all shunt connected static compensators in Chap-
ter 5.)
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The principal function of a series reactive compensator is power flow control.
This can be accomplished either by the direct control (regulation) of the line current
1or the transmitted power P, or, alternatively, by the indirect control of either the
compensating impedance Xn : Xc (Xn : X1) or the compensating voltage Vn : Vs
(Vn: V t). The direct power flow control has the advantage of maintaining the transmit-
ted power in a closed-loop manner at the value defined by the given reference.
Flowever, under some network contingency the maintenance of constant power flow
may not be possible or desirable. For this reason, in some applications the impedance
(or voltage) control that maintains the impedance characteristic of the line may, from
the operating standpoint, be preferred. Independent of the variable controlled, power
flow control loops are usually operated with a rather slow (several seconds) response
in order to avoid rapid power changes and the corresponding, often oscillatory, re-
sponse or other stability impact on the ac system.

Additional functions for the improvement of transient (first swing) and dynamic
stability (power oscillation damping) and, in some cases, for the damping of subsyn-
chronous oscillation may be included in the'external control of the series compensator.

Transient stability enhancement may be applied in response to a major distur-
bance. The reference to the internal control is a signal demanding maximum capacitive
series compensation (to achieve maximal power transmission) for the measured or
anticipated duration of the first swing over which the associated generators are acceler-
ating (about 0.2-2.0 sec) after a major disturbance.

Power oscillations typically take place in the 0.2-2 Hz frequency range. For
effective damping, the external control has to provide a variable reference that will
modulate the output of the series compensator so as to increase the transmitted power
over the line when the associated generators are accelerating and to decrease it when
the generators are decelerating.

Subsynchronous oscillation damping, in addition to the SSR neutrality of the
controlled series compensator, may be required if the line has a significant amount
of uncontrolled series capacitive compensation. For SSR damping, the external control
needs to produce a variable reference that corresponds to the torsional speed variation
of the affected generator(s) and modulates the output of the series compensator so
as to oppose this torsional variation. This variable reference may be derived directly
from torsional speed variation, if accessible, or from system frequency or line current
and voltage variations. In order to be effective for SSR damping, the series compensator
needs a relatively wide frequency band, depending on the particular turbine generator
set, up to 45 Hz. It is not yet proven that the series compensators discussed can be
effective in damping subsynchronous oscillations over the possible total range of
SSR. However, on the basis of the inherent transport lag characterizing the thyristor-
controlled and converter-based compensators (as discussed in detail in Chapter 5),
the latter type of compensator appears to have the necessary bandwidth for this re-
quirement.

A possible structure of the external control is illustrated in Figure 6.43. The
main power flow control is executed by a (slow) closed loop, which is operated from
one of the selectable references, Xqxeb ot Vq1et, or 1p"1, or Pp"i. The corresponding
network variable (Xn, or Vn, or I, or P) is derived by the voltage and current processor
and compared to the selected reference. The amplified error at the output of the PI
controller provides the reference, Xq, or Vn, for the internal control.

The auxiliary control signals to improve transient and dynamic stability, and to
damp subsynchronous oscillations, are derived from the relevant system variables.
such as system frequency variation, power flow variation, or, for subsynchronous
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Figure 6.43 Functional external (system) control scheme for the SSSC.

oscillation damping, from torsional speed variation, when available, or synthesized
from locally measurable voltages and currents, by the power oscillation damping,
transient stability enhancement and subsynchronous oscillation damping auxiliary con-
trol circuits and fed directly, as references, to the internal control. These auxiliary
control circuits may also control or inhibit the operation of the main power flow
regulation loop in order to avoid contradictory reference requirements and maintain
an operational set point appropriate under the particular system contingency.

6.5 SUMMARY OF CHARACTERISTICS AND FEATURES

The SSSC is a voltage source type and the TSSC, TCSC, and GCSC are variable
impedance type series compensators. Although both types of compensator can provide
highly effective power flow control, their operating characteristics and compensation
features, are, or can be made, different. The possible differences are related to the
inherent attributes of the different power circuits associated with the type of the
compensator. The voltage source character of the SSSC offers some inherent capabili-
ties and functional features for series line compensation which may not be attainable
with variable impedance type compensators. On the other hand, the circuit structure
and power semiconductors used in the thyristor-controlled variable impedance type
compensators (TSSC, TCSC) offers easier accommodation of necessary protection
features required to handle line fault conditions. The essential differences in character-
istics and features of the two types of compensator can be summarized as follows:

Voltage and
current
signal

processor

Series
reactive

compensator

Power
oscillation
damping

Transient
stability

enhancement

---

1,. The SSSC is capable of internally generating a controllable compensating
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voltage over an identical capacitive and inductive range independently of the
magnitude of the line current. The compensating voltage of the GCSC and
TSSC over a given control range is proportional to the line current. The TCSC
can maintain maximum compensating voltage with decreasing line current
over a control range determined by the current boosting capability of the
thyristor-controlled reactor.

2. The SSSC has the inherent ability to interface with an external dc power
supply to provide compensation for the line resistance by the injection of real
power, as well as for the line reactance by the injection of reactive power,
for the purpose of keeping the effective XIR ratio high, independently of the
degree of series compensation. The variable impedance type series compensa-
tors cannot exchange real power (except for circuit losses) with the transmis-
sion line and can only provide reactive compensation.

3. The SSSC with an energy storage (or sink) increases the effectiveness of
power oscillation damping by modulating the series reactive compensation to
increase and decrease the transmitted power, and by concurrently injecting
an alternating virtual positive and negative real impedance to absorb and
supply real power from the line in sympathy with the prevalent machine
swings. The variable impedance type compensator can damp power oscillation
only by modulated reactive compensation affecting the transmitted power.

4. The TSSC and TCSC employ conventional thyristors (with no internal turn-
off capability). These thyristors are the most rugged power semiconductors,
available with the highest current and voltage ratings, and they also have the
highest surge current capability. For short-term, they are suitable to provide
bypass operation to protect the associated capacitors during line faults. The
GCSC and the SSSC use GTO thyristors. These devices presently have lower
voltage and current ratings, and considerably lower short-term surge current
rating. They are suitable for short-term bypass operation only if the anticipated
line fault current is relatively low. Therefore, they may need external fast
protection during severe line faults by an auxiliary conventional thyristor
bypass switch, or a MOV arrester type voltage limiter, or by some other means
of suitable speed. (Note that all series compensators would also typically have
a mechanical bypass switch for backup.)

5. The variable impedance type compensators, TSSC, TCSC, and GCSC, are
coupled directly to the transmission line and therefore are installed on a high-
voltage platform. The cooling system and control are located on the ground
with high voltage insulation requirements and control interface. The SSSC
requires a coupling transformer, rated for 0.5 p.u. of the total series var
compensating range, and a dc storage capacitor. However, it is installed in a
building at ground potential and operated at a relatively low voltage (typically
below 20 kV). Thus, this installation needs only relatively low voltage insula-
tion for the cooling system and a control interface.

6. The voltage source and the different type of variable impedance type compen-
sators also exhibit different loss characteristics. At zero compensation, the
line current would flow through the semiconductor valves in all compensators
and the losses would be proportional to the valve losses plus the reactor or
transformer losses. At rated line current these losses would be about 0.5Vo of
the rated var output for the TSSC and TCSC, about 0.7 to 0.9%o for the GCSC
and SSSC. At full and uncontrolled capacitive output the TSSC, TCSC, and
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GCSC losses would be very low, independent of the line current, since the
semiconductor valves would be nonconductive. With controlled compensating
voltage, the losses would not be proportional to, but would be a function of
the line current, and for the TSSC they could reach a maximum value of
about0.3Vo, for the TCSC about0.4Vo, and for the GCSC about 0.67o. With
this operating mode, the SSSC losses would be proportional to the line current
and would reach a maximum of about 0.97o at rated line current.

The V-I characteristics of the major series compensators, operated in voltage
compensation mode, with the corresponding loss versus line current characteristics,
are summarized for the reader's convenience in Fieure 6.44.
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Static Voltage and
Phase Angle Regulators:

TCVR and TCPAR

7.1 OBJECTIVES OF VOLTAGE AND PHASE
ANGLE REGULATORS

The elementary equations (5.3) and (5.a) derived in Chapter 5 for the determination
of transmitted real power, P, and reactive line power, Q, indicate that both are a
function of the transmission line impedance, the magnitude of the sending- and receiv-
ing-end voltages, and the phase angle between these voltages. The discussion shows
that increased real power transmission will inevitably result in increased reactive power
demand on the end-voltage bus systems (generators) and increased voltage variation
along the transmission line.

Chapter 5 focuses on the control of transmission voltage by attacking the root
cause of its variation, the changing reactive line power. It was established that con-
trolled reactive shunt compensation is highly effective in maintaining the desired
voltage profile along the transmission line in spite of changing real power demand.
F{owever, controlled reactive shunt compensation of bulk transmission systems to
maintain specified voltage levels for loads, sometimes at the end of a subtransmission
or distribution system, is often not an issue. For example, the interconnection of a
high voltage line with a lower voltage line for increased power transmission is usually
accomplished with a mechanical onload tap changer to isolate the lower voltage
system from the large voltage variation of the high-voltage line caused by seasonal
or daily load changes. Similarly, voltage regulators employing on-load tap changers
have been used since the early days of ac transmission to maintain the desired user
voltage in the face of changing transmission voltage and loads. In addition to voltage
regulation, tap changers can, in general, be used to control reactive power flow in the
line. Since transmission line impedances are predominantly reactive, an in-phase volt-
age component introduced into the transmission circuit causes a substantially quadra-
ture (reactive) current flow that, with appropriate polarity and magnitude control, can
be used to improve prevailing reactive power flows.

Although reactive compensation and voltage regulation by on-load tap changers
appear to provide the same transmission control function, there is an important op-
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erating difference to note between them. Whereas a reactive compensator supplies
reactive power to, or absorbs that from the ac system to change the prevailing reactive
power flow and thereby indirectly control the transmission line voltage, the tap changer-
based voltage regulator cannot supply or absorb reactive power. It directly manages
the transmission voltage on one side and leaves it to the power system to provide the
necessary reactive power to maintain that voltage. Should the power system be unable
to provide the reactive power demand, overall voltage collapse in the system could
occur. On-load tap changers contribution to voltage collapse under certain conditions
is well recognized. For example, when the tap changers increase the transformation
ratio in order to minimize the voltage drop for predominantly motor loads in the face
of an overloaded transmission system, the transmission line needs to supply increasing
load current at decreasing load power factor. This of course further reduces the
transmission voltage and in turn further increases the current until the voltage collapses
and the protection relays remove the load. Nevertheless, the on-load tap changer and
its electronic counterparts to be discussed in this, and the subsequent chapter, play a
significant role in transmission power flow control by providing the important functions
of voltage regulation and reactive power management.

Chapter 6 concentrates on the control of transmitted power by series reactive
compensation which can be a highly effective means to control power flow in the line
as well as improving the dynamic behavior of the power system. However, whereas
series reactive compensation is generally highly effective for power flow control, its
application to certain transmission problems can be impractical, cumbersome, or eco-
nomically not viable. These problems are related to the transmission angle. For exam-
ple, the prevailing transmission angle may not be compatible with the transmission
requirements of a given line or it may vary with daily or seasonal system loads over
too large a range to maintain acceptable power flow in some affected lines. Other
problems involve the control of real and reactive loop flows in a meshed network.
The solution to these types of problems usually requires the control of the effective
angle [the third variable of the basic transmission relationships given in (5.3) and
(5.a)] to which the relevant transmission line or network is exposed.

Mechanical phase angle regulators (PARs) or phase shifting transformers (PSTs),
using on-load tap changers with quadrature voltage injection, were introduced in the
1930s to solve power flow problems and increase the utilization of transmission lines.
Whereas on-load tap changers with in-phase voltage injection control reactive power
via voltage magnitude adjustment, those with quadrature voltage injection control
real power via phase adjustment. Their combined use makes both the reactive and
real power flow control possible. As a result, PARs have historically been used to
redirect current flows and alleviate inherent loop flows in interconnected systems and
thereby improve and balance the loading of interconnected transmission links.

Apart from steady-state voltage and power flow control, the role of modern
voltage phase angle regulators with fast electronic control can also be extended to
handle dynamic system events. Potential areas of application include: transient stability
improvement, power oscillation damping, and the minimization of post-disturbance
overloads and the corresponding voltage dips. As compared to reactive compensators,
voltage and phase angle regulators bring a new element to the control of dynamic
events, the capability to exchange real power. At the same time, the voltage and angle
regulators, based on the classical arrangement of tap-changing transformers, lack the
ability of reactive compensators to supply or absorb reactive power and thus this
burden is left to the power system to handle.

In the following section, the basic techniques of voltage and angle regulation
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are reviewed to provide the necessary foundation for the treatment of power electron-
ics-based approaches. The effect of phase angle control on the basic factors determining
attainable maximal power transmission (steady-state power transmission limit, tran-
sient stability, and power oscillation damping) is also examined.

7.1.1 Voltage and Phase Angle Regulation

The basic concept of voltage and phase angle regulation is the addition of an
appropriate in-phase or a quadrature component to the prevailing terminal (bus)
voltage in order to change (increase or decrease) its magnitude or angle to the value
specified (or desired). Thus, voltage regulation could, theoretically, be achieved by a
synchronous, in-phase voltage source with controllable amplitude, -rAV, in series with
the ac system and the regulated terminal, as illustrated in Figure 7.I(a). A commonly
used implementation of this concept is shown schematically in Figure 7.1(b). An
adjustable voltage is provided by means of a tap changer from a three-phase (auto)
transformer (usually referred to as regulating or excitation transformer) for the primary
of a series insertion transformer which injects it to achieve the required voltage
regulation. From the arrangement shown, it is evident that injected voltages -+Auo,
+Au6, and -rAu", are in phase with the line to neutral voltages uo, u6, zrdu", respectively,
as illustrated by the phasor diagram in Figure 7.1(c).In two winding transformers, on
load tap changers are provided on the neutral side of the windings.

In a similar manner, the arrangement of Figure 7.7(a) can be used for phase-
angle control simply by stipulating the injected voltage, Au, to have a phase of r-90o

relative to the system voltage, u, as illustrated in Figure 7.2(a). With this stipulation,
the injected voltage will change the prevailing phase-angle of the system voltage. A
possible arrangement for phase angle control is shown schematically in Figure 7.2(b)
with the corresponding phasor diagram in Figure 7.2(c). For relatively small angular
adjustments, the resultant angular change is approximately proportional to the injected
voltage, while the voltage magnitude remains almost constant. However, for large
angular adjustments, the magnitude of the system voltage will appreciably increase
and, for this reason, is often referred to as a quadrature booster transformer (anf;.
The voltage magnitude could be maintained independent of the angular adjustment
by a more complex winding arrangement. Nevertheless, because of its relative simplic-
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Figure T.L Concept and basic implementation of a Voltage Regulator.
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Figure 7.2 Concept and basic implementation of a Phase Angle Regulator.

ity, the QBT arrangement has typically been used in conventional phase shifting appli-
cations.

7.1.2 Power Flow Gontrol by Phase Angle Regulators

As indicated above, the optimal loading of transmission lines in practical power
systems cannot always be achieved at the prevailing transmission angle. Such cases

would occur, for example, when power between two buses is transmitted over parallel
lines of different electrical length or when two buses are inserted whose prevailing
angle difference is insufficient to establish the desired power flow. In these cases a
Phase Angle Regulator (PAR) is frequently applied.

The basic concept of power flow control by angle regulation, illustrated in Figure
7.3(a), is represented in terms of the usual two-machine model in which a Phase Angle
Regulator is inserted between the sending-end generator (bus) and the transmission
line. Theoretically, the Phase Angle Regulator can be considered a sinusoidal (funda-
mental frequency) ac voltage source with controllable amplitude and phase angle.
Thus, the effective sending-end voltage Z"4,becomes the sum of the prevailing sending-
end bus voltage % and the voltage 7, provided by the PAR, as the phasor diagram
shown in Figure 7.3(b) illustrates. For an ideal Phase Angle Regulator, the angle of
phasor Y, relative to phasor Iz, is stipulated to vary with o so that the angular change
does not result in a magnitude change, that is,

V,rff : Y, * Vu and lY,ql : I V,l : V,,rr: V, - V

(a)

(7.r)

The basic idea behind the independent angle regulation is to keep the transmitted
power at the desired level, independent of the prevailing transmission angle fl in a
predetermined operating range. Thus, for example, the power can be kept at its peak
value after angle 6 exceeds nlL (the peak power angle) by controlling the amplitude
of quadrature voltage V, so that the effective phase angle (6-a) between the sending-
and receiving-end voltages stays at nl2.In this way, the actual transmitted power may
be increased significantly, even though the Phase Angle Regulator per se does not
increase the steady-state power transmission limit.

With the phase-angle control arrangement stipulated by (7.1) the effective phase

angle between the sending- and receiving-end voltages becomes (&o), and with this
the transmitted power P and the reactive power demands at the ends of the line can
simply be expressed as follows:
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(7.2)

(7.3)

P"=# sin(6to)

*Vo

V""n(+o)

and

Vr

6+a
6-c+C - cf 0 c nl2 7T nr+c

K--*->,
6

-A
(b) (c)

Figure 7.3 Two-machine power system with a Phase Angle Regulator (a), corre-
sponding phasor diagram (b), and transmitted power vs. angle character-
istics (c).

P -firrnq6- o)

Q -#tt- cos(6- o))

The relationships between real power P, reactive power Q, and angles 6'and o
are shown plotted in Figure 7.3(c).It can be observed that, although the Phase Angle
Regulator does not increase the transmittable power of the uncompensated line, it
makes it theoretically possible to keep the power at its maximum value at any angle
6in the range nl2 < 6 < nl2 * c by, in effect, shifting the P versus dcurve to the
right. It should be noted that the P versus 6 curve can also be shifted to the left by
inserting the voltage of the angle regulator with an opposite polarity. In this way, the
power transfer can be increased and the maximum power reached at a generator angle
less than nl2 (that is, at 6 : nl2 - o).

It can also be observed that the relationship between the real power P and reactive
power Q remains the same as that for the uncompensated system with equivalent
transmission angle.

If the angle of phasor Vo rclative to phasor Iz, is stipulated to be fixed at
-r90o, the Phase Angle Regulator becomes a Quadrature Booster (QB), with the
following relationships:

vuff : v, * v, and lv,,nl : vur : f-v' + v', (7 -4)

For a Quadrature Booster type angle regulator the transmitted power P can be ex-
pressed in the following form:

t L-'=l 't t
Vt I anqle I Wen Vr

I lresuratorl | |

hase
ngle
ulator
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Figure 7.4 Phasor diagram and transmitted power vs. angle characteristics of a

Quadrature Booster.
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The transmitted power P versus angle 6 as a parametric function of the injected
quadrature voltage 7" is shown, together with the characteristic phasor diagram of
the Quadrature Booster, in Figure 7.4. It can be observed that the maximum transmitta-
ble power increases with the injected voltage 7" since, in contrast to the proper Phase
Angle Regulator, the Quadrature Booster increases the magnitude of the effective
sending-end voltage.

In contrast to the previously investigated reactive shunt and series compensation
schemes, the phase angle regulators generally have to handle both real and reactive
powers. The total 71 throughput of the angle regulator (viewed as a voltage source) is

vA: lv,,r- %l l/l : lv) lrl : v,I

(7.5)

(7 .6)

The rating of the angle regulator is thus determined by the product of the maximum
injected voltage and the maximum continuous line current.

7.1.3 Real and Reactive Loop Power Flow Control

Consider two power systems "s" and "r" in Figure 7.5(a) connected by a single
transmission with reactance X and resistance R. The transmission of power P from
"s" to 'or" results in a difference in magnitude between the terminal voltages, % and
V,, and also a shift in phase angle, as illustrated in Figure 7.5(b). Vectorial voltage
difference, Vr : V, - V,, appears across the transmission line impedance Z : R +
jX, resulting in the line current 1. Phasor Iz1 is normally considered to be composed
of the resistive and inductive voltage drops IR and jIX, respectively, as indicated.
However, for the present consideration of loop power flow, it is more meaningful to
decompose Vlinto two components, one in phase and the other in quadrature with the
sending-end voltage phasor Iz,, as shown in Figure 7.5(b). These voltage components, as
the reader should recall, determine the reactive and real power supplied by the sending-
end system.

In practice, power systems are normally connected by two or more parallel
transmission paths, resulting in one or more circuit loops with the potential for circulat-
ing current flow. Consider the above defined system with two parallel transmission
lines, as shown in Figure 7.6. Basic circuit considerations indicate that if the X/R ratio
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Va = Ia R+ jlnX

Vq=lq F+ ilaX

lq

Figure 7.5 Two systems with a single line inter-tie and the corresponding phasor di-
agram.

for the two lines are not equal, that is, if Xrl & * X2l R2, then a circulating current
will flow through the two lines. Assuming such an inequality for the two X/R ratios
and decomposing both line currents, 11 and 12, into an in-phase and a quadrature
component with respect to the sending-end voltage 7,, as illustrated previously in
Figure 7.5(b), then the corresponding in-phase and quadrature voltage components
for the lines, [a, Vg and Vu, Vzo can be expressed with the circuit resistances and
reactances, Rr, Rz, and X1, X2, the line current components Iu, Iu and 126, I2r, and
with the similar components of the assumed circulating current, 16 and 1"0, as follows:

and

Vu: (Iu+ I")&+ j(Iu+ I"q)Xl (7.7)

vro: (Iro + I")& + j(1, + IA& (7.8)

Vu: (Iu- I*)Rr+ j(Ia- I"o)X, (7.9)

Vu: Qro- Ir)Rt+ j(I^- I,)X, (7.10)

Inspection of (7.7) through (7.10) shows that if X1lR1 : X2lR2then 1"7 and I,o

IXt

Vs V,

X1 , Xz
7 then I" / 0 (circulating current flows)

R1 R2

Figure 7.6 Two systems with a double line inter-tie.

(a)

(b)

tf

ixt

IXz R2



274 Chapter 7 I Static Voltage and Phase Angle Regulators: TCVR and TCPAR

Figure 7.7 Phasor diagrams illustrating voltage unbalances resulting in real (a) and
reactive (b) loop power flows.

must be equal to zero.lt also indicates that a difference in either or both of the in-
phase and quadrature voltage components may exist. For clarity, these possibilities
are considered individually.

Figure 7.7(a) illustrates the case when there is a difference in the quadrature
voltage components, Vb - Vza. Making the generally valid practical assumption that
Rr ( Xr and R2 < Xz this difference will primarily maintain the in-phase circulating
current component/a, thus increasing the real power in one line (line 1) and decreasing
it in the other (line 2).

Figure 7.7(b) illustrates the case when a difference in the in-phase voltage compo-
nents, [2 - V27 exists. This difference, under the above assumption, will maintain
primarily the quadrature circulating current component, I* and thus change the
reactive power flow balance between the lines. In a general case, of course, differences
may exist between both the in-phase and quadrature voltage components which will
maintain both the in-phase and quadrature components of the circulating current,
changing both the real and reactive power flow balance between the lines.

Generally, the distribution of real power flow over interconnections forming
loop circuits can be controlled by Phase Angle Regulators. The flow of reactive power
can be controlled by Voltage Regulators. These statements follow from the fact that
the transmission circuit impedances are predominantly reactive. The Phase Angle
Regulator injects a quadrature voltage in series with the circuit loop resulting in the
flow of in-phase circulating current. The Voltage Regulator introduces a series in-
phase voltage into the loop, and quadrature current is circulated through the loop
since the impedances are substantially reactive. Thus, the insertion of a PAR in either
tie-line 1 or tie-line 2 in the system of Figure 7.6 can correct the difference in quadrature
voltage drops and can generally control the real power distribution between the lines.
An added Voltage Regulator (separate or embedded in the PAR) can cancel the in-
phase voltage difference and generally control the reactive power flow balance.

Both voltage and angle regulators can clearly provide major benefits for multiline
and meshed systems: the full utilization of transmission assets (decrease of reactive
power flow, control and balance of real power flow) and reduction of overall system
losses through the elimination of circulating loop currents.

7.1.4 lmprovement of Transient Stability with Phase
Angle Regulators

As shown in Chapter 5, controlled shunt compensation increases transient stabil-
ity by increasing (or maintaining) the (midpoint) transmission line voltage during the
accelerating swing of the disturbed machine(s). In Chapter 6, controlled series reactive

(b)
(a)
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P - -v'sin6
P

P' maxX
Amargin

Scrit 7T

(a)

Figure 7.8 Equal area criterion illustrating the transient stability margin for a simple
two-machine system, (a) without phase-angle control and, (b) with the
use of an Phase Angle Regulator.

compensation is shown to improve transient stability by maximizing the power trans-
mission during the first swing through the reduction of the effective transmission
impedance. The capability of the Phase Angle Regulator to maintain the maximum
effective transmission angle during the first swing can also be utilized effectively to
increase the transient stability limit.

The equal area criterion, used in Chapters 5 and 6 to investigate the capability
of the shunt series compensator to improve the transient stability, is used again here
to assess the relative increase of the transient stability margin attainable by transmission
angle control. In this and the subsequent section, an ideal Phase Angle regulator with
characteristics as defined by (7.1) through (7.3) is assumed for uniformity and clarity.

Consider the simple system with a Phase Angle Regulator as shown in Figure
7 .3(a). As for the previously investigated shunt and series compensated systems, it is,

for convenience, also assumed for the case of transmission angle control that the pre-
fault and post-fault systems remain the same. Suppose that the system of Figure 7.3(a),
with and without the angle regulator, transmits the same power P,. Assume that both
the uncompensated and the series compensated systems are subjected to the same
fault for the same period of time. The dynamic behavior of these systems is illustrated
in Figures 7.8(a) and (b). As seen, prior to the fault both systems transmit power P,
at angles 6r and 6o1, respectively. During the fault, the transmitted electric power
becomes zero while the mechanical input power to the generators remains constant,
P,. Therefore, the sending-end generator accelerates from the steady-state angles E1

and 6,1 to angles 62 and 6o2, respectively, when the fault clears. The accelerating
energies are represented by areas ,41 and A6. After fault clearing, the transmitted
electric power exceeds the mechanical input power and therefore the sending-end
machine decelerates. However, the accumulated kinetic energy further increases until
a balance between the accelerating and decelerating energies, represented by areas

At, Aor and 42, Ao2, tespectively, is reached at the maximum angular swings, 63 and
6,3, respectively. The areas between the P versus 6 curve and the constant P. line
over the intervals deflned by angles 6r and 6",11, &rtd D"r and 6asri1, r€spectively, determine
the margin of transient stability, represented by areas A,",gio and Ao u,Ein.

Comparison of Figures 7.8(a) and (b) clearly shows a substantial increase in the
transient stability margin which the Phase Angle Regulator can provide. It is notewor-
thy that in contrast to the shunt and series compensators, which provided the transient

P- #sin(6-o)

E1 62 63 0 6at 6az Dag

(b)
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stability improvement via their inherent capability to increase the steady-state trans-
mission limit of the uncompensated line, the angle regulator achieved that by main-
taining the power transmission at the steady-state limit of the uncompensated line
during the first swing as if the sending-end and receiving-end system were asynchro-
nously connected. The increase of transient stability margin is proportional to the
angular range, and thereby ultimately the VA rating of the Phase Angle Regulator.

It is pointed out again that under practical fault scenarios the pre-fault and post-
fault systems are generally different and that the transient stability requirements would
be established on the basis of the post-fault system.

7.1.5 Power Oscillation Damping with Phase
Angle Regulators

Transmission angle control can also be applied to damp power oscillations. As
explained in the two preceding chapters, power oscillation damping is achieved by
varying the active power flow in the line(s) so as to counteract the accelerating and
decelerating swings of the disturbed machine(s). That is, when the rotationally oscillat-
ing generator accelerates and angle 6 increases (d6l dt > 0), the electric power transmit-
ted must be increased to compensate for the excess mechanical input power. Con-
versely, when the generator decelerates and angle 6decreases (dSldt ( 0), the electric
power must be decreased to balance the insufficient mechanical input power.

The requirements of output control and the process of power oscillation damping
by transmission angle control are illustrated in Figure 7.9. Waveforms at (a) show
the undamped and damped oscillations of angle 6 around the steady-state value fr.
Waveforms at (b) show the undamped and damped oscillations of the electric power
P around the steady-state value &. (The momentary drop in power shown in the
figure represents an assumed disturbance that initiated the oscillation.)

Waveform (c) shows the variation of angle oproduced by the phase shifter. (For
the illustration it is assumed that a has an operating range of -o,"" s o s o,*, and
D is in the range of 0 < 6 < rl2.) when d6ldt > 0, angle o is negative, making the
power versus 6 curve (refer to Figure 7.3) shift to the left, which increases both the

(a)

P

(b) po

Figure 7.9 Waveforms illustrating power os-
cillation damping by phase angle control:
(a) generator angle, (b) transmitted power,
and (c) phase shift provided by the Phase
Angle Regulator.

Undamped

(c)
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angle between the end terminals of the line and the real power transmitted. When
d6ldt < 0, angle ois made positive, which shifts the power versus angle curve to the
right and thus decreases the overall transmission angle and transmitted power.

As the illustrations show, a 'obang-bang" type control (output is varied between
minimum and maximum values) is the most effective if large oscillations are encoun-
tered. However, for damping relatively small power oscillations, continuous variation
of the angle may be preferred.

7.1.6 Summary of Functional Requirements

Phase angle regulators are primarily applied for power flow management, i.e.,
to control line loading and mitigate loop flows. Voltage regulators are used for reactive
power flow and terminal voltage control. Their functional capability is vital for control-
ling real and reactive loop power flows. Voltage regulators also play an important role
in subtransmission and distribution systems in maintaining operating voltage levels.

Phase angle regulators, with appropriate control capability to counteract prevail-
ing machine swings, can improve transient stability and provide power oscillation
damping.

In future flexible ac transmission systems, the functional capabilities of conven-
tional voltage and phase angle regulators, with modern solid-state implementations,
will play an important role in the optimal utilization of the transmission network by
real and reactive power flow management and voltage control.

It will be seen that, analogous to controlled shunt and series compensation, the
above functional requirements can be accomplished by adapting the conventional on
load tap changer concept for fast and unrestricted thyristor control, or by using a new
approach in which switching converters, as voltage sources, are configured to provide
the desired voltage injection for voltage and phase angle regulation.

7.2 APPROACHES TO THYRISTOR.CONTROLLED
VOLTAGE AND PHASE ANGLE REGULATORS
(TCVRS AND TCPARS)

It is shown in Chapters 5 and 6 that there are two basic approaches to modern, power
electronics-based reactive compensators: one that uses conventional thyristors (which
commutate "naturally" at current zeros) to control current in reactive impedances,
and the other that employs turn-off (GTO) thyristors (or similar devices) in switching
power converters to realize controllable synchronous voltage sources. This dual ap-
proach, in a different form, extends also to voltage and phase angle regulators.

As indicated at the beginning of this chapter, voltage and angle regulation are
generally accomplished by in-phase and, respectively, quadrature voltage injection.
Thus, both the conventional thyristor- and GTO-controlled converter-based approaches
insert a controlled voltage between the given bus and the controlled terminal or line.
The major difference between the two is that whereas the thyristor-based approach ob-
tains the insertion voltage from appropriate taps of the regulating ("excitation") trans-
former, the GTO-based approach generates this voltage from a dc power supply. Conse-
quently, the function of the thyristor-based controller in the first approach is that of an
on-load tap-changer: selecting the proper tap of the regulating transformer and injecting
the thus obtained voltage, usually by an insertion transformer, in series with the line.
The function of the GTO-based voltage source is to generate the required voltage and
inject it, also by an insertion transformer, in series with the line. At first sighi, the differ-
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ence between the two approaches appears to be minor. However, it will be seen that the
two approaches result in important operational and performance differences, the most
significant of which is the capability of the voltage-source-based approach to be self-
sufficient in supplying or absorbing the reactive power the voltage or angle regulation
demands. The thyristor-based approach must be supplied externally, usually by the sys-
tem, both the real and reactive power required to accomplish the desired regulation.
Another major difference is in the unrestricted controllability of the injected voltage
which, as is explained in the next chapter, leads to broad, new functional possibilities in
Flexible AC Transmission Systems.

In this section the Thyristor-Controlled Voltage and Phase Angle Regulators
(TCVRs and TCPARs) are discussed and in the following section the converter-based
Voltage and Phase Angle Regulators are introduced as a preparation for the more
general treatment given in Chapter 8.

There are two main reasons for the application of Thyristor-Controlled Voltage
and Phase Angle Regulators instead of mechanical on-load tap changers: One is the
elimination of the expensive regular maintenance and the other is to provide the high
speed of response necessary for dynamic system control.

From the standpoint of the thyristor controller, voltage and angle regulators
operate in the same manner, that is, they provide a voltage with a variable magnitude
from a fixed voltage source. Of course, this is functionally the same as producing a
voltage with a fixed magnitude from a source of variable magnitude. In other words,
the thyristor-controller does not intentionally change the angle of the voltage that it
controls; generally, the voltage at its output is in phase with the voltage applied at its
input. However, it will be seen that voltage regulation based on delay angle control
does result in some angular shift. Thus, whether the regulator arrangement is a voltage
or angle regulator is determined entirely by the transformer winding configuration,
i.e., whether it provides an in-phase or a quadrature voltage input for the thyristor
controller. For this reason, in the following discussions voltage and angle regulators
will not be distinguished and reference will be made only collectively to "regulators."
The thyristor controller used in (voltage and angle) regulators will be referred to
as the thyristor tap changer, analogous to its mechanical counterpart, the on-load
tap changer.

Thyristor tap changers may be configured to provide continuous or discrete level
control. Continuous control is based on delay angle control, similar to that introduced
in Chapter 5 for the TCR. Delay angle control, as seen, inevitably generates harmonics.
To achieve little or no harmonic generation, thyristor tap changer configurations must
provide discrete level control.

The main constituent parts of a thyristor tap changer offering discrete level
control are transformers and the thyristor valves, together with their heat sinks, snub-
bers, and gate-drive control. There are a number of possible configurations capable of
discrete level control with tap step sizes comparable to those generated by conventional
electromechanical units. Some of these arrangements can lead to a reduction in the
number of transformer taps required which usually is advantageous. Figure 7.10 shows
a single line diagram of two basic concepts. one concept, shown in Figure 7.10(a), is
based on n identical windings and bi-directional thyristor bridge circuits to provide
from zero to n voltage steps in either direction, since each bridge circuit can connect
the related transformer winding with either polarity, or can bypass it. The other
concept, shown in Figure 7.10(b), is based on ternary progression: the transformer
windings and the voltage ratings of the thyristor bridges are proportioned in the ratio
of 1 :3:9:. . . and the number of steps, n, in one direction is given with the number
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(a)

(b)

Figure 7.10 Basic thyristor tap-changer configurations: (a) identical windings and

thyristor valve ratings, (b) windings and thyristor valve voltage ratings

in ternary progression.

of windings, /, by the expression n : (3t*I)12. Thus, the three-winding arrangement
illustrated in Figure 7.10(b) has 13 steps in each direction.

Structurally, the thyristor tap changer can be further simplified if continuous
voltage control is implemented by using phase-delay angle control. Figure 7.1L shows

a single line diagram of the basic approach. The two thyristor valves employed need
only be rated according to maximum percentage voltage regulation required. However,
as indicated earlier, such schemes giving continuous control suffer from two drawbacks:
they create harmonics of the supply frequency in their terminal voltage and implemen-
tation of their control for all load power factors is relatively complex. The output of
a continuously controlled regulator contains, in a single-phase case, all odd order
harmonics of the system frequency. In the three-phase case, with identical loads and
control settings on all three phases, it contains the usual six-pulse type harmonics of
the order of (6rn + 1), where m is any integer from L to oo. If the loads or control
settings are not identical on all three phases, then the harmonic content for the three-
phase case becomes identical, relative to frequency components present, to that for
the single-phase case.

In all the above approaches where thyristors are to be used in utility applications,
the devices must tolerate the fault currents and transient voltages endemic to utility
systems. Thus, the number of thyristors required for a voltage regulator application
is heavily influenced by the actual transient voltages and currents occurring during
surges and faults. Consequently, specification requirements and protection arrange-
ments can significantly impact the equipment cost.

-:---:=
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Figure 1,LL Basic thyristor tap-changer cir-
cuit configuration for continuous (delay
angle) control of the output voltage.

7.2.1 Continuously Controllable Thyristor Tap Ghangers

There are a number of possible thyristor tap changer configurations which can
give continuous control with varying degrees of circuit complexity. The basic power
circuit scheme of a thyristor tap changer considered here is shown in Figure 7.11. and
repeated in Figure 7.12for convenience. This arrangement can give continuous voltage
magnitude control by initiating the onset of thyristor valve conduction. Consider Figure
7.I2 and assume that a resistive load is connected to the output terminals of the
thyristor tap changer. This load of course could be the line current in phase with the
terminal voltage. The two voltages obtainable at the upper and lower taps, u2 and u1,
respectively, are shown in Figure 7.12(a). The gating of the thyristor valves is controlled
by the delay angle a with respect to the voltage zero crossing of these voltages. For
example, Figure 7.12(b) shows that at d : 0, at which, in the present case of a resistive
load, the current crosses zero and thus the previously conducting valve turns off, valve
,rrv1 turns on to switch the load to the lower tap. At a : @1, valve sw2 is gated on,
which commutates the current from the conducting thyristor valve sw1 by forcing a
negative anode to cathode voltage across it and connecting the output to the upper
tap with voltage u2. Yalve sw2 continues conducting until the next current zero is
reached (in the present case, the next current zero coincides with the voltage zero
crossing, a : 0), whereupon the previous gating sequence continues, as shown by the
load voltage waveform in Figure 7.12(b).Inspection of this waveform indicates that,
by delaying the turn-on of sw2 from zero to r, any output voltage between u2 zr,d u1

can be attained.
Fourier analysis of the output voltage waveform for an idealized continuously

controlled thyristor tap changer, operating between voltages u1 and u2 with resistive
load and delay angle a with respect to zero crossing of the voltage, can be easily
carried out, yielding the following expressions for the fundamental component:

Vof :Ial+ b?

&)

(7.11)

(7.12){"f : tan-1
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Figure 7.12 Output voltage waveform of the delay angle controlled thyristor tap

changer supplying a resistive load.

where Vo1 is the amplitude of the fundamental and t!"1is the phase angle of the

fundamental with respect to the unregulated voltage and

(a)

ac source

aI :(ry) ('o' 2a-r)

bt:v,*(ryX'-a.Y)
(7.13)

(7.14)

The variation of amplitudeVoland angle $6of the fundamental voltage V,.," with delay

angle a for an assumed +10qo rcgulation range (V: 0.9 andV2: 1.1 p.u.) is shown

in Figure 7.13.It is to be noted that, as Figure 7.13 and (7.11) through (7.1a) indicate,
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Figure 7.!i Variation of the amplitude and phase-angle of the fundamental output

voltage obtained with a delay angle controlled thyristor tap changer

supplying a resistive load.
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Figure 7.L4 Amplitude variation of the dominant harmonics vs. the delay angle
present in the output voltage of a controlled thyristor tap changer
supplying a resistive load.

the fundamental component of the regulated output (load) voltage generally lags the
unregulated supply voltage in the range of 0 < q. s 7T, even with the assumed unity
load power factor (resistive load). The maximum phase shift is in the vicinity of a :
90o and it is proportional to the regulation range. (In the present case, ry',troo :7.3..)

The harmonics in the output voltage can be expressed in the following way:

(7.rs)

(7.16)

(7.r7)

where n : 2k * 1 and k : 1,2,3,...
Figure 7.14 shows the dominant harmonic components as a percentage of the

nominal fundamental output voltage (V + Vz)12 for the stipulated iap voltage differ-
ence (v2 - vt) : 0.2 p.u. which, as mentioned, corresponds to a ir\vo regulation
range. The amplitudes of the harmonics at any given a are of course proportional to
the regulation range; for example, with a +20vo rcgulation range, ihe amplitudes
plotted in Figure 7.14 would double. As the amplitude plots and the waveshape of
the output voltage in Figure 7.12(b) show, the maximum third harmonic distortion
occurs at a delay angle of 90 degrees, and the maximum fifth harmonic at a delav
angle of 120 degrees.

In order to operate the continuously controllable thyristor tap changer properly
with reactive (inductive or capacitive) loads, certain rules regarding the conduction
and commutation of the thyristor valves need to be established. Consider the basic
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Figure 7,15 Output voltage waveform of the delay angle controlled thyristor tap

changer supplying a purely inductive load.

power circuit of the thyristor tap changer with fully inductive load, as shown in Figure
7.15. In this figure the unidirectional thyristor valves capable of conducting only
positive or only negative current are labeled individually. That is, the "positive" valve
at the lower tap labeled "A," the negative one labeled "B" and, similarly, at the
upper tap the "positive" valve is labeled "C" and the "negative" labeled '0D." The
voltages at the upper and lower taps, together with an inductive load current of
arbitrary magnitude for reference, are shown at Figure 7.15(a).

Assume a sequence of operation similar to that shown for resistive load, i,e.,

changing first from the upper to the lower tap, and then from the lower to the upper
tap, to be carried out during the positive half-cycle of the supply voltage. It can be

observed that at a : 0 the inductive load current is negative and, consequently,
thyristor valve D of the upper tap must be conducting. Thus, in the interval of zero
voltage (o : 0) to zeto current, which is, without harmonics, at at : rl2, commutation
to the lower tap is possible by turning on thyristor valve B of the lower tap. This
action will impose a negative anode to cathode voltage on D, forcing it to turn off.
In the subsequent interval of the positive voltage half-cycle, i.e., from current zero
crossing to the next voltage zero crossing, the current is positive so either thyristor
valve A or C could be gated on, but commutation would be possible only from valve
A to C. Turning on valve C would impose a negative anode to cathode voltage on A
to turn it off, but C would stay in conduction until the natural current zero crossing

is reached because C is connected to the highest tap voltage available. These observa-

tions are summarized and extended also to the negative half-cycle, of the supply
voltage in Tables 7.1. and 7.2.

From the above information it can be seen that in positive time progression from
voltage zero to current zero in any half-cycle, when the thyristor tap changer is

supplying a resistive load, only one tap change, from lower to the upper tap, can take
place. This is because the voltage and current zeros for resistive load coincide, allowing

"N 
V,1



284 Chapter 7 t Static Voltage and Phase Angle Regulators: TCVR and TCpAR

TABLE 7.1 Positive Half-cycle of the Input voltage

Time Period Valve(s) Conducting Permissible Tap Change

Voltage zero to current zero
Current zero to volta ge zero

DtoB
AtoC

only one commutation from lower to higher voltage in each half-cycle. However,
during this same time period, there is, for an inductive load, also a permissible and
achievable tap change from upper to lower tap, that is, from thyrisior D to B and
from thyristor C to A in the positive and the negative half-cycles, respectively. This
can be explained as follows. During the positive half-cycle oi the voltage *uulfor1;1,
from the voltage zero to the current zero, the load current flows against the input
voltage. If during this time thyristor valve B is turned on, the positive inter-tap voltage
will commutate valve D and load voltage will change from u2 to u1. Similar consideri-
tions apply to thyristor valves C and A during the negative half-cycle of the input
voltage. It is clear that in each cycle two tap-changing operations can be performld.
Between voltage zero and current zeto, a tap change can occu, from upper to lower
tap and between current zeroto succeeding voltage zero a tap change can occur from
lower to upper tap. Thus, by using two tap changes per half-cycle, control over the
entire half-cycle can be achieved as shown in Figure 7.15(b). Tap change D to B or
c to A, controlled by delay angle a1, can occur at any angle from the voltage zero to
the current zero,i.e., in the interval0 < o.r= 6 (dis the load angle), and then tap
change A to c or B to D, controlled by delay angle a2 can occur at any angle from
current zero to voltage zeto,i.e., in the interv al 0 - ezs r,in positive time progression.
Since there now are two tap changes per half cycle and appropriate valves are iequired
to be gated as the current passes through zero, the control process becomes more
complex than that required for a purely resistive load. Note that as the load power
factor approaches unity, the interval for a1, 0 = a, < @, diminishes and the interval
for a2, Q = or, = z, stretches over the whole half-cycle, from zero to n. In other words,
at a unity power factor (resistive) load, dr : 0 and a2 : a.

The above considerations can be extended to the case where the continuouslv
controllable thyristor tap changer has a purely capacitive load as shown in Figure 7.16.
The capacitive load here is assumed to be capacitive at supply frequency only, and
highly inductive to all harmonics, in order not to terminate thilhyristor controller with
a voltage source at both terminals. With a control strategy similario that established for
inductive load, that is, when the load current flow is opposite to the supply voltage
polarity [see Figure 7.16(a)], gating of appropriate lowlr tap thyristor-vaive tak"es
place to achieve commutatiol fu- the upper tap to the lowei tap, then 1g0 degrees
continuous control can be obtained over each half-cycle. Figure 7.1,6(b) showl the
load voltage waveform with such a control employed. The iap changes can occur
anywhere in the time periods indicated by arrows.

TABLE 7.2 Negative Half-Cycle of the Input Voltage

Time Period Valve(s) Conducting Permissible Tap Chan 
= 

.

D
A,C

Voltage zero to curre nt zero
Current zero to volta ge zero

C
B,D

CtoA
BtoD



Section 7.2 I Approaches to TCVRs and TCPARs 285

Note: Zc(u\ = 0) = 0)f

Zc@)=@ at o*us

Figure 7.L6 Output voltage waveform of the delay angle controlled thyristor tap

changer supplying a purely capacitive load.

It is clear that, with an appropriate control providing correct thyristor firing
sequence and correct timing of tap change, it is possible to operate a continuously

controllable thyristor tap changer into loads of any phase angle and maintain L80

degree control. A possible basic structure for the internal control of the continuously

controllable thyristor tap changer is shown in Figure 7.17. As shown, this control is

based on the detection of the voltage and current zero crossing points, which determine

the achievable thyristor commutation and define the control intervals for the delay

angles a1 and a2 for all possible load power factors. The delay angle is usually controlled
directly by a closed regulation loop to maintain the regulated voltage at a given

reference value. This schematic block diagram intends to provide only the conceptual

control functions, the implementation of which may require sophisticated circuitry
with auxiliary functions not shown in the simple block diagram. For example, precise

and reliable sensing of voltage and current zeros in the presence of superimposed

harmonics, switching transients and other nonfundamental voltage components re-

sulting from disturbances may require the implementation of sophisticated filters and

estimation routines in the control.
From the preceding analysis the implications of the two major disadvantages

resulting from the use of a delay angle controlled thyristor tap changer to achieve

continuous control, become clear. First, the fundamental component of the terminal
voltage is phase shifted from the source (bus) voltage by an amount depending on

the gating angle a oI oo 01, a2, airrd @, the load phase angle, and the direction of this

phase shift depends on the load phase angle. This can lead to significant problems in
lransmission applications where even small arbitrary phase shifts can have serious

consequences in an interconnected ac network. Thus, the thyristor tap changer with
delay ingle control is more likely to be applied as a voltage regulator in distribu-

tion syst-ms than as a more general, voltage and angle regulator in transmission

svstems.

(a)

hat

v2 , Upper tap

-,,/ 
voltage
Lower tap

B
ac source



286 Chapter 7 I Static Voltage and Phase Angle Regulators: TCVR and TCpAR

VR.t
<-- Tap changer internal control 

--->
Figure 7.17 Basic Internal Control scheme for the delay angle controlled thyristor

tap changer.

Second, the low-order harmonics can have magnitudes, even for small values of
inter-tap voltages, which may be unacceptable in many utility applications. Thus, an
output harmonic filter is almost certainly required for a continuously controlled thyris-
tor lap changer applied in a utility environment. The output filters add to the loading
of the thyristor tap changer, increase the cost, and may introduce undesirable reso-
nances to the ac system. These problems can be avoided by using discrete level con-
trol.

7.2.2 Thyristor Tap Changer with Discrete Level Control

The problems associated with a continuously controllable thyristor tap changer
can be avoided with the application of discrete level voltage control 

"-ptoy"dinconventional electromechanical tap changers. With discrete level controi ttt! tup-
changing function can be achieved without introducing harmonic distortion or undesir-
able phase shifts and without the control complexities associated with continuous
control. The choice of power circuit is decided by performance requirements and cost.
Two possible circuit configurations are discussed next.

A conceptually simple tap-changing configuration is shown in Figure 7.1g. In
this scheme each winding section is bridged by four bi-directional thyristor valves,
and thus may be inserted in the outside (transmission line) circuit in iither polarity
or b;'passed, giving 0 to -r vvolts availability invln steps. If 16 equal secti,ons arl
used to give 33 steps capability over I/ volts with current rating 1, then the total
required thyristor valve rating is (V116 x 64)I : 4 VI (or some multiple thereof to
accommodate over-voltages and surge currents). It should be noted that with this
rating the actual voltage control range is 2 V and thus the ratio of controlled VA

Voltage and
current zero

detector

Error
amplifier

(Pl controller)

Delay angle
generator

Gate pulse
generator
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Load

Figure 7.18 Thyristor tap changer using equal
winding sections for discrete level voltage

control.

range to valve VA rating is only two. However, it is also important to recognize that
the thyristor tap changer, in contrast to the previously considered shunt and reactive
compensators, can neither generate nor absorb reactive power. The reactive power

supplied to or absorbed from a line when it injects in phase or quadrature voltage
must be absorbed by or supplied to it by the ac system. For this reason, both the
series insertion and shunt regulating transformers must be fully rated for the total VI
product (injected voltage times line current). Furthermore, a tap changer, particularly
that with a significant quadrature voltage injection for angle regulation, cannot readily
be applied without external var support at connection points remote from generation,
since the reactive voltage drop across the line impedance due to the increased line
current will oppose the increase of power transfer intended.

The circuit configuration shown in Figure 7.18 also has some practical disadvan-

tages. The winding must be broken into n equal sections for 2n * 1 total number of
required steps, and 4 X n thyristor valves (of which only 2n are operating at any given

time) are used. A major problem with this is the difficulty of producing a transformer
with n small and isolated winding sections, with 2n leads coming from the winding
structure. Another disadvantage of this configuration is that at lower system voltages,

i.e., smaller controlled voltage V, the voltage per winding section becomes much lower
than the minimum economic voltage application point of power thyristors currently
available. Consider, for example, control of lOVo of a nominal 115 kV system. The

total controlled voltage is 11500 V, and if n : 16 for 33 steps, then voltage per section
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Load

Figure 7.L9 Thyristor tap changer using ter-
nary proportioned winding sections for dis-
crete level voltage control.

is only 715 V r'm.s. or 1011 V peak-considerably below the voltage rating of presently
available high-power thyristors (typically 6 to 8 kV).

A possible approach to solving the above practical problems, proposed by Giith
with others in 1981, is to use nonidentical winding sections with winding turns incieasing
in geometrical progression, as illustrated in Figure 7.19. With the previ,ously introducel
1"^.1$y, windings, proportioned 1 :3:9, a total of 27 steps can be obtainid with only
12bi-directional thyristor valves (of different voltage ratings). The total rating of the
valves is the same as that of the previous scheme, 4 VI (wiich, as indicated a6ove, is
equal to twice the controlled VA range), and also half of the total number of valves,
i.e., 6 out of 12, operating at any given time. The thyristors for higher voltage sections
are fully utilized, while those for the smallest voltage section may still be operating
below the minimum economic voltage level. The piactical problems of transformer
winding are also much reduced. However, the stru-ture of athyristor controller with
progressively larger (higher voltage) valves increases both complexity and cost. The
number of obtainable voltage steps is also reduce d, to 27. (The number of steps
obtainable can, of course, be increased to 81 by extending the winding urrurrg"rrr"nt
to four winding sections proportioned 1 :3 : 9:27. 'this will increase the number of
valves to 16 but the total volt-ampere rating of the valves will remain 4 vL) otcourse.
the ternary progression type arrangement does not alter the above cited shortcomine
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Figure 7.20 (a) Voltage regulator employing a thyristor tap changer using ternary
proportioned winding sections for discrete level voltage control.

of all thyristor tap changers: their inherent inability to supply or absorb reactive power.
From the review of the equal and ternary progression type discrete level tap

changers, it appears that the arrangement using equal, isolated, winding sections will
probably be uneconomical except for very high voltage application; even in that case,

the increased complexity of transformer connections and winding construction will
likely make it less attractive than the 1:3:9 (:27) configuration. This leads to the
conclusion that the most practical configuration for discrete level voltage control
in utility applications is probably the ternary progression arrangement using 1 :3:9
transformer winding sections that gives 27 steps with 12 thyristor valves.

A thyristor-controlled voltage regulator and a thyristor-controlled phase angle
regulator scheme are shown in Figures 7.20(a) and (b) respectively, for the 1:3:9
transformer winding arrangement to provide discrete level control.

7.2.3 Thyristor Tap Changer Valve Rating Considerations

The number of thyristors required in a tap changer for a given application is
determined by the operating voltage and consequent transient voltage exposure of
the valves, and the operating current and consequent fault current exposure.

Transient fault current exposure is the governing factor in determining the maxi-
mum permissible steady-state current rating of thyristors used in a thyristor tap changer
because the highest junction temperatures seen by the devices occur under fault
conditions. The surge current rating of a thyristor exposed to only a single conduction
period of fault current and then required to block full voltage is less than that of a
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Figure 7.20 (b) Phase Angle Regulator employing a thyristor tap changer using
temary proportioned winding sections for discrete level voltage control.

thyristor exposed to several conduction periods, but not required to block voltage
thereafter. In addition, if the thyristor valves are to act as fault interrupting devices,
they will need to be designed for full ac system voltage, and not the inter-tap voltage,
thus resulting in a considerable increase in the number of thyristors needed. A much
better alternative is to have thyristor valves designed only for tap voltage and use a

conventional electromechanical breaker for fault clearing. The thyristors must, in this
case, withstand the fault current until the system breaker clears the fault (typically 4
to 8 cycles). However, if a breaker is used to clear the fault, then the thyristors will
not be required to block any voltage following the final extinction of the fault current.
Under all circumstances, thyristor surge current capability can have a significant impact
on the final cost of a thyristor tap changer, the main factor being the fault current to
steady-state current ratio the application requires.

The required voltage rating of thyristor valves is determined not by steady-
state operating conditions, but by the transient voltages occurring during surges. The
transient voltage ratios (ratio of peak transient voltage to peak normal operating
voltage) that can be obtained with the MVO arresters is about 2.5. Thus the thyristor
valves would have to be rated nominally for about 2.5 times the peak steady-state
voltage.

7.3 SWITCHING CONVERTER.BASED VOLTAGE AND
PHASE ANGLE REGULATORS

The concept of a synchronous voltage source (SVS) has been introduced in Chapters
5 and 6 and shown that a voltaee-sourced converter exhibits the characteristics of a
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Figure 7.21 Synchronous Voltage Source used for voltage regulation, "quadrature
boosting" and phase angle regulation.

theoretical SVS: it can produce a substantially sinusoidal output voltage at the funda-
mental frequency with controllable amplitude and phase angle and can self-sufficiently
generate reactive power for and exchange real (active) power with the ac system (if
the real power is supplied to it at its dc terminals). In Chapter 6 such a synchronous

voltage source is applied as a series reactive compensator to inject a controllable
voltage in quadrature with the line current. It is shown that such a compensator, when
appropriately supplied with dc power, can also provide compensation for the resistive
voltage drop across the line by injecting a voltage component that is in phase with
the line current. At the beginning of this chapter the conceptual possibility of voltage
regulation and phase angle control with a series-connected in-phase and quadrature
voltage source (see Figures 7.1 and7.2) is explained. Therefore it should be plausible
that a converter-based SVS with controllable amplitude V, and phase angle ry' can be
used for voltage and phase angle regulation, as illustrated in Figure 7.2!, by setting

t:0and Q: * rl2(quadraturebooster)or Q: -+(n I o)l2,where oisthe desired
angular phase shift produced by the injection of voltage phasor V"exi'!.

The synchronous voltage source used as a voltage or angle regulator will generally
exchange both real and reactive power as illustrated in Figure 7.22where the in-phase
and quadrature components of an assumed load current with respect to the voltage
inserted for voltage regulation, quadrature boosting and ideal phase angle control are
shown together with the corresponding expressions for the real and reactive power
the SVS exchanged. It can be observed that, particularly for phase angle control, the
reactive power demand on the SVS is generally a significant, and often the dominant
portion, of the total VA : V"I throughput. The SVS, in contrast to a thyristor tap
changer, has the inherent capability to generate or absorb the reactive power it ex-
changes. However, it must be supplied at its dc terminals with the real power portion
of the total VA demand resulting from the voltage or angle regulation.

Depending on the application, the voltage regulation or phase angle control
may require either unidirectional or bi-directional real power flow. In the case of
unidirectional real power flow (the voltage injection at the ac terminals only supplies

real power), the real power could be supplied from the ac system by a relatively simple
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Figure7.22 Phasor diagrams showing the real and reactive power the Synchronous
Voltage Source exchanges when operated as a Voltage Regulator,
Quadrature Booster, and Phase Angle Regulator.

line-commutated ac-to-dc thyristor converter (the type discussed in Chapter 4), as
shown in Figure 7.23(a).If the application requires bi-directional power flow (the ac
voltage injection supplies and absorbs real power under different operating conditions),
the power supply must be "regenerative," capable of controlling the flow of current
in and out of the dc terminal of the injection converter. Although there are various
ac-to-dc converter arrangements to do this, the back-to-back voltage-sourced converter
arrangement, shown in Figure 7.23(b), may be the best from the standpoint of unifor-
mity, flexibility, and performance. The reader should note that the di power supply
for the voltage source type implementation of the voltage and angle regulator fuinffs
the same function as the excitation transformer for its more conventionai counterparts
employing a thyristor tap changer. It should also be noted that the rating of the dc
power supply (shunt transformer and ac-to-dc converter) is, particularly for angle

Rating:P" Rating: P"

(a) (b)

Figure 7.23 Realization of a Synchronous Voltage source (a) for supplying active power
and (b) for supplying and absorbing real power.

lca Ica

Line-
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regulators, appreciably lower than that of the ac excitation transformer since it is
rated only for the real power portion of the total VA exchanged through the series
voltage injection.

The internal capability of the voltage-sourced converter to generate reactive
power is a significant advantage in both voltage and phase angle regulation applications.
This is because the ac system has to supply only the real power demand of the
regulation and consequently it is not burdened by the transmission of reactive power,
the corresponding voltage drops, and resultant line losses if the regulator is remotely
located. The self-sufficiency of the regulator to supply reactive power is also important
to avoid voltage collapse. The action of the converter-based voltage regulator to
maintain load voltages in the face of decreasing system voltage does not result in
increased reactive line current and the corresponding voltage drop which may result
in degenerative voltage collapse.

More generally, the arrangement of the back-to-back voltage-sourced converter
has broad possibilities for the implementation of extremely powerful FACTS Con-
trollers with multiple and convertible functional capabilities. These include voltage
regulation and phase-angle control in addition to combined real and reactive series
and shunt compensation of transmission lines. These generalized Controllers are the
subjects of Chapter 8 and the converter-based voltage and angle regulators are, within
that broader scope, further discussed there with respect to functional operation, power
circuit structures and control.

7.4 HYBRID PHASE ANGLE REGULATORS

The hybrid phase angle regulator is a combination of two (or more) different types
of phase angle regulators to achieve specific objectives at a minimum cost. For example,
a mechanical tap-changer type phase angle regulator may be combined with a continu-
ously controllable, fast voltage source type angle regulator, as illustrated in Figure
7.24.In this arrangement the mechanical tap changer would provide the quadrature
voltage injection as needed to maintain the required steady-state power flow. The
voltage source converter would provide superimposed dynamic phase angle control
during and following system disturbances. This hybrid arrangement can be highly cost
effective if the steady-state flow control requires only relatively large, infrequent (daily
or seasonal) angular changes for an inter-area tie or other line with inadequate dynamic
stability for which a converter with relatively small rating could provide effective
oscillation damping.

The above concept can be extended to the combination of thyristor tap-changer
type and voltage source converter type angle regulator to achieve a different objective.
For example, the discrete level voltage regulator with n identical transformer windings
and thyristor valve arrangements (Figure 7.18) can be made simple and economically
attractive by reducing n to a manageable number (e.9., four). Of course, with that small
number of winding sections, the size of the injected voltage step, and the corresponding
angular change, would become too large. However, adding to this arrangement a
continuously controllable converter type angle regulator with only +12.57o control
range (i.e., one-half of the control range of a single winding section) in a similar
manner as shown for the mechanical tap changer in Figure 7.24, the output of the
thus obtained hybrid regulator could be controlled continuously, and rapidly, in the
total range of -1,12.5 to +172.5Vo. The converter should operate in a somewhat wider
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Figure 7.24 Hybrid Phase Angle regulator scheme using a mechanical tap changer

with a voltage-sourced converter-based Phase Angle Regulator.

range than !I2.5Vo in order to provide some hysteresis to prevent undefined switching
at the midpoint voltage of a winding segment.
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Combined Compensators:
Unified Power Flow

Controller (UPFC) and
Interl ine Power Flow

Controller (IPFC)
8.1 INTRODUCTION

In the previous three chapters, Controllers acting individually on one of the three

transmission line operating parameters which determine the transmitted power (volt-
age, impedance and angle) have been discussed. It has been shown that there are two
distinctly different technical approaches to the realization of these controllers, both
resulting in a comprehensive group of controllers able to address targeted transmission
system compensation and control problems'

The first group employs reactive impedances and tap-changing transformers with
conventional thyristor valves (switches) as controlled elements. This group, the Static
Var Compensator (SVC), Thyristor-Controlled Series Capacitor, and Thyristor-Con-
trolled Voltage and Phase Angle Regulators (TCVR and TCPAR) as illustrated in
Figure 8.1, is similar in circuit configuration to the breaker-switched capacitors, reactors
and mechanical tap-changing transformers, but have a much faster response and are

operated by sophisticated controls.
The second group employs self-commutated, voltage-sourced switching convert-

ers to realize rapidly controllable, static synchronous voltage sources. The operation
and performance of this group, as illustrated in Figure 8.2, include the Static Synchro-
nous Compensator (STATCOM), Static Synchronous Series Compensator (SSSC),

and the Static Synchronous Voltage and Angle Regulators, are analogous to those

characterizing ideal synchronous machines, providing almost instantaneous speed of
response and control characteristics which are independent of system voltage (shunt

operation) and current (series operation). The reader should note that the terms

"synchronous voltage regulator" and "synchronous angle regulator" are not commonly

used since these functions are usually combined with others within the same controller.
The most significant difference between the approaches is related to the capability

to generate reactive power and exchange real power. In the first group these capabilities

are separated: the controllers are either reactive compensators (i.e., SVC and TCSC),
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Figure 8.1 Group of conventional thyristor-controlled FACTS Controllers.

which are unable to exchange real power with the ac system (ignoring losses) or
regulators (i.e., TCVR and TCPAR), which can exchange real (and reactive) power,
but are unable to generate reactive power and thus cannot provide reactive compensa-

tion. The second group of controllers has the inherent capability, like a synchronous
machine, to exchange both real and reactive power with the ac system. Furthermore,
this group automatically generates or absorbs the reactive power exchanged and thus

:'ryD ))rffi] | |rt I ltlkJ+rl I t
I-Ft-{FJ 16 lr

Static synchronous
compensator (STATCOM)

ffi"4
Static synchronous series

compensator (SSSC)
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SVS-based phase angle regulator

I 
v*"g

-LIAV
SVS-based voltage regulator

Figure 8.2 Group of voltage-sourced converter-based FACTS Controllers.
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provides reactive compensation without ac capacitors or reactors. However, the real
power exchanged must be supplied to them, or absorbed from them, by the ac system
(or an independent energy source or storage).

In Chapters 5 and 6 the STATCOM and SSSC, each implemented by a voltage-
sourced converter operated as a synchronous voltage source, is shown to provide
effective voltage and power flow control, respectively, in a self-sufficient manner by
internally generated shunt and series reactive compensation. However, it is seen in
Chapter 7 that voltage and phase angle control generally involves the exchange of
both reactive and real power with the ac system. Thus, in general, unrestricted Voltage
and Phase Angle Regulators need to operate in all four quadrants of the complex
P + jQ plane. As shown, this requirement can be realized with two voltage-sourced
converters, one operated in series and the other in shunt with the transmission line from
a common dc capacitor in back-to-back connection. The series converter providing the
regulation exchanges the total VA corresponding to the injected series voltage and
the prevailing line current. It also internally generates the reactive power component
of the total VA but transfers the separated real power component to the common dc
link. It is the shunt converter's function to supply to or absorb from the dc link this
real power component and transfer it back to the ac system bus that feeds the transmis-
sion line. Thus, with the real power support of the shunt converter, the series converter
can be operated, within its VA rating, as an ideal ac generator capable of supplying
or absorbing both real and reactive power. It is easy to visualize that this arrangement,
beyond voltage regulation and angle control, represents a potentially powerful and
highly effective FACTS Controller with not only a full four quadrant operating capabil-
ity in the complex P + jQ plane, but also with an internal var generation capability
to support self-sufficiently the reactive power demand in any quadrant. Indeed, as will
be shown, the back-to-back voltage-sourced converter arrangement, representing a
general ac-to-ac converter with full four-quadrant operation at both ac terminals,
provides the basic implementation tool for unique, multifunctional FACTS Con-
trollers.

The objective of this chapter is to investigate the application potential of multi-
functional FACTS Controllers based on the back-to-back voltage-sourced converter
arrangement. This arrangement offers three basic possibilities. In the first Controller
one converter of the back-to-back arrangement is in series and the other is in shunt
with the transmission line. This arrangement in transmission applications is, for reasons
explained later, generally referred to as the Unified Power Flow Controller (UPFQ.
This UFFC identification is quite universal for this arrangement, although the UPFC,
like the STATCOM and SSSC, could be implemented by a variety of different switching
converters. In the second Controller both converters of the back-to-back arrangement
are connected in series with, usually, a different line. This arrangement is referred to
asthe Interline Power Flow Controller (IPFC).In the third Controller both converters
are connected in shunt, each with a different power system. This arrangement functions
as an asynchronous tie, sometimes referred to as a back-to-back STATCOM tie. In
the following two major sections, the UPFC and IPFC are discussed in detail. The
subject of the STATCOM tie is analogous to the back-to-back HVDC and is not
treated in this book.

8.2 THE UNIFIED POWER FLOW CONTROLLER

The Unified Power Flow Controller (UPFC) concept was proposed by Gyugyi in 1991.
The UPFC was devised for the real-time control and dynamic compensation of ac
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300 Chapter 8 I Combined Compensators: UPFC and IPFC

transmission systems, providing multifunctional flexibility required to solve many of
the problems facing the power delivery industry. Within the framework of traditional
power transmission concepts, the UPFC is able to control, simultaneously or selectively,

all the parameters affecting power flow in the transmission line (i.e., voltage, imped-

ance, and phase angle), and this unique capability is signified by the adjective "unified"
in its name. Alternatively, it can independently control both the real and reactive
power flow in the line. The reader should recall that, for all the Controllers discussed

in the previous chapters, the control of real power is associated with similar change

in reactive power, i.e., increased real power flow also resulted in increased reactive

line power.

8.2.1 Basic Operating PrinciPles

From the conceptual viewpoint, the UPFC is a generalized synchronous voltage

source (SVS), represented at the fundamental (power system) frequency by voltage
phasor Vrowith controllable magnitude V* (0 = Vpq 3 Vpq *) and angle p (0' p'
2n),in series with the transmission line, as illustrated for the usual elementary two-
machine system (or for two independent systems with a transmission link intertie) in
Figure 8.3. In this functionally unrestricted operation, which clearly includes voltage

and angle regulation, the SVS generally exchanges both reactive and real power with
the transmission system. Since, as established previously, an SVS is able to generate

only the reactive power exchanged, the real power must be supplied to it, or absorbed

from it, by a suitable power supply or sink. In the UPFC arrangement the real power

exchanged is provided by one of the end buses (e.g., the sending-end bus), as indicated

in Figure 8.3.
In the presently used practical implementation, the UPFC consists of two voltage-

sourced converters, as illustrated in Figure 8.4. These back-to-back converters, labeled

"Converter 1" and "Converter 2" in the figure, are operated from a common dc link
provided by a dc storage capacitor. As indicated before, this arrangement functions

as an ideal ac-to-ac power converter in which the real power can freely flow in either

direction between the ac terminals of the two converters, and each converter can

independently generate (or absorb) reactive power at its own ac output terminal.
Converter 2 provides the main function of the UPFC by injecting a voltage Voo

with controllable magnitade Vro and phase angle p in series with the line via an

insertion transformer. This injected voltage acts essentially as a synchronous ac voltage

.€.)
T>

Vx
<-

Qpq

Vseff=Vt+Vpq

Figure 8.3 Conceptual representation of the UPFC in a two-machine power system.
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Figure 8.4 Implementation of the UPFC by two back-to-back voltage-sourced con-
verters.

source. The transmission line current flows through this voltage source resulting in
reactive and real power exchange between it and the ac system. The reactive power
exchanged at the ac terminal (i.e., at the terminal of the series insertion transformer)
is generated internally by the converter. The real power exchanged at the ac terminal
is converted into dc power which appears at the dc link as a positive or negative real
power demand.

The basic function of Converter 1 is to supply or absorb the real power dernanded
by Converter 2 at the common dc link to support the real power exchange resulting
from the series voltage injection. This dc link power demand of Converter 2 is converted
back to ac by Converter L and coupled to the transmission line bus via a shunt-
connected transformer. In addition to the real power need of Converter 2, Converter
1 can also generate or absorb controllable reactive power, if it is desired, and thereby
provide independent shunt reactive compensation for the line. It is important to note
that whereas there is a closed direct path for the real power negotiated by the action of
series voltage injection through Converters I and2 back to the line, the corresponding
reactive power exchanged is supplied or absorbed locally by Converter 2 and therefore
does not have to be transmitted by the line. Thus, Converter 1 can be operated at a
unity power factor or be controlled to have a reactive power exchange with the line
independent of the reactive power exchanged by Converter 2. Obviously, there can
be no reactive power flow through the UPFC dc link.

8.2.2 Conventional Transmission Gontrol Capabilities

Viewing the operation of the Unified Power Flow Controller from the standp,oint
of traditionat po*"? transmission based on reactive shunt compensation, series 8om-
pensation, and phase angle regulation, the UPFC can fulfill all these functions and

thereby meet multiple control objectives by adding the injected voltage Vro, with
appropriate amplitude and phase angle, to the (sending-end) terminal voltage 7". Using

L vvPqv+
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phasor representation, the basic UPFC power flow control functions are illustrated in
Figure 8.5.

Voltage regulation with continuously variable in-phase/anti-phase voltage injec-
tion, is shown in Figure 8.5(a) for voltage increments V* : -+ 6y (p : 0). As shown
in Chapter 7, this is functionally similar to that obtainable with a transformer tap
changer having infinitely small steps.

Series reactive compensation is shown in Figure 8.5(b) where V*: Vois injected
in quadrature with the line current.L Functionally this is similar to series capacitive
and inductive line compensation attainedby the SSSC in Chapter 6: the injected series
compensating voltage can be kept constant, if desired, independent of line current
variation, or can be varied in proportion with the line current to imitate the compensa-
tion obtained with a series capacitor or reactor.

Phase angle regulation (phase shift) is shown in Figure 8.5(c) where Vw: Vn
is injected with an angular relationship with respect to % that achieves the desired o
phase shift (advance or retard) without any change in magnitude. Thus the UPFC can
function as a perfect Phase Angle Regulator which, as discussed in Chapter '1 , can
also supply the reactive power involved with the transmission angle control by internal
var generation.

Multifunction power flow control, executed by simultaneous terminal voltage
regulation, series capacitive line compensation, and phase shifting, is shown in Figure
8.5(d) where Voo: LV + Vq + 7". This functional capability is unique to the UPFC.
No single conventional equipment has similar multifunctional capability.

The general power flow control capability of the UPFC, from the viewpoint of
conventional transmission control, can be illustrated best by the real and reactive
power transmission versus transmission angle characteristics of the simple two-machine
system shown in Figure 8.3. With reference to this figure, the transmitted power P
and the reactive power -jQ,, supplied by the receiving end, can be expressed as follows:

p - je,: r,(u'* k- ''). (8.1)

V+,V"

(a) Voltage regulation
(b) Line impedance compensation
(c) Phase shifting
(d) Simultaneous control of voltage, impedance, and angle
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Figure 8.5 Phasor diagrams illustrating the conventional transmission control capa-

bilities of the UPFC.
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(8.10)

where symbol x means the conjugate of a complex number and j : 
"tu/2 

: V-t. f
Vpq: 0, then (8.1) describes the uncompensated system, that is,

P - iQ,: ,,(Yt:!'). $.2)

Thus, with Vpq + O,the total real and ,"u.?iu" power can be written in the form

,r"_:\. *r,Y!: (8.3)p _ je,: u,\a* / _ix

Substitutins

(8.4)

(8.5)

and

vpq: v,qeiil,,o,1 : voe{*, (i * o) * ir* (t - ,)} (s.6)

the following expressions are obtained for P and Q,:

p(6, p): po(6) + p*(p) :f, 
"in 

a - \! "o"(i 
. ,) (8.7)

and

e,(6, p) : eo,(6) + e*@) :# rt- cos 6) -ry"" (t. ,) (8.8)

where l,

P,(t): fisina (s.e)

and

Qr,(6) : -ff O- cos a)

v,: r/sian - v(ro, ,.j rtr t)

v,: ve-jstz - v(ro, ,-jrt"t)

are the real and reactive power characterizing the power transmission of the uncompen-
sated system at a given angle 6. Since angle p is freely variable between 0 andZn at
any given transmission angle 6' (0 = 6 < r), it follows that Pon(p) and Qon(p) are
controllable between -WpqlX and + VVpqlX independent of angle 6. Therefore, the
transmittable real power P is controllable between

vv vv
&(6)- ry<Po(6)<Po(r) +ry (8.11)xx
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Figure 8.6 Range of transmittable real power

demand Q vs. transmission angle
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(8.12)

-0.5

P and receiving-end reactive power
6 of a UPFC controlled transmis-

and the reactive pow er Q,, is controllable between

Qo,(d) - ry= Qo,(6) = Qo,(6) *vv"^u*
X

at any transmission angle 6, as illustra$d in Figure 8.6. The wide range of control for
the transmitted power that is indepeniient of the transmission angle 4 observable in
the figure, indicates not only superior capability of the UPFC in power flow applica-
tions, but it also suggests powerful capacity for transient stability improvement and

power oscillation damping.
To illustrate further the meaning of (8.7) and (8.8), consider again Figure 8.3

which is, for convenience, also shown in a simplified manner in Figure 8.7(a).

A phasor diagram, deflning the relationship between V,, V,, Vy (the voltage
phasor across X) and the inserted voltage phasor Voo, with controllable magnitude
(0 = V* - Von^o) and angle (0 = p* = 360"), is shown in Figure 8.7(a). (For the
illustrations, 6 : 30o and V" : V, : 1, X : 0.5,Vpq^u: 0.25 p.u. values were assumed.)

As illustrated, the inserted voltage phasor Yoo is added to the fixed sending-end voltage
phasor I/, to produce the effective sending-end voltage V,"fr: V, * Vro' The difference,
V,,f - V", provides the compensated voltage phasor, [, zlcrosS X' As angle pon is

varied over its full 360 degree range, the end of phasor 7oo moves along a circle with
its center located at the end of phasor %. The area within this circle, obtained with
Voo 

^, 
defines the operating range of phasor Voo and thereby the achievable compensa-

tion of the line.
The rotation of phasor Veq with angle pon modulates both the magnitude and

angle of phasor I/x and, therefore, both the transmitted real power, P, and the reactive

-Q,

0.5)

ry(=-os)

ry(=0.5)

1.0



Section 8.2 I The Unified Power Flow Controller

vpq

P,Q,

Vsen , Vx Vr
1

0.5

0

-0.5

P,Q,
0.5

0

-0.5

vs

30s

(8.13)

(8.14)

vr

6ett

(a) (b)

Figure 8.7 Phasor diagram representation of the UPFC (a) and variation of the
receiving-end real and reactive power, and the real and reactive power
supplied by the UPFC, with the angular rotation of the injected voltage
phasor (b).

power, Q,,, vary with pon in a sinusoidal manner, as illustrated in Figure 8.7(b). This
process, of course, requires the voltage source (V*) to supply and absorb both reactive
and real power, Qrn and Pou, which are also sinusoidal functions of angle pon, as shown
in the flgure.

The powerful, previously unattainable, capabilities of the UPFC summarized
above in terms of conventional transmission control concepts, can be integrated into
a generalized power flow controller that is able to maintain prescribed, and indepen-
dently controllable, real power P and reactive power Q in the line. Within this concept,
the conventional terms of series compensation, phase shifting, etc., become irrelevant;
the UPFC simply controls the magnitude and angular position of the injected voltage
in real time so as to maintain or vary the real and reactive power flow in the line to
satisfy load demand and system operating conditions.

8.2.3 Independent Real and Reactive Power Flow Control

In order to investigate the capability of the UPFC to control real and reactive
power flow in the transmission line, refer to Figure 8.7(a). Let it first be assumed that
the injected compensating voltage, V*, is zero. Then the original elementary two-
machine (or two-bus ac intertie) system with sending-end voltage I/,, receiving-end
voltage I/", transmission angle 4 and line impedance X is restored. With these, the
normalized transmitted power, Pr(t) : {V'zlx} sin 6 : sin 6, and the normalized
reactive power, 0(6) : O"(6) : -Q*@) : {V'zlx\\,-cos 6} : 1-cos 6, supplied at
the ends of the line, are shown plotted against angle (6) in Figure 8.8(a). The relation-
ship between real power Ps(6) and reactive power Qs,(6) can readily be expressed
withVzlX: 1in the followins form:

or
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6=0

'Q,,'(6
(t - cos6 )

-2.0

Qo,

t(a sin 6

{p(a d - po0')}, + {Q,(6, p) - Qo,(6)r : {yv# 
-}'

\-yt-x

-2.O

(a) (b)

Figure 8.8 Transmittable real power P6 and receiving-end reactive power demand

Qo, vs. transmission angle 6 of a twoJrnachine system (a) and the corre-

sponding Q*vs. Ps loci (b).

Equation (8.14) describes a circle with a radius of 1.0 around the center defined by

coordinates P : 0 and Q,: -L in a {Q,, Pl plane, as illustrated for positive values

of P in Figure 8.8(b). Each point of this circle gives the corresponding Ps and Qs,

values of the uncompensated system at a specific transmission angle 6'. For example,

at 6: 0, Po : 0 and Qs, : 0; at 6: 30o, Po : 0.5 and Qs,: -0.134; at d: 90o,

P : 1.0 and Qs,: -1.0; etc.
Refer again to Figure 8.7(a) and assume now that Veq + 0.It follows from (8.3),

or (8.7) and (8.8), and from Figure 8.7(b), that the real and reactive power change

from their uncompensated values, &(6) and Qo,(6), as functions of the magnitude Vpq

and angle p of the injected voltage phasor 7ro. Since angle p is an unrestricted variable
(0 < p - 2o), the boundary of the attainable control region for P(4 p) and Q,(6, p)

is obtained from a complete rotation of phasor Voowith its maximum magnitude Vr*o.
It follows from the above equations that this control region is a circle with a center
deflned by coordinates Ps(6') and Qs,(6) and a radius of V,VrnlX. With % : V, : V,

the boundary circle can be described by the following equation:

Qo,

(8.15)

The circular control regions deflned by (8.15) are shown in Figures 8.9(a) through (d)

for V: 1.0,Vpq ^: 0.5, andX: 1.0 (per unit or p.u. values) with their centers on

the circular arc characterizing the uncompensated system (8.1a) at transmission angles

6 : 0o, 30o, 60", and 90'. In other words, the centers of the control regions are defined
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Figure 8.9 Control region of the attainable real power P and receiving-end reactive

power deriand Q,\tith a upFC-controlled transmission line at 5 = 0'

(u), a = 30" (b), 6: 60" (c), and 
' 

= 90'(d)'

by the corresponding Po(6), Q6,(6) coordinates at angles 6 : 0, 30o' 60o' and 90'in the

{Q,, P} plane.
consider first Figure 8.9(a), which illustrates the case when the transmission

angle is zero (6: o;' ivittt vpq' : o, P' Q" (and Q) ate all zeto' i'e'' the system is at

stalnAstitt at the origin of the Q,, P coordinates. The circle around the origin of the

{Q,, P}plane is the loci of the corresponding Q, and P values, obtained as the voltage

ptturoi 
-Vro 

is rotated a full revolution (0 = p < 360') with its maximum magnitude
'von 

-.Th'" ur"u within this circle deflnes all P and Q, values obtainable by controlling

t#'magnitu de Vonand angle p of phasor 7ro' In-othet-Y::t' the circle in the {Q" Pl

plane iefines all'i and I uulrr"tittuittabfe with the UPFC of a given rating',IJ can

be observed, for exampli tttut the UPFC with the stipulated voltage rating of O'5 p'u'

is able to establish 05 p.u. power flow, in either direction, without imposing any

reactive power demand on either the sending-end or the receiving-end generator'

irt i, ,tui"*ent tacitly assumes that the sending-end and receiving-end voltages are

providedbyindependentpowerSystemswhictrareabletosupplyandabsorbreal
io** withtut urry int"rnui angulai change.) Of course, the UPFC, as illustrated, can

force the system at one end ti supply riactive power for, or absorb that from, the

Controllable region
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system at the other end. Similar control characteristics for real power P and the reactive
power Q,canbe observed at angles 6: 30", 60", and 90'in Figures 8.9(b), (c), and (d).

In general, at any given tranqmission angle d, the transmitted real power P, as

well as the reactive power demand at the receiving end Q,, can be controlled freely
by the UPFC within the boundary circle obtained in the {Q,, PI plane by rotating the
injected voltage phasor Voo with its maximum magnitude a full revolution. Further-
more, it should be noted that, although the above presentation focuses on the receiving-
end reactive power, Q,,the reactive component of the line current, and the correspond-
ing reactive power can actually be controlled with respect to the voltage selected at
any point of the line.

Figures 8.9(a) through (d) clearly demonstrate that the UPFC, with its unique
capability to control independently the real and reactive power flow at any transmission
angle, provides a powerful, hitherto unattainable, new tool for transmission system
control.

In order to put the capabilities of the UPFC into proper perspective in relation
to other related power flow controllers, such as the Thyristor-Switched, Thyristor-
Controlled and GTO-Controlled Series Capacitor (TSSC, TCSC and GCSC), the
Static Synchronous Series Compensator (SSSC), and the Thyristor-Controlled Phase

Angle Regulator (TCPAR), a basic comparison between the respective power flow
control characteristics are presented in the next section. The basis chosen for this
comparison is the capability of each type of power flow controller to vary the transmit-
ted real power and the reactive power demand at the receiving end. The receiving
end var demand is usually an important factor because it significantly influences the
variation of the line voltage with load demand, the overvoltage at load rejection, and

the steady-state system losses. Similar comparison, of course, could easily be made at

the sending end or at other points of the transmission line, but the results would be
quite similar for all practical transmission angles.

8.2.4 Gomparison of the UPFC to Series Gompensators
and Phase Angle Regulators

The objective of this section is to compare the character of compensation attain-
able with controlled series compensators, phase angle regulators and the UPFC for
power flow control. Consider once more the simple two-machine system shown in
Figure 8.3. This model can be used to establish the basic transmission characteristics
of the Controlled Series Compensators (TSSC, GCSC, TCSC, and SSSC) and the
Controlled Phase Angle Regulator (TCPAR and SVS-based) by using them in place
of the UPFC, as symbolically illustrated in Figure 8.1,0 for controlled capacitive com-
pensation and in Figure 8.12 for phase shift, to establish their effect on the p versus
P characteristic of the system at different transmission angles.

8.2.4.1 Comparison of the UPFC to Controlled Series Compensatorc. As
shown in Chapter 6, Thyristor-Switched Series Capacitor (TSSC) and Gate-Controlled
Series Capacitor (GCSC) schemes employ a number of capacitor banks in series with
the line, each with a thyristor or, respectively, a GTO bypass switch. This arrangement
in effect is equivalent to a series capacitor whose capacitance is adjustable in a step-

like or continuous manner. The controllable series capacitive impedance provided b,v

the TSSC or GCSC cancels part of the reactive line impedance resulting in a reduced
overall transmission impedance (i.e., in an electrically shorter line) and correspondingll'
increased transmittable power. For the purpose of the present investigation, both the
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J,+
l>

Figure 8.10 Two-machine system with controlled series capacitive compensation.

TSSC and GCSC can be considered simply as a continuously variable capacitor whose
impedance is controllable in the range of 0 s Xo = Xc^*.

The Static Synchronous Series Compensator (SSSC) injects a continuously vari-
able series compensating voltage in quadrature with the line current. In contrast to
the TSSC and GCSC, the compensating voltage of the SSSC can be controlled totally
independent of the line current (i.e., independent of the transmission angle 6) over
the theoretical operating range of zero to rated line current.

The Thyristor-Controlled Series Capacitor (TCSC) schemes typically use one or
more modules in series, each consisting of a Thyristor-Controlled Reactor in parallel
with a capacitor, to vary the effective series compensating impedance and thereby the
compensating voltage. The TCSC with sufficient number of constituent modules is
able to control and maintain the compensating voltage with decreasing line current
in its operating range. It can also provide, with a suitably designed thyristor-controlled
reactor, inductive compensation. The inductive compensation range, for practical rea-
sons (e.g., losses, thyristor valve current and voltage ratings, reactor rating) is usually
less than the capacitive range. For the purpose of the intended comparison, an ideal
TCSC with a sufflcient number of constituent modules is assumed. Such a TCSC is
capable of providing equal capacitive and inductive compensation and is able to
continuously control and maintain the compensating voltage in the face of decreasing
line current. With this assumption the TCSC can be considered as a SSSC until the
transmission angle becomes too small to maintain sufficient line current (about 0.25
p.u.) needed for normal operation. This ideal rcsc is probably beyond economic
practicality, but this stipulation does not significantly affect the present comparison
because the idealization of the TCSC alters only the control range and not the character
of the compensation it provides.

Controlled series compensators provide a series compensating voltage that, by
definition, is in quadrature with the line current. Consequently, they can affect only
the magnitude of the curent flowing through the transmission line. At any given
setting of the capacitive impedance of the TSSC and GCSC, or of the effective
capacitiveiinductive impedance of the TCSC and SSSC, a particular overall transmis-
sion impedance is deflned at which the transmitted power is strictly determined by
the transmission angle (assuming a constant amplitude for the end voltages). Therefore,
the reactive power demand at the endpoints of the line is determined by the transmitted
real power in the same way as if the line was uncompensated but had a lower line
impedance. Consequently, the relationship between the transmitted power, P, and the
reactive power demand at the receiving end, Q,, can be represented by a single Q, -

Vc

-.->
Vs1



31_0 Chapter 8 I Combined Compensators: UPFC and IPFC

P circular locus, similar to that shown for the uncompensated system in Figure 8.8(b),
at a given output (compensating impedance or voltage) setting of the series compensa-
tor. This means that for a continuously controllable compensator an infinite number
of Q, - P circular loci can be established by using the basic transmission relationships,
i.e., P : {V'zl(X - Xr)}sin 5 and Q,: {Vzl(X - X)HI - cos 6}) with Xn varying
between 0 and Xn,o or 0 and +Xqmu (where Xn: Xc for the TSSC and GCSC and
Xn: lvolll: VnlI for the SSSC and, with limitations, for the TCSC). Evidently, a
given transmission angle defines a single point on each Q, - P locus obtained with a
specific value of Xu. Thus, the progressive increase of Xn from zeto to Xa,* could be
viewed as if the point defining the corresponding P and Q,vahtes at the given transmis-
sion angle on the first Q, - P locus (uncompensated line) moves through an infinite
number of Q, - P loci representing progressively increasing series compensation, until
it finally reaches the last Q, - P locus that represents the system with maximum series
compensation. The first Q, - P locus, representing the uncompensated power trans-
mission, is the lower boundary curve for the TSSC and GCSC and identified by
(Q, - P)ro=g. The last p, - P locus, representing the power transmission with maximum
capacitive impedance compensation, is the upper boundary curve for the TSSC and
GCSC and identifiedby (Q, - P)x" u*. The lower and upper boundary curves for the
SSSC and the TCSC considered are different from that of TSSC and GCSC and
therefore they are identified by (Q, - P)*vq^*and,(Q, - P)-rn^*. The difference is
partially due to the capability of the SSSC and TCSC to inject the compensating
voltage both with 90 degree lagging (capacitive) or 90 degree leading (inductive)
relationship with respect to the line current. Thus, they can both increase and decrease
the transmitted power. Also, the SSSC and TCSC can maintain maximum compensat-
ing voltage with decreasing line current (the SSSC, theoretically, even with zero line
current). For these reasons, the SSSC and TCSC have a considerably wider control
range at low transmission angles than the TSSC and GCSC. Note that all Q, - P
circular curves are considered only for the normal operating range of the transmission
angle(0<6<90").

The plots in Figures 8.11(a) through (d) present, at the four transmission angles
(6 : 0', 30o, 60", and 90'), the range of Q, - P control for the series reactive compen-
sators, TSSC, GCSC, TCSC, and SSSC; with the same 0.5 p.u. maximum voltage rating
stipulated for the UPFC. The previously derived circular control region of the UPFC
is also shown in Figure 8.11 (by heavy broken lines) for comparison. In each figure
the upper and lower boundary curves identified above for the TSSC/GCSC and SSSC/
TCSC are shown by dotted and broken lines, respectively, for reference. The upper
and lower boundary curves for an ideal TCSC, as explained above, are the same as

those of the SSSC, as indicated in the figure. The boundary of a practical TCSC in
its capacitive operating range (in which it is able to maintain rated compensating
voltage) would be the same as that of the SSSC; however, in the inductive range.
depending on the design, it would likely be lower (typically 30 to 50Vo of rated capacitive
voltage). Outside of its normal operating range (i.e., at small transmission angles and
relatively low line currents), the boundary curves of the practical TCSC would converge
to those of the TSSC/GCSC.

Consider Figure 8.11(a) which illustrates the case when the transmission angle.

6, is zero. (For this special case, the two-machine system is again assumed to represent
two independent power systems with an ac line intertie.) Since the TSSC, GCSC, anc
TCSC are an actively controlled, but functionally passive impedance, the current
through the line with the compensated line impedance (X - Xc) remains invariablr
zero, regardless of the actual value of X6. Thus both P and Q, are zero, the systen
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Figure E.11 Attainable Q, and P values with controlled capacitive compensation
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UPFC (any point inside the circle) at 6: 0o (a), a - 30" (b), 6: 60'
(c),and5=90'(d).

is at standstill, and therefore cannot be changed by reactive impedance compensation.
An ideal SSSC, represented by a theoretical ac voltage source could establish power
flow between the two sources. However, a practical SSSC with internal losses could
only do that if an external power supply (connected to the dc terminals of the converter)
replenished these losses and kept the SSSC in operation at zero (and at small) line
current. By contrast, since the UPFC is a self-sufficient voltage source (whose losses
are supplied by the shunt converter), it can force up to 0.5 p.u. real power flow in
either direction and also control reactive power exchange between the sending-end
and receiving-end buses within the circular control region shown in the figure.

The Q, - P characteristic of the TSSC, GCSC, TCSC, and SSSC at 6 : 30" is

shown in Figure 8.11(b). The relationship between Q, and P, for the total range of
series compensation, 0 < 6 - 90o, is defined by a straight line connecting the two
related points on the lower and upper boundary curves, (Q, - P)xr=s and (Q, -
P)"^*, which represent the power transmission at 6 : 30'with zero and, respectively,
maximum series compensation. It can be observed that, as expected, the TSSC and

GCSC control the real power by changing the degree of series compensation (and
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thereby the magnitude of the line current). However, the reactive power demand of
the line cannot be controlled independently; it remains a direct function of the transmit-
ted real power obtained at 6 : 30" with varying Xs (0 = Xc = X"^u*).It is also to be
noted that the achievable maximum increase in transmittable power attainable with
the TSSC and GCSC is a constant percentage (defined by the maximum degree of
series compensation) of the power transmitted with the uncompensated line at the
given transmission angle. In other words, the maximum increase attainable in actual
transmitted power is much less at small transmission angles than at large ones. This
is due to the fact that the TSSC and GSSC are a series impedance and thus the
compensating voltage they produce is proportional to the line current, which is a
function of angle 6. (However, in steady-state, the angle is a function of the surplus
power generated by the sending end. Thus, often, when the angle is small, the required
power flow is also small.) The SSSC, being a reactive voltage source (with respect to
the line current) can provide maximum compensating voltage, theoretically down to
zero line current. (The limit, as previously mentioned, is the ability of the line to
replenish the losses of the SSSC.) The TCSC can also provide constant compensating
voltage over the operating range it is designed for. They both can also reverse the
polarity of the compensating voltage. These characteristics mean that the SSSC and
the TCSC (in its operating range) can provide compensation over a wider range,
between the boundaries of (Q, - P)*vq^o and (Q, - P)-rn 

^, 
than can the TSSC and

GCSC. However, due to its strictly reactive compensation capability, the SSSC and
TCSC cannot control the reactive line power and thus the reactive power, Q,, remains
proportional to the real power, P. In other words, the SSSC and TCSC simply lengthens
the control range of the TSSC and GCSC, without changing their p, versus P character-
istic. By contrast, since the UPFC is a self-sufficient voltage source with the capability of
exchanging both reactive and real power, the magnitude and angle of the compensating
voltage it produces is independent of the line current (and of angle 6). Therefore the
maximum change (increase or decrease) in transmittable power, as well as in receiving-
end reactive power, achievable by the UPFC is not a function of angle 6 and is

determined solely by the maximum voltage the UPFC is rated to inject in series with
the line (assumed 0.5 p.u. in this comparison). This characteristic can be observed in
the figures where the radius of the circular loci defining the control region of the
UPFC remains the same for all four transmission angles considered.

Figures 8.11(c) and (d), showing Lhe Q, - P characteristics of the TSSC, GCSC,
TCSC, SSSC, and the UPFC at 6 : 60o and 6 : 90o, respectively, further confirms
the above observations. The range of the TSSC and GCSC for real power control
remains a constant percentage of the power transmitted by the uncompensated line
at all transmission angles (0 = 5. = 90'), but the maximum actual change in transmitted
real power progressively increases with increasing 6 and reaches that of the TCSC,
SSSC, and UPFC at 6:90'. However, it should be noted that whereas the maximum
transmitted power of 1.5 p.u., obtained with all the reactive compensators, TSSC,
GCSC, TCSC and SSSC, at full compensation is associated with 1.5 p.u. reactive power
demand at the receiving end, the same 1.5 p.u. power transmission is achieved only
with 1.0 p.u. reactive power demand when the line is compensated by a UPFC.

From Figures 8.11(a) through (d), it can be concluded that the UPFC has superior
power flow control characteristics compared to the TSSC, GCSC, TCSC, and SSSC:

it can control independently both real and reactive power over a broad range, its
control range in terms of actual real and reactive power is independent of the transmis-
sion angle, and it can control both real and reactive power flow in either direction at

zero (or at a small) transmission angle.
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8.2.4.2 Comparison of the UPFC to Controlled Phase Angle Regulatorc. As
discussed in Chapter 7, ideal Phase Angle Regulators provide voltage injection in
series with the line so that the voltage applied at their input terminals appears with
the same magnitude but with + ophase difference at their output terminals. Mechanical
and thyristor-controlled Phase Angle Regulators and Quadrature Boosters provide
controllable quadrature voltage injection in series with the line. These employ a shunt-
connected regulation (excitation) transformer with appropriate taps on the secondary
windings, a mechanical or thyristor-based tap changer, and a series insertion trans-
former. The excitation transformer has wye to delta (or delta to wye) windings and
thus the phase-to-phase secondary voltages are in quadrature with respect to the
corresponding primary phase to neutral voltages. Synchronous Voltage Source-Based
Phase Angle Regulators have a power circuit structure similar to the UPFC and, as

shown, can provide angle control without changing the magnitude of the system
voltage.

There is a fundamental, and, from the application standpoint, important, differ-
ence between the thyristor-controlled and SVS-Based Phase Angle Regulators (or
the UPFC). In the case of the former, the total VA (i.e., both the real power and the
vars). exchanged by the series insertion transformer appears at the primary of the
regulation transformer as a load demand on the power system. However, in the latter
case only the real power exchanged is supplied by the shunt transformer from the
power system.

The purpose of the present investigation is to compare the power flow control
capability of the UPFC to that of the Phase Angle Regulator. For this comparison,
the practical implementation of the Phase Angle Regulator and its ability to generate
reactive power is unimportant. For simplicity, both the thyristor-controlled and SVS-
based PARs are considered as ideal phase angle regulators. That is, both are assumed
to be able to vary the phase angle between the voltages at the two ends of the insertion
transformer in the control range of -o,* 3 o 3 o,u*, without changing the magnitude
of the phase shifted voltage from that of the original line voltage. (Recall that the
magnitude of the phase shifted voltage would increase by quadrature voltage injection
usually employed in thyristor-controlled PAR implementations.)

Consider Figure 8.12 in which the previously considered two-machine system is
shown again with a PAR assumed to function as an ideal phase angle regulator. The
transmitted power and the reactive power demands at the sending end and receiving
end can be described by relationships analogous to those characterizing the uncompen-
sated system' P : {V2lX} sin 6' and Q,: Q,: {V'zlXH[- cos 6}, where 6' : 6 - o.

dTFr
lf 

Vseff=V"*Vo

HJIPo
lF JQo

Phase angle
regulator

5i

Figure 8.I2 Two-machine system controlled with a Phase Angle Regulator.
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Thus, as established in Chapter 7, the PAR cannot increase the maximum transmittable
power, P : V2lX, or change Q, at a fixed P. Consequently, the Q, - P relationship,
with transmission angle 6'(0 < 6' < 90') controlling the actual power transmission,
is identical to that of the uncompensated system shown in Figure 8.8. The function
of the PAR is simply to establish the actual transmission angle, 6', required for the
transmission of the desired power P, by adjusting the phase shift angle o so as to
satisfy the equation 6'' : 6 - o at a given 6, the prevailing angle between the sending-
end and receiving-end voltages. In other words, the PAR can vary the transmitted
power at a fixed 6, or maintain the actual transmission angle 6' constant in the face
of a varying 4 but it cannot increase the maximum transmittable power or control
the reactive power flow independently of the real power.

The plots in Figures 8.13(a) through (d) present the Q, - P relationship for the
ideal PAR in comparison to that of the UPFC at 6 : 0o, 30o, 60o, and 90". It can be
observed in these figures that the control range centers around the point defined by
the given value of angle 6 : 6 (: 0o, 30o, 60', 90') on the Q, - P locus characterizing
the uncompensated power transmission (% : O for the PAR and V* : 0 for the
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the circle) and those with the UPFC (any point inside the circle) at
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UPFC). As the phase-shift angle o is varied in the range of -30" < o 3 30' (which

corresponds to the maximum inserted voltage of Vo : 0.5 p.u.), this point moves on

the uncompensated Q, - P locus in the same way as if the flxed angle fr was varied

in the range of & - 30" = A = & + 30'. Consequently, the PAR, in contrast to the

series reactive compensators TSSC, TCSC, and SSSC, can effectively control the real

power flow, as illustrated in Figure 8.13(a), when the angle between the sending-end

and receiving-end voltages is zero (6: 0).
The Q, versus P plots in Figure 8.1"3 clearly show the superiority of the UPFC

over the PAR for power flow control: The UPFC has a wider range for real power

control and facilitates the independent control of the receiving-end reactive power

demand over a broad range. For example, it is seen that the UPFC can facilitate up

to 1.0 p.u. real power transmission with unity power factor at the receiving end (p. :
0), whereas the reactive power demand at the receiving end would increase with
increasing real power (Q, reaching 1.0 p.u. at P : L.0 p.u.), in the manner of an

uncompensated line, when the power flow is controlled by the PAR.

8.2.5 Gontrol Structure

The superior operating characteristics of the UPFC are due to its unique ability
to inject an ac compensating voltage uector with arbitrary magnitude and angle in

series with the line upon command, subject only to equipment rating limits. With
suitable electronic controls, the UPFC can cause the series-injected voltage vector to
vary rapidly and continuously in magnitude and/or angle as desired. Thus, it is not

only able to establish an operating point within a wide range of possible P, Q conditions

on the line, but also has the inherent capability to transition rapidly from one such

achievable operating point to any other.
The control of the UPFC is based upon the vector-control approach proposed

by Schauder and Mehta for'oadvanced static var compensators" (i.e., for STATCOMs)
in 1991. The term uector, instead of phasor, is used in this section to represent a set

of three instantaneous phase variables, voltages, or currents that sum to zero. The

symbols fr and i are used for voltage and current vectors. The reader will recall that
these vectors are not stationary, but move around a fixed point in the plane as the

values of the phase variables change, describing various trajectories, which become

circles, identical to those obtained with phasors, when the phase variables represent

a balanced, steady-state condition. For the purpose of power control it is useful to
view these vectors in an orthogonal coordinate system with p and q axes such that
the p axis is always coincident with the instantaneous voltage vector f and the q axis

is in quadrature with it. In this coordinate system the p-axis current component, l'
accounts for the instantaneous real power and the q-axis current component, in, fot
the reactive power. Under balanced steady-state conditions, the p-axis and q-axis

components of the voltage and current vector are constant quantities. This characteris-
tic of the described vector representation makes it highly suitable for the control of the

UPFC by facilitating the decoupled control of the real and reactive current components.

The UPFC control system may, in the previously established manner, be divided

functionally into internal (or converter) control and functional operation control. The

internal controls operate the two converters so as to produce the commanded series

injected voltage and, simultaneously, draw the desired shunt reactive current. The

internal controls provide gating signals to the converter valves so that the converter

output voltages will properly respond to the internal reference variables, ipRer, lqRer,

and flp4n"r, in accordance with the basic control structure shown in Figure 8.14. As can
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dc Ref Vpq Ret

Figure 8.14 Basic UPFC control scheme.

be observed, the series converter responds directly and independently to the demand
for series voltage vector injection. Changes in series voltage vector, 1oo, can therefore
be affected virtually instantaneously. In contrast, the shunt converter operates under
a closed-loop current control structure whereby the shunt real and reactive power
components are independently controlled. The shunt reactive power (if this option is
used, for example, for terminal voltage control) responds directly to an input demand.
However, the shunt real power is dictated by another control loop that acts to maintain
a preset voltage level on the dc link, thereby providing the real power supply or sink
needed for the support of the series voltage injection. In other words, the control loop
for the shunt real power ensures the required real power balance between the two
converters. As mentioned previously, the converters do not (and could not) exchange
reactive power through the link.

The external or functional operation control defines the functional operating
mode of the UPFC and is responsible for generating the internal references, fpan"t and
ianet, for the series and shunt compensation to meet the prevailing demands of the
transmission system. The functional operating modes and compensation demands,
represented by external (or system) reference inputs, can be set manually (via a
computer keyboard) by the operator or dictated by an automatic system optimization
control to meet specific operating and contingency requirements. An overall control
structure, showing lhe internal,the functional operation, and system optimization con-
trols with the internal and external references is presented in Figure 8.15.

As shown in Figure 8.15 the capability of unrestricted series voltage injection
together with independently controllable reactive power exchange offered by the
circuit structure of two back-to-back converters, facilitate several operating and control
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Figure 8.15 Overall UPFC control structure.

modes for the UPFC. These include the option of reactive shunt compensation and
the free control of series voltage injection according to a prescribed functional approach
selected for power flow control. The UPFC circuit structure also allows the total
decoupling of the two converters (i.e., separating the dc terminals of the two converters)
to provide independent reactive shunt compensation (STATCOM) and reactive series
compensation (SSSC) without any real power exchange.

8.2.5.1 Functional Control of the Shunt Converter. The shunt converter is
operated so as to draw a controlled current, i6, from the line. one component of this
current, i,r,o, is automatically determined by the requirement to balance the real power
of the series converter. The other current component, l,a' is reactive and can be set
to any desired reference level (inductive or capacitive) within the capability of the
converter. The reactive compensation control modes of the shunt converter are, of
course, very similar to those commonly employed for the STATCOM and conventional
static var compensator.

RnacrrvB Powen (vAR) coNrRor- Moop. ln reactiue power control mode
the reference input is an inductive or capacitive var request. The shunt converter
control translates the var reference into a corresponding shunt current request and
adjusts the gating of the converter to establish the desired current. The control in a
closed-loop arrangement uses current feedback signals obtained from the output cur-
rent of the shunt converter to enforce the current reference. A feedback signal repre-
senting the dc bus voltage, ua", is also used to ensure the necessary dc link voltage.

Aurorrerrc VoI-racs CorwRor- MonE. In voltage control mode (which is
normally used in practical applications), the shunt converter reactive current is auto-
matically regulated to maintain the transmission line voltage to a reference value at
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the point of connection, with a defined droop characteristic. The droop factor defines
the per unit voltage error per unit of converter reactive current within the current range
of the converter. The automatic voltage control uses voltage feedback signals, usually
representing the magnitude of the positive sequence component of bus voltage fl1.

8.2.5.2 Functional Control of the Series Converten The series converter con-
trols the magnitude and angle of the voltage vector fro injected in series with the line.
This voltage injection is, directly or indirectly, always intended to influence the flow
of power on the line. However, froo is dependent on the operating mode selected for
the UPFC to control power flow. The principal operating modes are as follows in the
next subsections.

Dnncr Volracs INresrIoN Moon. The series converter simply generates the
voltage vector, ipq, with the magnitude and phase angle requested by the reference input.
This operating mode may be advantageous when a separate system optimization control
coordinates the operation of the UPFC and other FACTS controllers employed in the
transmission system. Special functional cases of direct voltage injection include those
having dedicated control objectives, for example, when the injected voltage vector, ipq,
is kept in phase with the system voltage for voltage magnitude control, or in quadrature
with it for controlled "quadrature boosting," or in quadrature with the line current vec-
tor, l, to provide controllable reactive series compensation.

Bus Volrace RsculelroN AND Coxrnol Moos. Theinjectedvoltagevector,
foo, is kept in phase with the "input" bus voltage vector fl and its magnitude is controlled
to maintain the magnitude "output" bus voltage vector fr2 at the given reference value.

LINe IlvlppoeNce CoNlpsNsArroN MonE. The magnitude of the injected voltage
vector, foo, is controlled in proportion to the magnitude of the line current, i, so that the
series insertion emulates an impedance when viewed from the line. The desired imped-
ance is specified by reference input and in general it may be a complex impedance with
resistive and reactive components of either polarity. A special case of impedance com-
pensation occurs when the injected voltage is kept in quadrature with respect to the line
current to emulate purely reactive (capacitive or inductive) compensation. This op-
erating mode may be selected to match existing series capacitive line compensation in
the system.

Pnasn ANcI-s RBcur-atror.I Mope. The injected voltage vector iro is controlled
with respect to the "input" bus voltage vector f1 so that the "output" bus voltage vector
92 is phase shifted, without any magnitude change, relative to fl by an angle specified by
the reference input. One special case of phase shifting occurs when foo is kept in quadra-
ture with f1 to emulate the "quadrature booster."

Aurouauc Pownn Flow coNrnol Moop. The magnitude and angle of the
injected voltage vector, fro, is controlled so as to force such a line current vector, i, that
results in the desired real and reactive power flow in the line. In automatic power flow
control mode, the series injected voltage is determined automatically and continuously
by a closed-loop control system to ensure that the desired P and Q are maintained despite
power system changes. The transmission line containing the UPFC thus appears to the
rest of the power system as a high impedance power source orsink. This operatingmode,
which is not achievable with conventional line compensating equipment, has far reaching
possibilities for power flow scheduling and management. It can also be applied effectively
to handle dynamic system disturbances (e.g., to damp power oscillations).
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8.2.5.3 Stand-Alone Shunt andSeries Compensation. The UPFC circuit struc-
ture offers the possibility of operating the shunt and series converters independently
of each other by disconnecting their common dc terminals and splitting the capacitor
bank. In this case, the shunt converter operates as a stand-alone STATCOM, and the
series converter as a stand-alone SSSC. This feature may be included in the UPFC
structure in order to handle contingencies (e.g., one converter failure) and be more
adaptable to future system changes (e.g., the use of both converters for shunt only or
series only compensation). In the stand-alone mode, of course, neither converter is
capable of absorbing or generating real power so that operation only in the reactive
power domain is possible. In the case of the series converter this means considerable
limitation in the available control modes. Since the injected voltage must be in quadra-
ture with the line current, only controlled reactive voltage compensation or reactive
impedance emulation is possible for power flow control.

8.2.6 Basic Gontrol System for P and @ Control

As illustrated in Figure 8.15, the UPFC has many possible operating modes.
However, in order to keep focused on the subject of this chapter, only the automatic
power flow control mode, providing independent control for real and reactive power
flow in the line, will be considered in further detail. This control mode utilizes most
of the unique capabilities of the UPFC and it is expected to be used as the basic mode
in the majority of practical applications, just as the shunt compensation is used normally
for automatic voltage control. Accordingly, block diagrams giving greater details of
the control schemes are shown for the series converter in Figure 8.16(a) and for the
shunt converter in Figures 8.16(b) and (c) for operation in these modes. For clarity
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Figure 8.16(a) Functional block diagram of the series converter
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(b)

Shunt converter

Figure 8.16(b) Functional block diagram of the shunt converter control for opera-
tion with constant dc link voltaee.

and conciseness, only the most significant features are shown in these figures while
less important signal processing and limiting functions have been omitted.

The control scheme shown in Figure 8.16(a) assumes that the series converter
can generate output voltage with controllable magnitude and angle at a given dc bus
voltage. The control scheme for the shunt converter shown in Figure 8.16(b) also
assumes that the converter can generate output voltage with controllable magnitude
and angle. However, this may not always be the case, since the converter losses and
harmonics can be reduced by allowing the dc voltage to vary according to the prevailing
shunt compensation demand. Although the variation of the dc voltage inevitably
reduces the attainable magnitude of the injected series voltage when the shunt con-
verter is operated with high reactive power absorption, in many applications this may
be an acceptable trade-off. In the control scheme for the shunt converter shown in
Figure 8.16(c) the magnitude of the output voltage is directly proportional to the dc
voltage and only its angle is controllable. With this control scheme the dc capacitor
voltage is changed (typically up to the +\2vo runge) by momentary angle adjustment
that forces the converter to exchange real power with the ac system to meet the shunt
reactive compensation requirements.

As shown in Figure 8.16(a) the automatic power flow control for the series
converter is achieved by means of a vector control scheme that regulates the transmis-
sion line current using a synchronous reference frame (established with an appropriate
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Shunt converter

Figure8.16(c) 
li,triT;1i!t::1*lt;:il".#*.huntconvertercontrorforoperation

phaseJocked loop producing reference angle 0) in which the control quantities appear
as dc signals in the steady state. The appropriate reactive and real current components,
if and if;, are determined for a desired Pp"s and pp.i. These are compared with the
measured line currents, lo and i, and used to drive the magnitude and angle of the
series converter voltage, Vou and p, respectively. Note that a voltage limiter in the
forward path is employed to enforce practical limits, resulting from system restrictions
(e.g., voltage and current limits) or equipment and component ratings, on the series
voltage injected.

A vector control scheme is also used for the shunt converter, as illustrated by
the block diagrams of Figures 8.16(b) and (c). In this case the controlled quantity is
the current ls drawn from the line by the shunt converter. The real and reactive
components of this current, however, have a different significance. For the scheme of
Figure 8.16(b), the reference for the reactive current, ij[n, is generated by an outer
voltage control loop, responsible for regulating the ac bus voltage, and the reference
for the real power bearing current, r#o, is generated by a second voltage control loop
that regulates the dc bus voltage. In particular, the real power negotiated by the shunt
converter is regulated to balance the dc power from the series converter and maintain
a desired bus voltage. The dc voltage reference, V6p6, rrra.! be kept substantially
constant. In the scheme shown in Figure 8.16(c), the outer voltage loop regulates the
ac bus voltage and also controls the dc capacitor voltage. This outer loop changes the
angle a of the converter voltage with respect to the ac bus voltage until the dc capacitor
voltage reaches the value necessary to achieve the reactive compensation demanded.
The closed-loop controlling the output of the series converter is responsible for main-
taining the magnitude of the injected voltage, foo, in spite of the variable dc voltage.

The most important limit imposed on the shunt converter is the shunt reactive
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current which is a function of the real power being passed through the dc bus to
support the real power demand of the series converter. This prevents the shunt con-
verter current reference from exceeding its maximum rated value.

The control block diagrams shown in Figure 8.16 represent only a selected part
of the numerous control algorithms needed if additional operating modes of the UPFC
are also to be implemented. The block diagrams omit control functions related to
converter protection, as well as sequencing routines during operating mode changes
and start-up and shutdown procedures.

8.2.7 Dynamic Performanee

The dynamic performance of the UPFC is illustrated by real-time voltage and
current waveforms obtained in a representative TNA (Transient Network Analyzer)
hardware model shown schematically by a simplified singleJine diagram in Figure 8.17.
The simple, two-bus power system modeled includes the sending-end and receiving-end
generators with two parallel transmission lines which are represented by lumped
reactive impedances. One of the lines is controlled by a model UPFC. The converters
and the magnetic structure of the UPFC model accurately represent a 48-pulse struc-
ture used in an actual transmission application (refer to Chapter 10). The UPFC power
circuit model is operated by the actual control used in the full scale system. The
performance of the UPFC is demonstrated for power flow control with operation
under power system oscillation and transmission line faults.

8.2.7.I Power Flow Control. The
tive power flow control is demonstrated
and receiving-end bus voltages constant

UPFC for real and reac-
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Figure 8,17 Simplified schematic of the power system and UPFC model used for
TNA evaluation.
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transmission angle) and operating the UPFC in the automatic power flow control
mode. As established previously, in this operating mode the UPFC regulates the real
and reactive line power to given reference values. As illustrated in Figure 8.18, the
UPFC, via appropriate Pp4 and Qq"1 inputs to its control, is instructed to perform a
series of step changes in rapid succession. First, P is increased,then Q, followed by
a series of decreases, ending with a negative value of Q. The waveforms, showing the
injected voltage uon(t), the system voltage at the two ends of the insertion transformer,
ut(t) : u1(r) and u(/) : uz(t) = u1(r) + urn(t), and the line current, illustrate clearly
the operation of the UPFC. It can be observed that the closed-loop controlled UPFC
easily follows the Pp"i and On"r references, changing the power flow in approximately
a quarter cycle. (Note that in a real system the power flow would typically be changed
much more gradually in order to avoid possible dynamic disturbances.)

8.2.7.2 Operation Under Power System Oscillation. The unique versatility of
the UPFC for power flow control can well be demonstrated when the power system
is subjected to dynamic disturbances resulting in power oscillations. Since the UPFC
actually controls the effective sending-end voltage, it is capable of forcing a desired
power flow on the transmission line under dynamic system conditions as well as in
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the steady state. This capability can be used in several different ways to meet system
requirements. If constant power flow is to be maintained, the UPFC will act to provide
it, even if the conditions on the sending- and receiving-end buses are varying. In
essence, the UPFC will dynamically decouple the two (sending- and receiving-end)
buses. If preferred, the UPFC can be commanded to force an appropriately varying
power level on the line that will effectively damp the prevailing power oscillation.

To demonstrate the potential of the UPFC under dynamic (oscillatory) condi-
tions, the TNA system model was provided with a receiving-end (%) bus programmed
to have a damped second-order phase angle response characteristic of a generator
with a large inertia. The simple algorithm governing this mechanism assumes a defined
source of mechanical power to the generator supporting the 7" bus and matches this
against the electrical power being delivered from the bus to the two transmission lines.
Excess mechanical power causes an acceleration with a resultant phase angle advance
and, vice versa, insufficient mechanical power causes deceleration with phase angle
retardation. In the steady state, the bus angle assumes a value in which the electrical
and mechanical powers are exactly equal. The modifled system model is shown in
Figure 8.19.

To initiate a power oscillation in this simple system model, a fault was applied
for a duration of several cycles through an impedance to ground at the V" bus as

shown in Figure 8.19, simulating a distant fault condition. Three cases are presented
in Figures 8.20 through 8.22 to illustrate dynamic response of the UPFC under various
operating modes. The initial conditions for all three cases are identical, with the
mechanical power request for generatot V, programmed to produce a 1.0 p.u. real
power flow from V, to V,. Line impedances are such that with zero compensation
(uru: 0), the UPFC line carries 0.75 p.u. real power while the remaining 0.25 p.u.
real power flows through the parallel line. The UPFC is then operated to obtain 1.0
p.u. real power flow on its line, so that no power is transferred through the parallel
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Figure 8.L9 Block diagram showing the "swing bus" and control algorithms for
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Electrical power absorbed by generator Vr

d(delta )/dt

Figure 8.20 Power flow control during power oscillation with the UPFC in direct
uohage injection mode (UPFC remains neutral to damping).

line. In each of the three cases, the UPFC achieves this initial power flow using a
different operating mode.

The results of Figure 8.20 show the UPFC in direct uoltage injection mode where
the magnitude and angle of the injected voltage are adjusted by the operator (or by
the system optimization control) until the desired power flow is achieved. In this
operating mode, the UPFC has no effect on the dynamic performance of the system
due to the applied fault, appearing only as a voltage source of fixed magnitude and
angle added to the sending-end voltage.

The results of Figure 8.21 show the UPFC in automatic power flow control mode
with a constant reference. Here the UPFC holds the power flow on its line constant
while the oscillating power required to synchronize the generators is carried entirely
by the parallel line. Note the change in swing frequency since the impedance of the
UPFC's line no longer dynamically couples the two generators.

In the flnal case, shown in Figure 8.22, the upFC is again in automatic power
flow control mode, but with active damping control. The oscillation damping control
algorithm is shown in Figure 8.19, where the rate of change of the differential phase
angle between the sending-end and receiving-end buses (d6ldt) is sensed and fed into
the real power command, Pp"i, for the UPFC with the correct polarity and an appro-
priate gain. Clearly, it may be difficult to obtain the feedback for this algorithmln a
real system, but the purpose here is to show the powerful capability of the UpFC to
damp system oscillations. However, it seems plausible that any of those system vari-
ables available at, or transmittable to a given location of the power system, which
were found in practice to be effective inputs to other types of power flow controllers
(e.g., TCSC) for power oscillation damping, would be applicable to the upFC as well.

8.2.7.3 Operation Under Line Faults. The current of the compensated line
flows through the series convsrter of the UPFC. Depending on the impedance of the
line and the location of the system fault, the line current during faults may reach a
magnitude which would far exceed the converter rating. Under this condition the

Angle rate of change

Series transformer terminal voltage

Line current

500ms/div



326 Chapter 8 I Combined Compensators: UPFC and IPFC

Electrical power absorbed by generator V,

d (delta)ldt

Figure 8.21 Power flow control during power oscillation with the UPFC in automatic
power flow control with constant reference (UPFC maintains constant
power flow in the controlled line).

UPFC would typically assume a bypass operating mode. In this mode the injected
voltage would be reduced to zero and the line current, depending on its magnitude,
would be bypassed through either the converter valves, electronically reconfigured
for terminal shorting, or through a separate high current thyristor valve. For the
contingency of delayed fault clearing, a mechanical bypass breaker would also be
normally employed.

Two cases of line faults are considered in this section. The flrst is an external

Electrical power absorbed by generator V,

d (delta)ldt

Figure 8.22 Power flow control during power oscillation with an active damping
control added to the automatic power flow control of the UPFC (UPFC
acts to damp the power oscillation).
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fault (fault is on the non-UPFC line) with normal clearing time. As illustrated in
Figure 8.23,phase A of the parallel line is faulted to ground at point Fault #1, effectively
at the stiff sending-end bus. The fault path has zero impedance, and prior to the onset,
the UPFC is in automatic power flow control mode controlling the power on its line
at P : 1.0 p.u. and Q : 0.02 p.u. Six cycles after the fault, breakers BRK3 and BRK4
open, clearing the fault and restoring voltage to the UPFC. The breakers reclose nine
cycles after opening.

Resulting waveforms for this case are given in Figure 8.24. When the UpFC
senses the overcurrent on faulted phase A, it immediately (at point 1 in the figure)
activates the electronic bypass to protect the series converter. During the fault, the
shunt converter may, if desired, remain operational to supply reactive compensation.
However, the gross voltage unbalance caused by the single line-to-ground fault, may
cause considerable distortion on the compensating currents. These waveforms show
normal fault clearing conditions, where the fault current is conducted by the electronic
bypass switch. Should the fault clearing be delayed beyond the thermal capacity of
the electronic switch, a mechanical bypass would be initiated. If the series transformer
is mechanically bypassed, a specific reinsertion sequence for the UPFC would be
required, as shown in the next fault case.

Six cycles after initiation the fault is cleared (at point 2) when BRK3 and BRK4
open, restoring balanced voltage to the line with the UPFC. Line conditions quickly
return to normal and the UPFC responds by removing the electronic bypass and
immediately returning to the pre-fault power flow control mode (point 3). Breakers
BRK3 and BRK4 reclose with no noticeable effect (point 4).

Shunt Series I

golleile_r converte{
+-
U

Control commands

Figure 8.23 Simplified schematic of the power system and UPFC TNA model
showing the locations of external and internal system faults.

Fault #1 :
phase A to ground

Mechanical bypass

BRKl iliosg

Fault #2=
phase A to ground
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voltages (vr)

Figure 8.24 UPFC response to an external phase A to ground fault with normal
clearins.

The second fault case represents an internal fault (i.e., fault is on the UPFC
line) with delayed fault clearing. This case consists of a single line-to-ground internal
fault, with phase,4 faulted to ground at point Fault #2, the receiving-end bus in the
single-line diagram of Figure 8.23. The fault path has zero impedance and, as before,
at the onset the UPFC is operating in automatic power flow control mode with P :
L.0 p.u. and Q : 0.02 p.u. Fault clearing by opening breakers BRK1 and BRK2 is

delayed until 12 cycles after fault initiation. The breakers reclose nine cycles after
opening.

Resulting waveforms for this case are given in Figure 8.25. As indicated pre-
viously, when the UPFC senses the overcurrent on faulted phase /, it immediately
(at point 1 in the figure) activates the electronic bypass to protect the series converter.
However, these waveforms illustrate the case in which the fault clearing is assumed

delayed beyond the thermal capacity of the electronic switch and a mechanical bypass

is initiated (point 2). Approximately four cycles later the mechanical bypass across

the primary of the insertion transformer closes and carries the line current, thus
relieving the electronic bypass switch (point 3).

A short time later (point 4), breakers BRK1 and BRK2 open to clear the fault.
This action leaves the UPFC in its mechanically bypassed state on an isolated line.
Once the fault has been cleared, the breakers reclose, restoring voltage to the UPFC

4
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Line currents (i,,n")
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Series transformer terminal voltages (vpq)

Figure 8.25 UPFC response to an internal phase A to ground fault with delayed
clearing.

(point 5). Line conditions quickly return to normal and the UPFC is able to initiate
reinsertion of the series transformer (point 6). During the reinsertion procedure the
series converter forces current (i,",) through the series transformer to match to the
line current (1r,,), driving the current through the mechanical bypass to zero in order
to achieve a transient-free reinsertion. At this point the value of the series-injected
voltage is fixed and a signal is sent to open the mechanical bypass (point 7). Several
cycles later the mechanical bypass, carrying zero current, opens (point 8). The ,,bump-

less" reinsertion of the series transformer into the line is complete.
Once the series transformer is in the line again, the UPFC can remain in voltage

insertion mode or transition to any other desired post-fault operating mode. To illus-
trate this capability, this case shows the UPFC returning to the pre-fault operating
mode (automatic power flow control) and reference values (point 9).

8.2.8 Hybrid Arrangement: UPFC with a Phase
Shifting Transformer

As shown in Figures 8.3 and 8.5, the voltage injection of the UPFC is in a circular
region around the end of the (sending-end) transmission voltage phasor. This means
that the UPFC voltage injection in general results in an advance or a retard of the

Line currents (itin")
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UPFC with phase-shifter
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Figure 8.26 Basic scheme of UPFC with a fixed phase shifter (a) and corresponding
phasor diagram (b).

prevailing transmission angle. In other words, the UPFC has two equal half-circle
segments as operating regions, one characterized by the advancement, the other by
the retardation of the effective transmission angle. Although this general capability
of the UPFC may well be utilized in many practical applications, there are other
applications in which voltage injection resulting in unidirectional change, advancement,
or retardation of the transmission angle is satisfactory or in which unequal operating
regions for advancement and retardation are preferred. For example, if the attainable
transmission angle is too small for the desired power transmission, the UPFC would
have to provide first an appropriate phase angle advancement to establish the correct
steady-state operating point around which the control of real and reactive power
would be executed under the prevailing system conditions. In these applications the
converters of the UPFC are not utilized effectively because with a given MVA rating
they could control, for example, the transmission angle over the range of -o,"" s
c 1 10* , but they are actually used to control the transmission angle over either
the positive range of 0 s o,u* or the negative range of -a^o3 0, i.e., they are used
to control up to a maximum angular change of only o,o of the available maximum
angular change of 2<r^ . Since the required MVA rating is proportional to the control
range, it is easy to see that the UPFC converters are at best 507o utilized. Another
consideration in this application is that a significant portion of the UPFC rating
may be used up for steady-state angle control, which could be provided by more
economical means.

The operating requirements for unequal operating range and steady-state angular
shift can be satisfied if the UPFC is combined with a phase-shifting transformer
providing flxed or selectable angle of advancement or retardation.

A possible circuit arrangement to implement this hybrid arrangement is shown
schematically in Figure 8.26(a) with the corresponding phasor diagram in Figure
8.26(b). The overall circuit arrangement includes the usual UPFC configuration with
two coupling transformers, one connecting Converter 1 in parallel to the line and the
other one Converter 2 in series with the line. This arrangement, in its simplest form.

Vt+Vo ,t
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however, also includes an additional winding on the secondary (converter) side of
each phase of the shunt-connected coupling transformer. The-phase shifting could
also be accomplished by a separate transformer. The transformer connection is such
(e.g., delta-connected primary) that the voltage obtained at the phases a, b, and, c of
the secondary windings are in quadrature with the phase a, b, aid c phase-to-neutral
primary (line) voltages. considering phase a frefer to Figure g.26(a)], it is seen that
this winding is connected in series with the secondary winding of the series-connected
coupling transformer and the phase a output of Converter 2- As a result, the voltage
injected in series with the line to control the flow of power through it is the vectorLl
sum of the fixed voltage provided by the shunt-connected coupling transformer and
the controllable output voltage of Converter 2.

The operation of the hybrid power flow controller is summarized with reference
to the phasor diagram shown in Figure S.26(b). As explained above, the total injected
voltage, used to control the power flow in the line is made up of two compohents:
voltage component 7., which is the fixed quadrature voltage provided by the shunt
connected transformer to advance (or retard) the existing transmission angie by a fixed
angle o, and voltage component Voo,whichis the controllable compottenip.ouid"d by
the UPFC. The magnitude of Voo is variable in the range of 0 < Vpq 3 Vpq * e V;)
and its angle p is the range of 0 < p - 27T with respect to the fixed nlT angile-of v,.
The magnitude and angle of the controlled transmission voltage Vgef are obtained by
vectorially adding the total injected voltage vn + vpq to the existing (sending-end)
voltage 7'. In the hybrid arangement the circular operating region of the UpFC is
centered around the end of the voltage phasor 7" providing in effect a fixed angular
shift for voltage phasor V,and, with the stipulation of Vpq u,: Vo,the total control
region allows only unidirectional change (retardation or advancement) for the trans-
mission angle.

The hybrid arrangement within its operating region maintains the flexibility of
functional control characterizing the UPFC. For example, series reactive line comien-
sation is accomplished in Figure 8.27(a) by choosing the angle p of voltage zoo soihat

Vset =

(a)

Fi gure 8'27 
l*?:: : .T::ilff ,'#;: J,T"Til: Jtl)

(b)

the phase shifter providing
and with (b) angle control.

Vs+W /
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Figure 8.28 Illustration of example transmission problem (a), solution with a UPFC
(b), and solution with a combined UPFC and a fixed phase shifter (c).

the total injected voltage (V, + Voo), or a component thereof, is in quadrature with
the line current. A general case for transmission angle control and series compensation
for line impedance control is shown in Figure 8.27(b), where voltage component 7r,o
of 7oo is used to cancel part of the fixed quadrature voltage Vn, and voltage component
Vo*c is used to provide series reactive compensation for the existing reactive line im-
pedance.

The benefits of the hybrid arrangement for certain applications can well be
illustrated in the {p,, P} plane. Consider the simple two-machine system, UPFC con-
trolled intertie, shown in Figure 8.28(a). Assume that the attainable transmission angle
is 10' and the required angle for the desired steady-state transmission is 30'. The
control range estimated to handle load variations and dynamic disturbances is +10o.

The above requirements can be met with a single UPFC of appropriate rating
as illustrated by the relevant Q, versus P plots in Figure 8.28(b). The circular arc
drawn from the center identified by coordinates Q,: -1.0 and P : 0.0 represents

the Q, versus P relationship with the uncompensated intertie line, which defines the
transmitted power at 10o angle. The operating region of the UPFC is defined by a

circle with a center at the 10'point of the Q, versus P circular arc characterizing the
uncompensated line. The radius of this operating region is determined by the distance

between the L0'and 40o operating points of the uncompensated system defined by
the stipulated operational requirements. As can be observed in Figure 8.28(b), the
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operating region thus obtained for the UPFC would facilitate very broad operating
flexibility in controlling the transmitted real power from zero to maximum andbeyond-,
while keeping the reactive power demand at the receiving end not only at zero but,
if desired, varying it over a wide, lag to lead, range. Of course, this flexibility would
come at a cost. The requiredVA rating of the UPFC would be large, about 0.5 p.u.
of the maximum power transmitted.

The transmission requirements of the intertie can also be met with a more
economical hybrid arrangement comprising a UPFC with a fixed 20 degree phase shift
(provided by an integrated or separate transformer phase shifter) as illustrated by the
relevant Q, versus P plots in Figure 8.28(c). The phase shifter (assumed ideal foi this
example) increases the effective transmission angle from the prevailing 10 degrees to
30 degrees, which identifies the center of the UPFC's operating region. The ridius of
this circular operating region is determined by the relatively short distance between
the 30 degree and 40 degree operating points on the p. versus P circular a rc characteriz-
ing the uncompensated line. With the thus defined operating region, the latitude of
transmission control is reduced, but is still significant: The real power can be controlled
about 'r35vo around the steady-state value and the reactive power demand on the
receiving end can be kept at zero over this range. However, the VA rating of the
UPFC is only one third of that required in the previous case (i.e., about 0.167 p.u. vs.
0.5 p.u.).

8.3 THE INTERL|NE POWER FLOW CONTROLLER (tpFC)

We have seen that the Unified Power Flow Controller is capable of independently
controlling both the real and reactive power flow in the line. This capability of the
UPFC is facilitated by its power circuit which is basically an ac-to-ac power converter,
usually implemented by two back-to-back dc-to-dc converters with a common dc
voltage link. The output of one converter is coupled in series, while the output of the
other in shunt with the transmission line. With this arrangement, the UPFC can inject
a fully controllable voltage (magnitude and angle) in series with the line and support
the resulting generalized real and reactive compensation by supplying the real power
required by the series converter through the shunt-connected converter from the ac bus.

The UPFC concept provides a powerful tool for the cost-effective utilization of
individual transmission lines by facilitating the independent control of both the real
and reactive power flow, and thus the maximization of real power transfer at minimum
losses, in the line.

The Interline Power Flow controller (IpFC), proposed by Gyugyi with sen and
Schauder in 1998, addresses the problem of compensating a number of transmission
lines at a given substation. Conventionally, series capacitive compensation (fixed,
thyristor-controlled or SSSC-based) is employed to increase the tiansmittable real
power over a given line and also to balance the loading of a normally encountered
multiline transmission system. However, independent of their means of implementa-
tion, series reactive compensators are unable to control the reactive po*"t flow in,
and thus the proper load balancing of, the lines. This problem becomes particularly
evident in those cases where the ratio of reactive to resistive line impedance (X/R)
is relatively low. Series reactive compensation reduces only the effective reactive
impedance X and, thus, significantly decreases the effective X/R ratio and thereby
increases the reactive power flow and losses in the line. The IPFC scheme, together
with independently controllable reactive series compensation of each individual line,
provides a capability to directly transfer real power between the compensated lines.
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This capability makes it possible to: equalize both real and reactive power flow between
the lines; reduce the burden of overloaded lines by real power transfer; compensate
against resistive line voltage drops and the corresponding reactive power demand;
and increase the effectiveness of the overall compensating system for dynamic distur-
bances. In other words, the IPFC can potentially provide a highly effective scheme
for power transmission management at a multiline substation.

8.3.1 Basic Operating Principles and Characteristics

In its general form the Interline Power Flow Controller employs a number of
dc-to-ac converters each providing series compensation for a different line. In other
words, the IPFC comprises a number of Static Synchronous Series Compensators.
However, within the general concept of the IPFC, the compensating converters are
linked together at their dc terminals, as illustrated in Figure 8.29. With this scheme,
in addition to providing series reactive compensation, any converter can be controlled
to supply real power to the common dc link from its own transmission line. Thus, an
overall surplus power can be made available from the under utilized lines which then
can be used by other lines for real power compensation. In this way, some of the
converters, compensating overloaded lines or lines with a heavy burden of reactive
power flow, can be equipped with full two-dimensional, reactive and real power control
capability, similar to that offered by the UPFC. Evidently, this arrangement mandates
the rigorous maintenance of the overall power balance at the common dc terminal
by appropriate control action, using the general principle that the underloaded lines are
to provide help, in the form of appropriate real power transfer, for the overloaded lines.

Figure 8.29 Interline Power Flow Controller comprising /? converters.
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Figure 8.30 Basic two-converter Interline
Power Flow Controller scheme.
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Consider an elementary IPFC scheme consisting of two back-to-back dc-to-ac
converters, each compensating a transmission line by series voltage injection. This
arrangement is shown functionally in Figure 8.30, where two synchronous voltage
sources, with phasors vyoandv2r*in series with transmission Lines 1 and 2, represent
the two back-to-back dc-to-ac converters. The common dc link is represented by a
bidirectional link for real power exchange between the two voltage sources. Transmis-
sion Line 1, represented by reactance xy has a sending-end bus with voltage phasor
V1" and a receiving-end bus with voltage phasor Vt. The sending-end voltage phasor
of Line 2, represented by reactance X2, is 72" and the receiving-end voltage phasor is
vv. For clarity, all the sending-end and receiving-end voltages are assumed to be
constant with fixed amplitudes, Vt : Vt: V^: V2, : 1..0 p.u., and with fixed angles
resulting in identical transmission angles, Dl : 6z (: 30'), for the two systems. The
two line impedances, and the rating of the two compensating voltage sources, are also
assumed to be identical, i.e., Vtpq u : Vron u, and X1 - Xz : 0.5 p.u., respectively.
Although Systems 1 and 2 could be (and in practice are likely to be) different (i.e.,
different transmission line voltage, impedance, and angle), in order to make the
relationships governing the operation of the IPFC perspicuous, the above stipulated
identity of the two systems is maintained throughout this section. Note that the two
lines are assumed to be independent and not in any phase relationship with each other.

In order to establish the transmission relationships between the two systems,
System 1 is arbitrarily selected to be the prime system for which free controllability
of both real and reactive line power flow is stipulated. The reason for this stipulation
is to derive the constraints which the free controllability of System 1 imposes upon
the power flow control of System 2.

A phasor diagram of System 7, defining
(the voltage phasor across x1) and the inserted
magnitude (0
As illustrated, this phasor diagram is identical
e.g., Figure 8.3).

For example, the rotation of phasor vyowithangle prynvaries both the magnitude
and angle of phasor Vy( in a cyclic manner and as a result, both the transmitted real
power, P1,, and the reactive power, Q1,, also vary with plon in a sinusoidal manner, as
illustrated for the UPFC in Figure 8.7.

The variation of P1, and Q1, with rotatin1v1u,q o can best be illustrated in the
{Qu: Pt,\ plane shown, together with the corresponding phasor diagram, in Figure
8.32. At the selected transmission angle, fi : 30o, the uncompensated System 1 (Vrro:
0) transmits P*0. : 1.0 p.u. real power to, and absorbs Qr,zo. : 0.268 p.u. reactive

the relationship between Vu, Vt, Vu(
voltage phasor Vroo, with controllable
Ptpq

to that chara ctertzing the UPFC (see,

V, oo Vt sen
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Figure 8.31 IPFC "prime" converter and corresponding phasor diagram.

power from, the receiving end. As shown for the UPFC, the rotation of Vro*o over
360 degrees produces a circular locus for P1, and Qt, with a radius of lPlon +

Q'vn]t'' (: 0.5 p.u.) from the center defined by the coordinates P1,.1.a" : 1.0 and Q\zx :
0.268 in the {Q1,; P1,} plane. This circular locus provides the boundary for the two-
dimensional control range within which any corresponding Qr, and P1, values are

achievable by the proper setting of magnitude Vryn and angle pryn'

The compensation of the prime System L described above is identical to that
characterizing the operation of the UPFC. However, in the case of the UPFC, the

real power exchanged through the series voltage insertion is supplied via the shunt-
connected converter from the sending-end bus. In the case of the simple IPFC consid-
ered here, this real power is obtained from the other line via the series-connected

compensating converter of that line. In order to establish the possible compensation

Qt,
Pt,

Voltage
compensation
lines

Reactive P-Q control lines

compensation
control line (Ptz- 0)

Figure 8.32 Variation of receiving-end real and reactive power as a function of the

injected compensating voltage in Line 1.

P-Q control lines

:
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range for Line 2, under the constraints imposed by the unrestricted compensation of
Line 1, it is helpful to decompose the overall compensating power provided for Line
L into reactive power Qryq and real power Pton.To this end, the injected voltage phasor
[r, is decomposed into two components, one, Vg, in quadrature and the other, Vy,
in phase with the line current. The products of these with the line current deflne Qpn
and Pryn. The component Qq* generated internally by Converter 1, evidently provides
series reactive compensation for Line 1. The component Ploo provides real power
compensation for Line 1, but this power must be supplied for Converter L by Converter
2 from Line 2.

It can be shown that if, within the circular operating region of the injected voltage
phasor, the magnitude of" Vyo is controlled over the attainable range of angle p, so
that its end stays on a straight line trajectory ("voltage compensation line"), parallel
to the line connecting the ends of the sending-end and receiving-end phasors ("reactive
voltage compensation line"), as illustrated at the left of Figure 8.32, then the component
of. Vtoo in phase with the prevailing line current will result in constant real power
demand (that the converter must supply or absorb) independent of angle p. This
means that within the operating region of Vpo, the reactive compensation is variable
along a "voltage compensation line," independent of the real power compensation.
The real power demand is, by definition, zero when the trajectory of Vyo coincides
with the "reactive voltage compensation line" (i.e., when Vro : 0 is maintained),
which divides the circular operating region into two equal halves. An increasing amount
of real power is to be supplied to System 1 as the compensation line is shifted higher
and higher above the "reactive voltage compensation line" in the upper half of the
control region. Conversely, increasing real power is to be absorbed from System 1

as the compensation line is shifted lower and lower below the "reactive voltage
compensation line" in the lower half of the compensation region.

The "voltage compensation lines" prescribing the trajectory of the phasor Vpo
for constant real power demand in the phasor diagram of System 1., define a linear
relationship between the receiving-end reactive and real power, Q1, and P1,, respec-
tively, within the circular locus representing the boundary of the control region in the
{Qt; P} plane, as shown at the right of Figure 8.32. Thus with P12 : 0 a "reactive
compensation control line," which crosses the center of the boundary circle, defines
the Q1, versus P1, relationship for purely reactive variable compensation. An infinite
number of parallel Q1, versus P1, control lines of decreasing length, corresponding to
the "voltage compensation lines" of the phasor diagram, can be established above
and below the "reactive compensation control line," according to the real power
exchanged. A number of such lines, corresponding to the "voltage compensation lines"
of the related vector diagram, are drawn in the same manner (filled, dashed, dotted,
etc.) in the Qy versus P1, control region of the {Qu; Pr,} plane shown in the figure.
Comparison of the left-hand and right-hand sides of Figure 8.32 indicates that the
reactive power flow increases or decreases in proportion to the real power supplied
to, or absorbed from, the line by series compensation.

With respect to the total IPFC scheme shown in Figure 8.30, the following
conclusions can be drawn from the above discussion. The operating point of Converter
L compensating the "prime" System 1 can always be considered a point of a particular
"voltage compensation line." Consequently, a corresponding point on the related Qy
versus P1, control line in the {Q1,; P1.} plane defines the resultant active and reactive
power in the transmission line. In general, at a selected operating point, Converter 1

has to exchange both reactive and real power with Line L. However, the converter
can internally generate only the reactive power and thus it must be supplied with the
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real power it exchanges. The real power demand remains constant, while the internally
generated reactive power changes, as the operating point of the converter is shifted
along a selected "voltage compensation line." with the shifting operating point (i.e.,
with the resultant variable reactive compensation), the receiving-end real and reactive
power moves along the relevant Q1y versus Pr" control line in the {Qy; P1.} plane,
changing primarily the transmitted real power P1,. Moving the operating point from
one "voltage compensating line" to another changes the real power demand of the
converter and shifts the resulting receiving-end real and reactive power to a parallel
Q1 versus P1, control line in the {Qy; P1,} plane, and thus primarily changing the
reactive line power Q1,.

It follows, therefore, that in order to satisfy the active power demand of Converter
1 operated along a selected "voltage compensation line," Converter 2 must be operated
along a complementary "voltage compensation line" so as to precisely supply this
demanded real power from Line 2 via the common dc link for Converter L. In other
words, the relationship P2* : -Pbq ot V2ro cos r!2on : -Vtpq cos $2rn (where *zpq and
l4rn arc the angles between the injected voltages and the corresponding line currents,
i.e., between V2rn and 12, and between Vleq arrd [, respectively) must be continuously
satisfled. (In practice, this condition could be satisfied by controlling Converter 2 to
maintain the voltage of the common dc link in face of the variable real power demand
of Converter 1.)

The operation of the two converter IPFC scheme is illustrated with the help of
the complementary "voltage compensation" and Q17 versus P1, control lines in Figures
8.33(a) through (e). For this illustration, three particular operating points of Converter
L, marked 1.{, LB, and 1C, are located on an arbitrarily selected "voltage compensation
line" of the prime System 1, shown at the left of Figures 8.33(a), (b), and (c). The
corresponding O1l versus P1, control line in the {Qb;P1.} plane, with the specific reactive
and real power values obtained with the three operating points, are shown at the right
of these figures. The phasor diagram and the corresponding {Qzi P2} plane, with the
complementary o'voltage compensation" and p2, vgrSUS P2, control lines, are shown
for System 2 at the left and, respectively, at the right of Figures 8.33(d) and (e).

Operating point LA [Figure 8.33(a)] is selected so that the injected voltage phasor
[* is perpendicular to the resultant voltage phasor, [s, across the transmission line
impedance Xr. As a result, the line current phasor I is in phase with 790 and thus
Converter 1 provides strictly real power compensation to reduce the reactive line
power, Qt, to zero.It is evident that Converter 2 can satisfy the real power demand
of Converter 1 by operating at the complementary point 2,A, (which increases the
reactive power flow in Line2), as illustrated in Figure 8.33(d). (As is shown below,
Converter 2 could be operated at another point of the same complementary "voltage
compensation line" to provide reactive compensation to its own line in addition to
supplying the required real power for System 1.)

Operating point 18 [Figure 8.33(b)] represents the maximum real power transfer
attainable along the selected "voltage compensation line" of System 1. As seen, the
real power P1, is increased and the reactive power Q1, is decreased by about a factor
of two, relative to the values obtained with uncompensated (Vrro :0) transmission.
As compared to the case of Figure 8.33(a), the line current is significantly increased,
reaching its maximum value, while the component of Vso in phase with 11, Vy, is
proportionally decreased to its minimum value, yielding the same real power demand
as that obtained at operating point 1A. Since there is no change in real power demand,
the previously established operating point of Converter 2, shown in Figure S.33(d),
need not change.
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Operating point 1C [Figure 8.33(c)] represents the minimum real power transfer
attainable with the "voltage compensation line" considered. In comparison with the
uncompensated transmission, the real power P1, is decreased from 1-.0 p.u. to about
0.63 p.u. and the reactive power Q1, is changed from -0.268 p.u. to about *0.1 p.u.
At this boundary operating point, the line current is at its minimum, whereas the
component [, in phase with 1r is the maximum obtainable with this "voltage compen-
sation line." Again, the real power demand resulting from operating point 1C is the
same as that obtained at 1A and 18, requiring no change in the operating point of
Converter 2.

From the established symmetry of the two systems, it follows that the operating
point of Converter2 can be freely changed along the complementary "voltage compen-
sation line," as illustrated in Figure 8.33(e) without changing the real power flow
between the two converters.

Inspection of the vector diagrams at the left-hand side of Figures 8.33(a) through
(e) shows that the trajectory of phasor 79 is always a circular arc. The center of this
arc is in the middle between the ends of the sending-end and receiving-end voltage
phasors. As can be observed in the figures, the intersection of the (actual or extended)
transmission line voltage phasor Vx with the so-constructed arc precisely defines 7,
as the component of V* that is in quadrature with Vy and, consequently, in phase
with the line current L (Note that since the above observations are valid for both
System 1 and System 2, subscripts I and 2 are omitted from the symbols used here.)
It follows therefore that if the trajectory of the injected voltage phasor 7oo is made
to coincide with the above defined arc (i.e., if the operating points of the compensating
converter are restricted to this arc), then the converter provides only real power
compensation and its reactive power exchange with the transmission line is zero
(Q*: o).

The operating points on the arc, prescribingzero reactive compensation (Qw :
0), translate into a similar circular arc defining the corresponding Q,versus P. relation-
ship in the {Qt; P1.} plane, as shown in the right-hand side of Figures 8.33(a) through
(e). To the right of this [O,us. P,]<apq=ol arc in the overall Q,versus P,control area is
the region of series capacitive compensation, which increases P,. To the left of the
arc, there is the region of series inductive compensation, which decreases P,. From
these figures the important observation can be made that the range of capacitive
compensation is practically independent of the real power compensation provided. By
contrast, the range of attainable inductive compensation decreases with the exchange of
increasing real power (of either polarity) with the transmission line. The reason for
this is that, with increasing inductive compensation, the line current decreases and
the converter, having a limited voltage rating, is unable to provide the required total
output VA with the available line current. The functional capability of the IPFC is
not significantly affected by this in practical applications. This is because the required
control range for reactive line power is usually appreciably smaller than that required
for real power flow control and, therefore, the theoretical circular control region, in
practice, can be limited by appropriate upper and lower boundary Q,, versus P, control
lines, to a considerably greater degree than that illustrated in Figure 8.33. (This
limitation also would often be necessary to keep the transmission voltage between
specified limits.) Another consideration is that series compensators in practical applica-
tions are usually employed to increase, rather than to decrease, the transmitted power.

The relationships established for the two converter IPFC are summarized in
Figure 8.34, where two phaser diagrams together with the corresponding p. versus
P, plots characterizing the two line power system are shown. The corresponding
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complementary "voltage compensation lines" and the related complementaty Q,ver-
sus P. lines in the two control regions, including those of purely reactive and purely
real compensation, are identified in the figure.

As illustrated in Figure 8.34, the complementary "voltage compensation lines"
are located symmetrically above and below the two "reactive voltage compensation
lines" ([o : 0 and Vr, : 0).Similarly, the corresponding complementary Q, versus
P, control lines are located symmetrically above and below the purely reactive compen-
sation line in the circular control region of the {Qr,l P1} plane. As can be observed
in the flgure (where the related complementary lines for the two systems are drawn
in a similar manner), the complementary lines of the two systems must be in the
opposite (upper vs. lower) halves of the relevant compensation and control regions.
The complementary lines clearly illustrate the meaning of the restriction Pron : - Pron,
inherent for the simple two-converter IPFC scheme considered. That is, only in one
of the two systems (i.e., in the prime system) is it possible to control both the real
and reactive power flow. In the other, only the real power flow can be controlled
within defined limits by available reactive compensation, while the prevailing reactive
line power will be affected by the real power demand of the prime system.

In the illustration of the relationships characterizing the two converter IPFC,
the transmission angle for both power systems is, for clarity, fixed at 30 degrees. The
center of the circular locus deflning the Q, versus P, control region is at the Q,s and
P,6 coordinates characterizing the uncompensated power system at a given transmission
angle. As illustrated in Figure 8.35 for System L, the variation of angle 61 moves Q1.6

6t = 30:

Qzpq- o
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and P1.s on a large circular locus whose center is at P1, : 0, and Qt : -2.0 in the
{Q6 P} plane. consequently, the center of the boundary circle of the er,versus p1"

control region in the {Pnt jQnl plane also moves along this circular arc with the
varying 61, as illustrated for 6r : 0o, 30o and 60o, respectively, in Figure 8.35.

With decreasing transmission angle the line current at a fixed compensated line
impedance decreases. This means that the real power the series-connected converter
(with a fixed voltage rating) can exchange with the uncompensated line decreases.
For this reason, the range of real power compensation decreases with decreasing fl
unless simultaneous reactive compensation (to increase the line current and transmit-
ted power) is carried out, as the four loci of the achievable e,1 versus p,1 values,
obtained with Qbq: 0 at Dr : 60", 37.5",1,5", and 0o, illustrate in Figure g.35.

It should be noted that the parallel "voltage compensation lines" and the colre-
sponding Q. versus P.lines in the {Q1,; Pl} plane, introduced for the illustration of
the principles governing the operation of the IPFC, do not imply a necessary framework
for the IPFC control. Indeed, as indicated at the outset, the prime converter(s) could
be controlled to provide any operating mode possible with the upFC, including the
closed-loop regulation of P, and p,. This would take one degree of freedom (the
control of reactive line power) from the other converter(s), but the other degree of
freedom (the control of real power flow) would remain largely intact. The operation
of secondary converter(s) could be visualized so that an appropriate closed-loop control
(e.g., the one regulating the dc link voltage) would force the "real" component of the
injected voltage phasor to move along the circular arc defining the epq: 0 locus for
the operating point of the converter(s). Another closed loop could regulate the real

Ptz =
\\

/./'./
/./

61

\

0t = 30'



Section 8.3 r The Interline Power Flow Controller (IPFC)

Qtn.t Vtsen
Vt setr

-
ir

-,
t1

343

Series converter 1

Series converter 2

R nrt
-t

I1

01

v
1

+{4
3r

v1q

Vac

Vara"t

Vzq a"t

e2
v_ *V,02

r\-Vzpq

4

iz

n limit 2

Figure 8.36 Basic control scheme for a two-converter IPFC.

power transfer in the secondary transmission line(s) by controlling the "quadrature"
component of the injected voltage phasor along a "compensation line" intersecting the
Qrn: 0 arc at the point determined by the real power demand of the other converter(s).

8.3.2 Control Structure

The control structure of the IPFC is similar to that of the UPFC shown in Figure
8.16 with appropriate changes in the controlled variables and the necessary constraints
imposed by the possible limitations of real power transfer. A possible IPFC control
is shown in the form of a block diagram in Figure 8.36. For this structure the assumption
of the previous section, stipulating System 1 with IPFC converter L as the "prime"
system requiring the independent control of both real and reactive power is, for
clarity, retained. This stipulation makes the control of the two converters functionally
somewhat different. However, the reader should note that in practice the two converter
controls would be identical with control inputs putting either converter in the "prime"
or "support" operating role.

As shown in Figure 8.36 the operation of Converter 1 is synchronized to line
current i1 and Converter 2 to line current i2 by two independent phase-locked loops.
This enables each converter to provide independent series reactive compensation and
to keep operating under contingency conditions when the other line or converter is
out of service.
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The input to the "prime" control is either the desired real and reactive line
power, P1 and Q1 (indicated in the flgure by P1p"1and O,*.,) or it could be the desired
quadrature and real compensating voltage V4 and [o, shown in the figure as internal
references, Vfi and Vfi, derived from P1 ald Q, Voltage component Vf , being in
quadrature with the prevailing line current ii, represents series reactive compensation
to control the transmitted real power, and component vfi, being in phase with that,
represents series real compensation to control the reactive power flow in the line.

The internally derived references, VfnandVfo,are compared to the actual voltage
components, Vkt and Vy, derived from the measured line current and injected voltage
vectors i1 and iryo. The thus obtained error signals after appropriate amplification and
possible limitation provide the input for the computation of the magnitude, Vbq, and
angle, {4 of the injected voltage vector ig,

The limitation preceding the computation of Vbq and ry'1 is an important function
of the IPFC control to ensure system operation within predefined constraints. One
set of constraints may be provided by the voltage and current limitations of Line 1.
(This set of constraints would also apply to the series converter of the UPFC.) The
second set of constraints are unique to the IPFC and related to the possible limitations
of Line 2 to supply the real power demand resulting from the "prime" compensation
of Line 1. As can be observed in Figure 8.36 these limitations may result from insuffi-
cient current in Line 2 to supply real power for the maintenance of the dc bus voltage
(which is burdened by the real power demand of Line 1) or from limitations imposed
for real power transfer by the allowed reactive power flow constraints on Line 2.

The control of Converter 2 is different from that of Converter 1 because it must
support the operation of the "prime" Converter 1 by supplying the necessary real
power from Line 2. This requirement means that, since the in-phase component of
the injected compensating voltage is imposed on Line 2by the real power demand of
Line L, the control of Converter 2 can influence only the transmitted real power in
its own line by controlling the quadrature component, V2n, of the injected voltage
vector i2ro. Thus, the reference input to the control of Converter 2 is the desired
quadrature compensating voltage, Vzqx"r. (The reader should note that an equivalent
input could be the desired compensating reactance. It would also be possible to provide
a closed regulation loop for the desired real power P2 that would yield Vfi as an
internal reference.) Reference voltage vzn is compared to voltage component V2n

derived from the measured injected voltage l2ro. From this, and from the amplified
error representing the difference between the desired and actual dc bus voltage, the
magnitude, V2pq, &rtd angle, $2, of the injected voltage vector i2oo are derived to generate
the output voltage of Converter 2, as illustrated in Figure 8.36.

8.3.3 Computer Simulation

The operation of the IPFC has been simulated with the use of the Electromagnetic
Transients Program (EMTP) simulation package. Referring to Figure 8.30, an elemen-
tary IPFC, composed of voltage-sourced Converters 1 and 2 with a common dc link,
provides (real and reactive) series compensation for Lines 1and2. The two-bus lines
are assumed identical: each has a sending-end voltage of 1.0 p.u., a receiving-end
voltage of 1.0 p.u. with a 30' transmission angle, and a line reactance of 0.5 p.u. The
converter in Line f. is operated as the "prime" converter which can inject a voltage
in series with the line at any angle with respect to the sending-end voltage. Converter
2, on the other hand, is operated as a "support" converter compelled to inject a
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real (resistive), capacitive, and inductive compensa-

voltage in series with Line 2 so as to satisfy the real power demand (both supplied
and absorbed) of Converter 1.

Consider the case, shown in Figure 8.33(a), where a voltage phasor Vryowith a

magnitude of 0.13 p.u. is injected at -30 degrees. In the corresponding simulation,
Figure 8.37 in the 0 to 50 ms interval shows the uncompensated line current i1o and
the corresponding real power P1. and reactive power Qy at t}l'e receiving end of
Line L. Figure 8.3B shows the (identical) uncompensated line current i2o and the
corresponding real power P2 and reactive power Q2 at the receiving-end bus of Line
2. At 50 ms, the voltage phasor Vryo, stipulated in Figure 8.33(a), is injected to provide
only real power compensation. As a result, Converter 1 supplies Pyn for Line 1.

Converter 2 is operated so as to absorb real power P2orfromLine2. The sum of Pyn
and P2rn for an ideal system must be zero. According to the ideal case illustrated in
Figure 8.33(a), the real and reactive power, Py and Q1,, should change from [1.0,
-0.2681 p.u. to [1.0, 0.0] p.u. According to the illustrations of Figure 8.33(d), P2, and
Q2. should change from [1.0, -0.268] p.u. to [0.866, -0.5] p.u. The slight discrepancies
in the simulation results are due to the finite resistance of the transmission line
reactance and the leakage reactance of the coupling transformer of the converter.

At 150 ms, a voltage phasor Vsowilh a magnitude of 0.26 p.u. is injected at *45
degrees, as shown in Figure 8.33(b), to emulate a capacitive reactance in series with
the transmission line. The line current, l1o, is at its maximum value. The values of P1,

and Qy should, with an ideal lossless system, change to [1.5, -0.134] p.u.
At250 ms, a voltage phasor V1'qwith a magnitude of 0.26 p.u. is injected at -75

degrees, as shown in Figure 8.33(c), to emulate an inductive reactance in series with
the transmission line. The line current 11 is at its minimum value. The values of P1,

and Qy should change to [0.634, 0.098] p.u. In all these cases, the injected voltage
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Line 2.

phasor, I/rpq, rnoves along the constant Prynline. Therefore, both Pyu and P2on should
maintain the same fixed value throughout this time. Also note that Converter 2
in these three illustrations is, by choice, operated with zero reactive compensation,
exchanging no reactive power with Line 2 (Qr*: 0), and thus the values of P2, and
p2, should stay at [0.866, -0.5] p.u.

At 350 ms, the operation of Converter 2 is changed to inject a voltage phasor
V2eqwith a magnitude of 0.26 p.u. so as to emulate a capacitive reactance, in addition
to the resistance (i.e., the real power demand of Converter L), in series with the
transmission line. The real and reactive power, P2, and Q2,, should, in an ideal case,
change to [1.366, -0.6341p.u., without affecting Pyand Qy.

The real and reactive power plots in Figure 8.39 show the case in which the
IPFC is controlling the real power flow in (prime) Line 1, in response to a given
reference, while keeping the corresponding receiving-end reactive power practically
at zero and maintaining a substantially constant real power transmission in Line 2.
This is achieved by appropriately adjusting the real and reactive compensating voltage
components in Line 2 to meet the real power demand of Line 1 and maintain constant
real power flow in Line 2.

8.3.4 Practical and Application Considerations

The concept and basic operating principles of the IPFC are explained for clarity
within the framework of two identical (and simple) systems in the previous section.
In practical applications the IPFC would, in general, have to manage the power flow
control of a complex, multiline system in which the length, voltage, and capacity of
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the individual lines could widely differ. one of the attractive features of the IPFC is

that it is inherently flexible to ur"orn-odate complex systems and diverse operating

requirements. A fiw considerations relevant to practical applications are listed next'

(1) The IPFC is particularly advantageous when controlled series compensation

or other ."ri". po*"r flow control (e.g., phase shifting) is contemplated'

This is because the IPFC simply combines the otherwise independent series

compensators (SSSCs), without any significant hardware addition, and af-

fords some of tirose a greatly enhanced functional capability. The increased

functional capability can be moved from one line to another, as system

conditions may dictate. In addition, the individual converters of the IPFC

can be decoupled and operated as independent series reactive compensators'

without anY hardware change.

(2) Although converters with different dc voltage could be coupled via appro-

priate d"-to-d" converters ("choppers"), the arrangement would be expen-

iive with relatively high operating losses. Therefore, it is desirable to establish

a common dc operaiing voltage for all converter-based Controllers used

at one location, which would facilitate their dc coupling and thereby an

inexpensive extension of their functional capabilities. Reasonably defined

common dc operating voltage should not impose significant restriction on

the converter'design, since at high output power multiple parallel poles

are normally employed. Apart from the potential for dc coupling, common

operating voltagi would alio be helpful for the standardization of the con-

verter typ" 
"quiplnent 

used at one location, as well as for the maintenance

of sPare Parts inventorY.

(3) The operating regions of the individual converters of the IPFC can differ
' ' 

significantly, iepJnding on the voltage and power ratings of the individual



348 Chapter 8 I Combined Compensators: UpFC and IpFC

lines and on the amount of compensation desired. It is evident that a high-
voltage/high-power line may supply the necessary real power for a low-
voltage/low-power capacity line to optimize its power transmission, without
significantly affecting its own transmission.

(a) The IPFC is an ideal solution to balance both the real and reactive power
flow in multiline and meshed systems.

(5) The prime converters of the IPFC can be controlled to provide totally differ-
ent operating functions, e.g., independent (P) and (e) control, phase shifting
(transmission angle regulation), transmission impedance control, etc. These
functions can be selected according to prevailing system operating require-
ments.

8.4 GENERALIZED AND MULTIFUNCTIONAL
FACTS CONTROLLERS

In the previous two sections of this chapter, two power flow controllers, the UpFC
and IPFC, with the unique capability of providing both reactive and real series compen-
sation are discussed. The UPFC can execute comprehensive compensation for a single
line whereas the IPFC can provide comprehensive reactive and real compensation ior
selected lines of a multiline transmission system. However, there can be compensation
requirements for particular multiline transmission systems which would not be compati-
ble with the basic constraint of the IPFC, stipulating that the sum of real power
exchanged with all the lines must be zero. This constraint could be particularly restric-
tive under an emergency contingency when those lines which were to support the
"prime" lines would also be overloaded. This potential problem can be solved by
combining the UPFC and IPFC concepts to realize a generalized Interline Power Flow
Controller arrangement, in which a shunt-connected converter is added to the number
of converters providing series compensation, as illustrated in Figure 8.40. With this
scheme the net power difference at the dc terminal is supplied or absorbed by the
shunt converter, and ultimately exchanged with the ac system at the shunt bus. This
arrangement can be economically attractive because the shunt converter has to be
rated only for the maximum real power difference anticipated for the whole system.
Furthermore, it can also facilitate relatively inexpensive shunt reactive compensation,
if this is needed at the particular substation bus, because the shunt conuerler would
need to be rated only for the vectorial sum, i.e., the square-root of the squares, of
real power it exchanges with the other converters and the reactive power iiprovides
for shunt compensation.

It is also possible that the compensation and power flow control requirements
at a given substation change due to system contingency, maintenanc", und system
operational changes. Under these conditions and scenarios, complete functional
changes in compensation and control requirements may be possible. For example, in
a weakened system or under heavy line loading, voltage support of a given bui may
be more important than the power flow control of a given line. This type of problem,
and the unpredictability of transmission requirements in the increasingly deregulated
power industry, can be handled well by applying converter-based Controllers in an
appropriate convertible configuration. The principle is illustrated in Figure 8.41 for a
two converter, two-line arrangement, which could be expanded to any number of
converters and lines. The inspection of this figure shows that with the appropriate
closing and opening of the circuit switches connecting the converter outputs to the
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Figure 8.40 A Generalized Interline Power Flow Controller scheme for comprehen-
sive power transmission control and management.

coupling transformers, the two converters, each with 1..0 p.u. VA rating, could be
configured to function as:

STATCOM (1.0 p.u. and 2.0 p.u. rating)
SSSC (1.0 p.u. and 2.0 p.u. rating)
STATCOM and SSSC (each L.0 p.u. rating)
UPFC (1.0 p.u. series and L.0 p.u. shunt converter rating)
IPFC (1.0 p.u. for each line)

Note that the per unit ratings shown are not the throughput ratings of the lines.
Generally, the FACTS Controller ratings are smaller than the throughput ratings.
They are more related to the per unit series inductance of the lines. The power
electronic-based Controller ratings are defined by the product of the maximum voltage
and maximum current the equipment handles, even if the maximum voltage and
current do not occur simultaneously.

The importance of multifunctional and convertible FACTS Controllers for the
optimal utilization of transmission systems cannot be overstated. At the beginning of
this chapter, the functional use of two groups of FACTS Controllers, one employing
thyristor-switched reactors, capacitors, and tap changers, and the other using voltage-
sourced converters as synchronous voltage sources, were summarized and illustrated in
Figures 8.1 and 8.2. These illustrations convey the traditional viewpoint of transmission
control, that is, the transmitted real power is controlled by changing one of the three
parameters, voltage, impedance, or angle, of the basic transmission equation. Thus,
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F---

Figure 8.41- Illustration of the functional convertibility of a compensator scheme
comprising two voltage-sourced converters.

usually one of the Controllers designed specifically for a single function voltage,
impedance or angle control, is applied to solve the particular probiem at hand. Whereas
this approach may be economically sawy for the short term, it may not have the
capability for broader optimization of the transmission assets, or the flexibility to handle
changing transmission conditions, and ultimately it may result in a o'stranded asset.,,

Figure 8.42 illustrates a contrasting approach of using standard voltage-sourced
converter modules discussed above, which can function individually as conventional
(voltage, impedance or angle) Controllers, but can also be converted from one func-
tional use to another, and, more importantly, can be connected to a common dc link
to provide comprehensive transmission control capabilities. As can be observed two
voltage-sourced converter modules, used to control the power flow between bus 1 and
bus 2, can be used individually as a STATCOM and an SSSC, or can be combined to
function as a UPFC for the comprehensive control of both real and reactive power
flow between bus 1 and bus 2. With the addition of the third converter moduL, the
second line receives an independent series reactive compensator (SSSC). However,
by connecting this converter to the common dc bus, a genlralized IPFC is established
which can control and optimize under the prevailing system condition the real and
reactive power in both lines, from bus L to bus 2, and also from bus 1 to bus 3. This
simple example shows the capability of the voltage-sourced converter-based approach
to maintain full convertibility and individual functionality while also providing a power-
ful potential for an integrated transmission management system *ith 

"o-pi"hensivecapacity of real and reactive power flow control and handling of dynamic disturbances.

Optical Optical
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In the niultifunctional FACTS Controller arrangements discussed above, each

Controller in a line can independently carry out limited compensation and control
functions and thus the common dc connection does not represent a significant single
point failure.
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Special Purpose FACTS
Controllers: NGH-SSR
Damping Scheme and

Thyristor-Controlled
Braki ng Resistor

9.1 SUBSYNCHRONOUS RESONANCE

The question of subsynchronous resonance will arise in all FACTS applications, for
brief or for in-depth consideration, for the basic reason that all high-speed, high-power
Controllers have potential of enhancing or degrading subsynchronous phenomenon.
This not only applies to the FACTS Controllers, but also HVDC, the Automatic
Voltage Regulator (AVR), Power System Stabilizer, etc.

The subsynchronous problem is aggravated by series capacitor compensation
and also high-speed reclosing of faulted lines with or without series capacitor compen-
sation. It is therefore important for any power systems engineer to be familiar with
this phenomenon, particularly those involved with the FACTS technology, because
almost every FACTS Controller offers an opportunity for a SSR-neutral design and
for value-added benefit in this area.

Electric power generation involves interaction between the electrical and me-
chanical energies coupled through the generators. It follows that any change in the
electric power system results in a corresponding reactioni response from the mechanical
systems and vice versa. Slow-changing load translates into slow-changing mechanical
torque on the rotor shafts, which in turn is matched by slow-changing rotor angles to
new steady-state angles between the rotors and the stators along with adjustment in
the mechanical power input to the rotors through the turbines. Major disturbances
such as faults and fault clearing, etc. result in high-transient torques on the mechanical
system and corresponding transient twisting of the rotor shaft couplings between
tandem turbines and generators.

A large turbine-generator unit acting as a whole mass, has its resonance frequency
below about 5 Hz with other nearby large turbine-generators. A cluster of turbo-
generators closely coupled in a region representing a large collective rotating mass,
would have a resonance frequency in the range of.0.2-3 Hz. These frequencies repre-
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sent the so-called power system stability swings, an issue of primary importance to
the operation of a grid system.

Subsynchronous resonance has to do with the fact that internally, any turbine-
generator mechanical system has inter-machine mechanical resonance frequencies
between the masses along the shaft. These frequencies are below the main frequency,
in the range of 10 Hz to 55 Hz for a 60 Hz system. The rotating shaft systern of a
large turbine-generator includes a number of large masses corresponding to several
turbines, generators, and maybe even a coupled exciter, connected by rotor shafts
which act like torsional springs.

For example, Figure 9.1(a) shows a representation of the high-pressure turbine
generator unit of the Mohavi Power plant, the one damaged twice by the subsynchro-
nous resonance, during 1970-71. This plant consists of two steam generating units.
Each unit is made up of two turbine-generator units in cross-compound arrangiment.
one generator, 483 MVA high-pressure unit operates at 3600 rpm and thi other
generator 420 MVA low-pressure unit operates at 1800 rpm. The mechanical torsional
frequencies are such that only the high-speed generators are subject to subsynchronous
resonance problems. The low-pressure unit is hard to be excited by the SSR currents
because it has relatively high mechanical damping at its own resonance frequencies
and also provides damping at its companion high-pressure unit's resonance frequencies.
Again by way of example, Figure 9.1(b) shows a diagram of mechanical gain versus
frequency of the Mohavi high-pressure unit with four machines including two turbines,
a generator and an exciter. Because the turbine-generator mechanical system comprises
large masses connected by steel shafts, this rotating system has torsional resonance
frequencies at which the adjacent masses tend to twist back and forth for any shock.
Figure 9.1(b) shows three resonance modes with frequencies of approximately 26;
IJz,30.l Hz, and 56.1, Hz, corresponding to the three couplings of four masses. Large
masses coupled together have lower resonance frequency and the exciter being a little
machine connected to the generator has the highest resonance frequency. The masses
will experience relative motion when excited by a shock. The mechanical system has
low but positive damping, which increases with load and without the impact of electrical
system, these vibrations will die out slowly, with time constants in the range of ten
or more seconds. The peak mechanical gains are limited by the amount of mechanical
damping at each frequency and the lower the frequency the lower is the damping. It
is worth noting that at low frequencies the three frequencies approach the t"rponre
of a single inertia equal to the response of a single inertia of concern to the power
system stability issues.

Problems arise because the unit is connected to the electrical system with which
it interacts in a variety of ways.

A shock to a turbine-generator unit on its own and connected radially to a power
system via a series compensated line, can cause the turbine-generator unit to oscillate
at one or more of its modes of torsional oscillations. These oscillations can produce
peak torques in the shaft system several times the normal torque cotresponding to
the rated power. Under some circumstances of a big shock such as a system fault
followed by line tripping and high-speed reclose into a fault, shaft twisting may become
excessive at one of the resonance frequencies and potentially damage the shaft, even
without any series capacitor compensation.

Under some scenarios, such as an electrical system with high series capacitor
compensation, the net damping at one of these frequencies can become negative and
subsynchronous oscillation can build up from a very small disturbance. The excessive
twisting of the shaft system may result in its loss of life, a cumulative phenomenon
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Figure 9.1 Representation of Mohavi Generator and Mohavi-Lugo line as an exam-
ple of subsynchronous resonance: (a) Electrical-mechanical oneJine dia-
gram-Mohavi to Lugo; (b) Mechanical frequency response of Mohavi
high-pressure unit.

of mechanical stresses and in a worst case the shaft can break. Such an event is usually
catastrophic in the damage caused to the turbine-generator system and takes months
to repair.

Figure 9.2 shows the modal electrical-mechanical block diagram for an SSR
mode. The term B is the damping coefficient equal to the inverse of the mechanical
gain shown in Figure 9.1(b). For example, at 26.8 Hz (mode 1), where the maximum
gain is 1..23,the effective mechanical damping coefficient is 0.813 per unit torque per
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Figure 9.2 Stability block diagram of a subsynchronous resonance mode.

unit speed. However, the total response of the system includes the impact of the
electrical system as well and Figure 9.2 shows the closed loop block for the electrical
system and any other damping scheme. Generally speaking, the electrical system
without series capacitor compensation, being inductive, provides positive damping at
the subsynchronous resonance frequencies. However, under some circumstances, the
electrical system can have negative damping, which if negative enough to counter the
positive damping of the mechanical system can result in a net destabilizing effect to
create unstable conditions at a particular mode.

The electrical and mechanical systems are coupled through the generator at
complementary frequencies. A26.7 Hz mechanical frequency translates into 60 -r 26.7
Hz electrical frequency, 33.3 Hz being the subsynchronous electrical frequency and
80.6 Hz being the corresponding supersynchronous frequency. To explain the electrical
interaction, if a change in the generator rotor occurs, say at frequency f^, it produces
a change in the generated voltage at the complementary frequencies of f" : f" - f.
and f,: f" t f^. These voltages in turn result in a current flow at the corresponding
frequencies in accordance with the system impedance at these frequencies. Depending
on the phase angles, these currents produce corresponding mechanical torques at the
mechanical frequency f^ and thereby a further change in the rotor. This closedJoop
response can be regenerative or degenerative depending on the phase of the dependent
and independent variables. At the coincidence of the electrical resonance with the
complement of a mechanical resonance frequency, the machine looks like a negative
resistance as viewed from the electrical system and the electrical system looks like a

negative damping as viewed from the mechanical system. Given typical power system
impedance, the supersynchronous torque is highly damped whereas the subsynchro-

Damping
scneme

Mechanical torque
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nous torque may be negatively damped. If the electrical system's resonant frequency
is close to the induced subsynchronous frequency then the net mechanical damping
would be reduced, and the subsynchronous torque at that mechanical frequency will
be amplified and will take a long time to decay. If the net damping becomes negative,
as would be the case if the electrical system's resonant frequency is at or very close
to the induced subsynchronous frequency, then the net mechanical damping would
be negative and the shaft oscillation would build up with the slightest disturbance.
There is a vast amount of literature explaining in-depth analyses of the relationships
between the electrical and mechanical systems at subsynchronous frequencies and
various other aspects of this phenomenon; excellent examples are a classic set of IEEE
papers "Analysis and control of subsynchronous resonance," presented at the IEEE
1976Tesla symposium by the Subsynchronous Resonance Task Force led by Richard
Farmer and a recent book by Professor Padyar.

Series capacitor compensation along with the line inductance represents a reso-
nant circuit. If X1 and Xs are the series inductance (including the line, transformers,
generator subsynchronous reactance, and the ac system) and series capacitance values
at fundamental frequency, respectively, then the resonance frequencyf, is given by

f,: f"f (kl*r)

Series capacitor compensation is provided to partially offset the series inductance,
and the ratio Xal Xl may range from 0.05 to 0.75. Therefore the electrical resonance
frequencyf, may range from 13 Hz to 50 Hz and corresponding mechanical frequency
may range fuom 47 Hz to 10 Hz, for a 60 Hz system. High compensation means
reaching lower and lower mechanical frequency.

As mentioned earlier, FACTS Controllers, installed for whatever reason, can
alleviate the subsynchronous resonance problem, and as mentioned at the end of this
section, there are a number of mitigating circumstances.

Another concern of importance for subsynchronous oscillations is the peak tur-
bine generator shaft torques resulting from severe shocks from the electrical system
even without the series capacitors. As mentioned before, electrical faults produce
corresponding oscillating torques on the shaft system, which decay with a long time
constant. This is quickly followed by fault clearing which induces another oscillating
torque, which depending on the timing can coincide in phase and add to the initial
torque. If the fault clearing is followed by high-speed closing with large angle across
the breaker, it would produce yet another large oscillating torque, which may also
coincide in phase with the existing oscillating torques. A much more severe condition
would occur if the fault has not cleared and the breaker is reclosed into it. Since the
peak torque is used as a basis for turbine-generator shaft design, high-speed reclosing
is usually not practiced for the lines that leave the thermal power plants. Similar
problems can occur during synchronizing and line switching. Whereas the synchroniz-
ing can be controlled, it is not normal to control the timing of the line switching and
reclosing. Again FACTS Controllers can contribute in reducing and damping the
transient torques induced by faults, fault clearing, synchronizing, and high-speed reclos-
ing to safe levels.

The resonance phenomenon as it relates to series capacitor compensation may
seem alarming; however, there are several mitigating circumstances.

L. As seen from Figure 9.1(b), the resonance points are rather sharp and the
modes are significantly separated.

--.
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Series-compensated transmission lines have specific resonance frequencies
which can be located between the modes.
Different plants connected to the system have different resonant frequencies
and therefore tend to damp each other's oscillations. Thus the resonant condi-
tions become severe only when a plant ends up in a radial mode through a
long series compensated line. In the case of the Mohavi plant, the damage
occurred when only the high-pressure unit was operating and another connec-
tion to Eldorado was opened by a fault. As a consequence the high-pressure
unit was left operating in radial mode, via a 500 kV line with series capacitor
of 60Vo of the line inductance. This series capacitor, and the total series
inductance including that of the generator, transformer and the system, re-
sulted in a electrical resonance frequency coincident with the compliment of
the second subsynchronous mode of the high-pressure turbine.
The hydro turbine-generators have significantly larger damping than the fossil
or nuclear plant turbine-generators.
Generally, this problem should not arise for small generating plants, which
have quite a high, single-mechanical subsynchronous frequency.
Finally there are means available to provide significant damping which reduces
the transient torques from all kind of shocks. Essentially, different FACTS
Controllers discussed in previous chapters can all be provided with a value-
added function of damping subsynchronous torques. Two other Controllers
suitable for this pu{pose, the NGH SSR Damping Scheme and the Thyristor-
Controlled Braking Resistors, are discussed in this chapter.

9.2 NGH.SSR DAMPING SCHEME

9.2.1 Basic Concept

Series capacitor compensation of medium and long ac transmission lines has
been recognized as a powerful and cost-effective tool for optimum/economical use of
transmission lines, and improving system stability and power flow through the intended
routes. This technique.is extensively used in Western United States, Canada, Brazil,
and a number of other countries. However, technical issues of the protection of
capacitors during line faults, subsynchronous oscillations, and consequent higher
torque on the machine shafts have been a deterrent for many others. This section
addresses one of the Controllers for active damping, referred to as the NGH-SSR
scheme or just NGH Scheme, with NGH being the initials of its inventor, one of the
authors of this book. The NGH Scheme is intended to:

1. Minimize subsynchronous electrical torque and hence mechanical torques and
shaft twisting.

2. Contain build up of oscillations due to steady state subsynchronous resonance.
3. Suppress the dc offset of the series capacitor. Dc offset of a series capacitor

occurs during faults, fault clearing, reclosing and other disturbances and this
in turn feeds the subsynchronous electrical torques.

4. Protect series capacitors from over-voltages.
5. Reduce capacitor stresses, including overvoltages and the rate of discharge

current and eliminate oscillations associated with capacitor discharge during
bypass, thereby reducing capacitor cost.

2.

a
J.

4.

5.

6.
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The circuit diagram is shown in Figure 9.3, and the basic concept is described
below with reference to the waveforms in Figures 9.3(b) and (c). In Figure 9.3(b), the
60 Hz voltage u" is combined with a dc voltage and in Figure 9.3(c) the 60 Hz voltage
is combined with a subsynchronous voltage u... It is seen in both cases that some half-
cycles are longer than the nominal 60}{z half-cycle period of 8.33 ms. Similarly, any
combination of the dc voltage, subsynchronous voltage, or voltage associated with any
low-frequency stability-related oscillations, will result in some half-cycles being longer
than the nominal half-cycle period. Conversely, if there were no dc or any other low-
frequency component combined with the main frequency, then each half-cycle would
be equal to the nominal half-cycle period (8.33 ms for 60 Hz). For the present discus-
sions these distorted voltage waveforms represent the voltage across a series capacitor.
The hypothesis behind the NGH scheme is that the unbalanced charge in the series
capacitor interchanges with the system inductance to produce oscillations. If this
unbalanced charge is eliminated from the series capacitor, the system would be effec-
tively detuned to any frequency other than the main frequency.

The basic scheme shown for one phase in Figure 9.3(a) consists of an impedance
in series with an ac thyristor switch connected across the capacitor. This impedance
may be an inductance or a resistance or a combination of the two. Essentially the
impedance should be as small as possible, with the intent to discharge the capacitor
with the thyristor bypass switch. In practical terms the best impedance is a combination
of a small resistor, the size of which is essentially limited by the peak transient current
capability of the switch and a small inductor, the size of which is limited by the di/dt
limit of the thyristors. With an inductor in series, some of the charge will be transferred
to the next half-cycle, which should generally be helpful since the half-cycle following
the longer half-cycle will most likely be shorter. For this discussion we can assume
that the switch can discharge and remove the capacitor charge when ordered to do so.

Basically, the control of the thyristor switch is designed such that when zero
crossing of the capacitor voltage is detected [t, in Figure 9.3(c)], the succeeding half-
cycle period is timed. As soon as the half-cycle exceeds the set time (e.g., 8.33 ms for
60Hz), the corresponding thyristor is turned on to discharge the capacitor and bring
about its current zero sooner than it would otherwise. The thyristor stops conducting
when the thyristor current reaches zero soon after the capacitor voltage zero. At each
capacitor voltage zero of each half-cycle, a new timing count starts with the intent to
discharge the capacitor for the time that its half-cycle voltage exceeds the set period.

There are a number of possible variations and/or improvisations of this basic
concept in order to meet other functions. If the problem faced is only the transient
torque problem (no steady-state resonance), the set period can be slightly larger than
8.33 ms, say 8.5 ms, so that the thyristors will not conduct at all during steady state,
60 Hz, and small changes. Yet the damping scheme will be effective in removing
capacitor charge during large changes from steady state which may lead to dc offset
and significant subsynchronous components in the line current and capacitor voltage.

On the other hand, if there is a likelihood of steady-state resonance, the set
period may be slightly less than 8.33 ms. The thyristors will now conduct during steady
state at the tail end of each half-cycle of the capacitor voltage, and provide detuning
effect against any gradual build up of oscillations holding it to a low level. There will
of course be a continuous power loss but this will be very small and of little consequence
to the thyristor rating or the cost of losses.

It should be noted that the operation of the NGH scheme is independent for
each phase and does not require any signal from the power generator or speciflc
detection of any particular subsynchronous frequency or presence of dc voltage bias

rG,-:r---
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Figure 9.3 NGH-SSR Damping Scheme circuit diagram and principle of operation:
(a) Basic circuit diagram; (b) 1AHzcombined with dc; (c) 6}Hzcombined
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in the capacitor. The control can be located at the capacitor platform level or at the
ground level with the firing pulses transmitted via fiber-optic links.

A further strategy may be to change the set time depending on various circum-

stances, such as slow changes in the base frequency around nominal frequency. How-
ever, this generally should not be necessary, since timing for each half-cycle starts

anew and basically the damping effect is not so sensitive to the precision in the set

angle. Removal of the dc bias of the series capacitor is the most important function
because this dc charge is what provides the energy for feeding the subsynchronous

oscillations and also results in high over-voltages across the series capacitor. Additional
control can be provided to more effectively remove the dc bias from the capacitor.

The thyristors can be assigned the additional function of protecting the capacitors

and also themselves, by firing the valve, if the instantaneous forward voltage across

the valve exceeds a set level. Firing of the valve on forward voltage also protects the

thyristors against reverse voltage, since they are connected back to back. As mentioned

earlier, the series resistor has to be dimensioned to limit the rate of cuffent rise and

peak capacitor discharge current.
Usually series capacitors are installed in modules and this damping scheme can

be adapted exactly in accordance with the modular concept. The scheme is basically

a passive scheme, i.e., there is no feedback as with other methods. It basically serves

to drastically reduce the contribution or gain of the electrical system in the total
electromechanical oscillatory system.

9.2.2 Design and Operation Aspects

Figure 9.4 shows the layout of the NGH damper installed at Lugo Substation

across one of the series capacitor segments of the Mohavi-Lugo line. Figure 9.5 shows

simulator waveforms with and without the NGH damping for the 500 kV Mohavi-

Lugo line described in the previous section. The disturbance was caused by a three-

phase, three-cycle fault on another line thus leaving the turbine-generator in radial

operation with the Lugo line. The NGH scheme was applied on four out of eight

segments of 8.7Vo compensation of the line inductance each. The thyristor switch can

be reduced to half its size with the latest thyristors. The waveforms include series

capacitor voltage for one of the segments, the line current, the generator electrical

torque, and generator-exciter mechanical torque, one of the four mechanical torques.

It is clearly seen that the subsynchronous components are rapidly damped out from
the capacitor voltage and hence the line current and the electrical and mechanical

torques are dramatically suppressed. Attention is drawn to the series capacitor voltage

waveform during the first few cycles when the capacitor voltage is high. Not shown

is the fact that by firing the switch earlier on a set over-voltage magnitude, the capacitor

over-voltage would be effectively limited to a defined peak value.

The NGH Scheme later evolved into the Thyristor-Controlled Series Capacitor

(TCSC) concept invented by Vithayathil and discussed in Chapter 6. The NGH scheme

with essentially an inductance in series with the ac switch, is a TCSC rated for only

a small current specifically tailored for the damping purposes. It is obvious that if a

TCSC is required for control of the line current, then the TCSC can simultaneously

take care of the subsynchronous phenomenon. In fact bypassing the TCSC capacitor

with its thyristor-controlled inductor will turn the series combination into an inductor'

Even when operating normally, the TCSC can be designed to have an inductive

impedance at SSR frequencies, thus ruling out any chance of SSR. In general less

than half of the series capacitors need a TCSC for damping pulposes.
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Figure 9.4 The main components of the NGH Damper prototype and its ar-
rangement.

However, if the line current control, the primary function of TCSC, is not needed,
then the NGH scheme represents a low cost alternative, largely because of the reduced
duty and hence cost of the thyristor valves and inductors and much reduced stresses
on the capacitors. In fact with an NGH damper, it is possible to upgrade the existing
capacitor bank by 20Vo of its rating. The thyristors are not subjected to a high rate of
recovery voltage because at the end of each current zero, the thyristor voltage rises
from zero rather slowly as the capacitor charges in reverse polarity. No transient
overshoots are experienced as for thyristors in converter applications. During turn-
on, the rise in current can be shaped with appropriate values of inductor and resistor
for a damped turn-on. Being generally a high-voltage application the switch would be
made up of a string of series-connected thyristor switches. For example, a 10 O, 1000
A rms capacitor will have a peak voltage of.1,4.4 kV. If the maximum protection level
of the series capacitor is set to 2 p.u., i.e., 28.4 kv, one would need a string of
about four 10 kV or five 8 kV thyristor switches in series including one redundant
thyristor switch.

9.3 THYRISTOR.CONTROLLED BRAKING
RESTSTOR (TCBR)

9.3.1 Basic Concept

The Thyristor-Controlled Braking Resistor (TCBR), Figure 9.6, is a shunt-con-
nected thyristor-switched resistor (usually a linear resistor). Each leg of a three-phas;

i Signal

.{ column
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(a) Without NGH operation (b) With NGH operation

Figure 9.5 Subsynchronous torque damping with NGH-SSR Damping Scheme with
35Eo ofthe 7070 series capacitors provided with the damping.

TCBR is controlled on or off, half-cycle by half-cycle to aid stabilization of power
system transients and subsynchronous oscillations by reducing the net available energy
for acceleration and hence speed deviation of the generating unit during a disturbance.
TCBR is also referred to as Dynamic Brake.

TCBR can be utilized for variety of functions:

Prevent transient instability during the first power system swing cycle, by
immediately taking away the power that would otherwise be used in accelerat-

ing the generator.

Enhance damping to prevent dynamic instability involving low frequency
oscillations between interconnected ac systems.

3. Damp subsynchronous resonance (SSR) resulting from series capacitor com-
pensation.

4. Reduce and rapidly damp subsynchronous shaft torques, thereby enabling

1.

2.

-+l t*--33.33 ms
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Line
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Figure 9.6 One-line diagram of Thyristor-Controlled Braking Resistor: (a) One line
system diagram including TCBR; (b) Wye- and delta-connected TCBR.

safe high-speed reclosing of lines near a power plant. This is of significance
with or without series capacitor compensation, although this problem is further
aggravated by series capacitor compensation of lines leaving a power plant.

5. Facilitate synchronizing a turbine-generator. Out-of-phase synchronizing of
a turbine-generator can produce shaft torques more severe than a bolted
three-phase fault at the generator.

All these functions in turn enable maximizing the value of transmission and generation
assets. Given appropriate rating and intelligent control it can be designed to simultane-
ously undertake multiple functions noted above. A TCBR can often be the lowest
cost, and a simple, highly reliable FACTS Controller. The best location for a TCBR
is near a generator that would need braking during transient instability conditions.
Transformer tertiary at or near the generator bus would be desirable. The three phase
legs may be connected in wye or delta, although delta connection would be more
convenient since the ground path would not be needed. A large bank may be divided
into two or more banks to achieve partial redundancy.

9.3.2 Design and Operation Aspects

Figure 9.7(a) shows a power angle diagram for a simple system of Figure 9.6(a).
in order to first explain the role of TCBR in terms of equal area criteria for transient

I+Z
=
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Figure 9.7 Power angle diagram for without and with TCBR: (a) without TCBR;
(b) with TCBR.

stability (also discussed in Chapter 5 in relation to the application of STATCOM for
improving transient stability). P"r is electric power from the generator requiring a
rotor-stator angle (power angle) 61. At steady state, the mechanical input power p.
is equal to the electrical power, neglecting losses. When a fault occurs on a line, the
electrical output is greatly decreased during the fault and may even reach zero for a
fault close to the generator. Assuming that the mechanical power remains constant
during the first transient swing, the electric power during the fault drops to p"2, znd
the excess mechanical power P^ - Pa (shaded area) begins to accelerate the turbine
generator. As the machine speed increases, the rotor-stator angle also increases. The
angle increases to dz at the instant of fault clearing. Following the fault clearing,
including removal of the faulted line, the electric power is restored through alternate
transmission paths. The power angle follows a new lower curve of P6, determined by
the new value of ElEzl X, which is lower because of increased impedance between the
generator and the remote system.

Following the fault clearing, the electrical power exceeds the mechanical power
because of the increase in the power angle. As a consequence of the excess electrical
power, the generator starts to decelerate. When the post-fault shaded area of the

(a)

ila----,- )
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excess electrical energy equals the pre-fault shaded area of excess mechanical energy,
the machine angle reaches its transient maximum 4 and its speed equals the synchro-
nous speed. The rotor then starts to turn back, accelerate and the angle decreases. If
the excess electrical energy following the fault did not equal the excess mechanical
energy, it would be too late and the angle would take off (continue to increase). The
generator connection to the system would be severed by the protective means in order
to save the generator and the system from high over-current. This also means that
adequate margin has to be available for operation during the steady state operation,
so that the generator does not fall out of step as a result of the most severe fault.

The TCBR can help to increase this margin, or conversely help in increasing the
stability limit. Figure 9.7(b) shows the effect of the resistor in terms of the power
angle curve. During the fault the resistor power, though small, helps to decrease the
accelerating power and after the fault clearing it is much more effective in increasing
the decelerating power. The maximum angle fi in now smaller than the case without
the TCBR. Extra margin available depends on the power rating of the TCBR and it
is not hard to imagine that this may be the most cost-effective and simplest way to
enhance transient stability, if it happens to be the limiting criteria for the generated
power.

Figure 9.8 shows power swing waveforms in time domain for low-frequency
system swing, including power angle, speed deviation, and resistor power. Speed
deviation (Arrr : @ - @o, in which o is the actual generator speed and coo is the steady-
state generator speed) is the basic control parameter, as shown in a simple one-line
diagram of the TCBR. The resistor is switched on when the filtered speed deviation
Aro of a particular oscillation to be damped is positive, and the TCBR is switched off
when the speed deviation is negative. In-phase current produces an electrical torque
component in phase with generator speed oscillation. The electrical damping torque
has the same phase as the frictional and speed damping torques, but is significantly
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more powerful. During the fault the resistor power would
on the terminal voltage during the fault. Once the fault
increase and so will the resistor power.

Since the resistor only consumes power and does not supply power, it helps to
serve as a brake when the speed is higher than normal but cannot help to counter
increase in speed when the speed is lower than normal. This is not a deficiency but
rather is an operating feature of this Controller, a feature that makes it best suited
for location at the generating end to provide rapid response during transient accelera-
tion. once the generator is drawn back with the help of the TCBR from the first
transient acceleration, the TCBR will also effectively assist in rapid damping of the
dynamic oscillations.

As discussed in Sections 9.1 and 9.2,the speed deviation during disturbances will
also contain subsynchronous oscillations. Figure 9.9 shows a typical trace of undamped
speed deviation versus time following a fault clearance near the high side of a generitor
transformer. The waveform for the generator speed deviation contains a significant
component of approximately 2 Hz power system swing frequency, and mechanical
torsional natural frequencies including the dominant frequency of 20Hz and smaller
components of 33 Hz and 43 Hz.

If the objective is to control power system swing oscillations, the speed deviation
derived from the turbine-generator plant can be filtered through a low-pass filter to
derive the low-frequency signal for controlling the low-frequency oscillations. This

at+

(a) Speed deviation y'ar

Figure 9.9 TCBR power pulse for different speed deviation input: (a) speed devia-
tion Ac'r; (b) Po with low-frequency Aar; (c) P* with combined A<o; (d) P"
with subsvnchronous Aro.
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low-frequency component of speed deviation is also shown in the waveform in Figure
9.9(a) and the on-off sequence of the TCBR is shown by Figure 9.9(b). It is seen that
these pulses are wide, corresponding to the low-frequency time period.

It should be mentioned that the dynamic brake using mechanical switches and
one-shot on-off switching has been used in the past for control of the first transient
swing cycle.

On the other hand, if the objective of a TCBR is to control the subsynchronous
torques, whether to counter the impact of series capacitor compensation or to utilize
high-speed reclosing without high-torsional torques on the shaft system, the speed
deviation signal can be flltered through a high-pass filter designed to obtain signal for
the entire subsynchronous speed deviation. For the composite subsynchronous speed
deviation, the on-off sequence of the TCBR is shown by Figure 9.9(d). This strategy
results in shorter TCBR load pulses corresponding to the subsynchronous oscillations.
Figure 9.9(c) shows the load pulses corresponding to the unflltered speed deviation
input. It is evident that such a signal will essentially result in damping the low-frequency
oscillation until the low-frequency swing is small enough for the unfiltered signal to
frequently cross the zero line.

The preferred approach would be to first save the turbine-generator from the
first transient swing and then switch to assisting damping of the subsynchronous
oscillations. Considering that different power system events may result in one or the
other frequency to be most threatening, the best approach to control of TCBR would
be to provide individual filters to obtain speed deviation for each frequency and apply
the signals selectively in accordance with their magnitude and priority.

As mentioned, the speed deviation waveform in Figure 9.9(a) is without any
application of the TCBR. Application of TCBR load, as per Figures 9.9(b) and (d),
will rapidly damp the corresponding oscillations.

The speed deviation signal is essential to the correct exploitation of the TCBR.
This can be obtained from available measurement techniques of directly measuring
the speed deviation of the turbine-generator shaft. However, it is quite feasible to
derive such a signal from the generator output voltage or the voltage at the TCBR lo-
cation.

Given that the function of TCBR is to damp oscillations, it is important to
appreciate the nature of load switching by thyristor switches. Figure 9.10(a) shows
the three resistor-leg voltages (phase-to-neutral voltages for wye-connected TCBR
and phase-to-phase voltages for delta-connected TCBR). Being essentially three inde-
pendent resistive loads, these waveforms may also be considered current waveforms.
TCBR may be based on thyristors switched half-cycle by half-cycle without firing
angle control. Given a three-phase TCBR, it involves six actions of power change per
cycle. Suppose that the break is required to be on for time /s1, which is somewhat
shorter than 60 Hz half-cycle, and the thyristors are turned on for that period without
firing angle control. It is seen that because a thyristor will turn off only when its
current reaches zero,the TCBR conduction will last for about a half-cycle longer with
decreasing power during that extended period beyond time ts1. This is of no significance
when the objective is to damp power system swings of low frequency, because the
turn-on time would be relatively very long. However, if the required pulses are short.
it would lead to less than optimum use of TCBR for damping higher subsynchronous
frequency torques. The effect shown on the resistor power is somewhat exaggerated
because for subsynchronous frequencies the half-cycles will be longer than the 60 Hz
half-cycles. One approach to optimum use of TCBR would be to select the pulse
width to be somewhat less than the half-cycle period of the individual speed deviation
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(a) Thyristor-switched resistor

(b) Thyristor-controlled resistor (90' delay) (c) Thyristor-controlled resistor (120" delay)

Figure 9.1-0 Effects of thyristor turn-on time and thyristor turn-off at current zero

for TCBR: (a) Thyristor-switched resistor: (b) Thyristor-controlled re-

sistor.
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frequency to be damped. It should also be noted that the resistor load is extended or
shortened in steps of 60 degrees of a 60 Hz cycle.

It is also important to understand the differences between thyristor-switched
versus thyristor-controlled TCBR and appreciate any benefits of having firing angle
control. Given that the thyristors are already there, additional cost of thyristor switches
may result from higher switching losses, but given the short time duty this cost should
not be significant. With turn-on control the load current can be controlled as shown
by the waveforms for the 90 degree delay and 120 degree delay in Figure 9.10(b), for
the same turn on time ls1 as for the thyristor-switched resistor. Turn-on angle control
will be useful for reducing the damping and the dissipation in resistors when the
oscillation magnitude is low. One can also contemplate a sustained low-level damping
with turn-on angle say, in the range of L70o-180', or even application of a criteria
similar to that for the NGH damper, that if the line voltage duration exceeds a set
time period the thyristor switch will turn on. These possibilities suggest a variety of
options to exploit the availability of turn-on angle control.

Considering the transient and dynamic requirement of a typical system, a TCBR
rating would generally have high MW/MWHrs ratio. For example, MW rating may
be 100-200 MW for a 1000 MW power plant, and its energy duty requirement per
event would be in the range of 100-200 MJ for a series-compensated line. If the duty
required includes suppressing the first transient swing and low-frequency dynamics,
the MW requirement may be in the range of 30-40Vo of the generator rating for
several seconds. On the other hand, if there is no series capacitor compensation, and
the objective is to only facilitate high-speed reclosing and synchronizing, then the MW
requirement may be only SVo of the generator rating for 0.5-1.0 second. It is quite
reasonable to consider small continuous duty as well, say a few percent of the TCBR
rating to damp small signal low-frequency and subsynchronous oscillations.

It is also self-evident that a shunt Controller with a converter and energy storage,
such as Superconducting Magnetic or Battery Systems, or even a dc capacitor-based
storage, both the energy absorption and energy delivery can be utilized. Such Control-
lers would be more effective than the dynamic brake in damping but not in reducing
the first transient swing. It is also necessary to recognize the difference between the
dynamic brake and the storage systems, both of which actually subtract and/or add
real energy, and the other Controllers, such as TCSC, STATCOM, UPFC, etc., which
impact the transfer of energy between the two systems. For comparable MVA Control-
ler ratings it would be appropriate to point out that from a stability point of view,
adding and subtracting of real power can be several times more effective than transfer
of power. Thus for countering transient and dynamic stability, particularly the former,
and reduction of subsynchronous torque related to high-speed reclosing and synchro-
nizing, TCBR may be the most cost-effective means.
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This chapter is intended to describe
functional specifications, design and
projects described below include:

Application Examples

four applications, in order to convey planning,
operational aspects of FACTS projects. These

WAPA's Kayenta Advanced Series Capacitor (ASC, manufacturer's name
for TCSC)

r BPA's Slatt Thyristor Controlled Series Capacitor (TCSC)
r TVA's Sullivan Static Condenser (STATCON, acronym which was changed

by IEEE to Static Compensator STATCOM)
r AEP's Inez Unified Power Flow Controller (UPFC)

There are also numerous SVC Installations; however, given the coverage that
SVCs already have in papers and books, this Chapter focuses some of the new
FACTS Technology.

10.1 WAPA'S KAYENTA ADVANCED SERIES
CAPACTTOR (ASC)

10.1.1 Introduction and Planning Aspects

Advanced Series Capacitor (ASC) is the name given by the manufacturer, Sie-
mens, to their total series capacitor system including a TCSC and a conventional series
capacitor. Accordingly, in this section, this installation will be referred to as Kayenta
ASC or just ASC, for the total system and TCSC for the thyristor-controlled module.
Dedicated in 1992, this first of its kind ASC was installed at the Kayenta 230 kV
Substation in Western Area Power Administration in Northeast Arizona.

Like the Slatt-TCSC, Kayenta-ASC is part of the WSCC regional system, charac-
terized by a long transmission line, a large number of power plants both hydro and
thermal, and many series capacitor compensated lines. This ASC was needed to increase
the reliable transmission capacity of a230 kV line between Glen Canyon arid Shiprock,
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as shown in Figure 1"0.1, and also to demonstrate this FACTS Controller as an accept-
able planning option for future transmission capacity needs in the WAPA system.
The Kayenta substation was selected for this unique project because of its location
in the middle of 190 mile line. As can be seen from the one-line diagram, the sur-
rounding system consists of many 500 kV and 230 kV lines connecting substations
most of which are locations of large thermal power plants. There is a small local load
of about 50 MW supplied from the Kayenta Substation.

The Glen Canyon-Shiprock 230 kV line was designed for an initial power transfer
capability of 300 MW, but the line's effectiveness to carry scheduled power was
diminished in the late 1960s due to the addition of parallel 345 kV and 500 kV paths.
ln!977, a 230 kV phase-shifting transformer was installed at Glen Canyon Substation
to reestablish effectiveness of the 300 MW path to Shiprock. With power transfers on
the interconnected network approaching the transmission system's ability to reliably
serve increasing loads, and with restrictions on building new lines, the economic
benefits of adding series compensation became an attractive alternative to improve
the line's power scheduling and transfer capability. An addition of.70Vo (110 O,330
Mvar) of conventional series compensation was needed to increase the power schedul-
ing capability by 100 MW, thus restoring its use to its full thermal rating. However,
making part of this series compensation thyristor-controlled provided additional bene-

fits, as described below.
Figure 10.2 shows the simplifled one-line diagram of the series compensation at

Kayenta Substation. It consists of two 55 O series capacitor banks each rated for 165

Mvar and L000 amperes. One bank is operated in a conventional series compensation
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as shown in Figure L0.1, and also to demonstrate this FACTS Controller as an accept-
able planning option for future transmission capacity needs in the WAPA system.
The Kayenta substation was selected for this unique project because of its location
in the middle of 190 mile line. As can be seen from the one-line diagram, the sur-
rounding system consists of many 500 kV and 230 kV lines connecting substations
most of which are locations of large thermal power plants. There is a small local load
of about 50 MW supplied from the Kayenta Substation.

The Glen Canyon-Shiprock 230 kV line was designed for an initial power transfer
capability of 300 MW, but the line's effectiveness to carry scheduled power was
diminished in the late 1960s due to the addition of parallel 345 kV and 500 kV paths.
ln 7977 , a 230 kY phase-shifting transformer was installed at Glen Canyon Substation
to reestablish effectiveness of the 300 MW path to Shiprock. With power transfers on
the interconnected network approaching the transmission system's ability to reliably
serve increasing loads, and with restrictions on building new lines, the economic
beneflts of adding series compensation became an attractive alternative to improve
the line's power scheduling and transfer capability. An addition of 70Vo (110 O,330
Mvar) of conventional series compensation was needed to increase the power schedul-
ing capability by 100 MW, thus restoring its use to its full thermal rating. However,
making part of this series compensation thyristor-controlled provided additional bene-
fits, as described below.

Figure 10.2 shows the simplifled one-line diagram of the series compensation at

Kayenta Substation. It consists of two 55 O series capacitor banks each rated for 165

Mvar and L000 amperes. One bank is operated in a conventional series compensation
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Figure 10.2 Single-line diagram of Kayenta ASC.

configuration with the second bank subdivided into a 40 O, 120 Mvar conventional
segment and a l-5 ,0,45 Mvar TCSC. For completely conventional operation, the series
compensation can be set to various levels by the fixed capacitors. These levels are
established by 55 O,40,0, and 15 f,) conventional series capacitor segments. By using
operation of circuit breakers and thyristor switches, a combination of 0 O, 40 f,), 55 .f),

and 110 C) banks can be inserted into the transmission line based on operation needs.
However, use of the 15 ,f) segment as a TCSC provides the following advantages:

r Continuous control of series capacitor compensation, all the way up to I007o,
as against discrete step control up to 70Vo compensation.

r Direct and dynamic control of power flow.
r Short-circuit current reduction by rapidly changing from a controlled capacitive

to inductive impedance.
I SSR mitigation. The ASC takes on an inductive-resistive impedance character-

istic at SSR frequencies, thus detuning and damping SSR oscillations.
r Improved protection and rapid reinsertion of the series capacitors during sys-

tem faults.
r Reduces dc offset of the capacitor voltage within a few cycles.

Figure 10.3 shows a photograph of the ASC platforms, insulated from the ground
by support insulators underneath. The 15 O TCSC portion occupies the front part of
the entire ASC including the 40 O conventional capacitor located at the back. An
inductor of approximately 3.0 O is divided in two inductors of approximately 1.5 O
each- located on the two sides of the valve module.

MOV MOV
arrester arrester
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Figure 10.3 ASC at WAPA Kayenta Substation. The photo shows one of the three
platforms; each platform has a 15 ohms, 4513 MVAR TCSC and 40
ohms, 120/3 MVAR conventional series capacitor. The thyristor switch
is housed in the cabinet (courtesy Western Area Power Adrninistration
and Siemens).

1O.1.2 Functional Specification

Overall TCSC parameters are:

I Nomin al capacitive reactance (9.5 7o setres
compensation with one module per phase)

I Continuous effective capacitive reactance (with
normal minimum thyristor control)

I Inductive reactance (with thyristors fully conducting)
I Maximum dynamic range of capacitive reactance

(subject to 2.0 p.u. capacitor voltage limit)
t Nominal three-phase mvar compensation
r Rated current (1.0 p.u.)
r Continuous overload (1.1 p.u.)
r 30 minute overload current (1.33 p.u.)
r 1 minute overload current (1.66 p.u.)
I Operation with ambient temperature range

Chapter 10 I Application Exarnples

15.0 C}

L6.5 C)

3.0 C)

60.0 C)

45 mvar

1000 A rms

1100 A rms

1330 A rms

7660 A rms

-40-+45"C
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Figure 10.a (a) shows the steady-state impedance characteristics of the TCSC in
both the capacitive and inductive range. The inductive range can be obtained by
varying the thyristor turn-on angle from 90 degrees up toward 180 degrees and the
capacitive range is obtained by varying the angle from 180 degrees down toward 90

degrees. Dynamically the reactance in either inductive or capacitive range can be
varied up to 60 .f). However, the control for the variable inductive side is not installed
and therefore the available inductive side operation is only at the fixed impedance of
3.0 O. Capacitive side operation is variable from -15 O to -60,f); however, this range
is subject to the maximum capacitor voltage of. 2.0 p.u. Therefore its continuous
operation at -60 O will be permissible line current up to 250 A. At 250 A line current
there would be 2000 A (2.0 p.u.) current in the capacitor inductor loop. As the
impedance increases; the current-carrying capability becomes time dependent, as deter-
mined by the time-dependent over-voltage capability of the capacitors, as shown by
Figure 10.4(b). Since the TCSC is a single module, it cannot cover the variable imped-
ance range from inductive 3.0 O to capacitive 15 O. Thus, change in impedance from
capacitive to inductive involves a jump from -15.0 O to +3.0 ,fl, and vice versa;
however, this impedance band is not needed for this line.

10.1.3 Design and Operational Aspects

10.1,3.1 Thyristor Switches. The Kayenta thyristor valves are of modular con-

struction and housed in an outdoor weatherproof enclosure located on each phase of
the series capacitor platforms, as shown in Figure 10.3. Thyristor valves are cooled
by a mixture of 50Va de-ionized water and 507o glycol, which is pumped through the
fan-cooled heat exchangers at ground level. This system also provides heating for the
platform analog-signal electronic processing equipment.

Each of the three thyristor valves has 11 bi-directional parallel-connected thyris-
tor pairs forming individual levels. Of the 11 series-connected thyristor levels, one
level is redundant, allowing the valves to provide normal service in the event of failure
of any one thyristor level. The thyristors are 100 mm cell diameter, rated for 3.5 kA,
5.5 kV. The fault current at this site is only a few thousand amperes, too low to be a
factor in the thyristor rating.

10.1.3.2 Contol Protection and Monitoring. The thyristor arrays are linked
to the ASC control system by fiber-optic interface, which is used to send low-energy
firing signals and to monitor the status of individual thyristors.

The TCSC control and protection is digital microprocessor based. An open-
loop control carries out the start-up sequence to ensure safe insertion of the TCSC.
Monitoring of all basic system conditions, including line current, protection status,
cooling system, and thyristor valve status is also carried out by an open loop control.

The control modes include Constant Impedance mode, Constant Current mode,
Thyristor-Switched Reactor mode, and Wait mode. In the Constant Impedance mode,

each phase is controlled independently to enable balancing of the phases but the
maximum TCSC impedance unbalance is automatically limited to 1.5Vo (9 O). In the
Constant Current mode, each phase has a closed loop current regulator, which has

the ability to maintain constant current on the line. In the Thyristor-Switched Reactor
mode the thyristors become fully conducting. Switchover from 3.0 O inductive to a

controlled range of 15-30 O capacitive operation and vice versa can be used for power

modulation to damp oscillations. While a study was carried out to simulate ASC in
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the stability and transients program, stability control was not deemed necessary for
this installation and was not installed. Performance of Kayenta ASC was also evaluated
on a TNA simulator study for the SSR interaction. This study and the onsite field
measurements at Kayenta and nearby Four Corners and San Juan generating stations
confirmed that this TCSC appears inductive at subsynchronous frequencies. Since SSR
with707o conventional capacitor is not a problem for this line, and because the TCSC
appears inductive at the SSR frequencies, no special damping modulation feature is
incorporated. In the Wait mode the thyristor switches are turned off and the capacitor
operates as a 15 ,f) conventional capacitor.

The Thyristor Switched Reactor and the Wait modes may be entered automati-
cally from the Constant Current and Constant Impedance modes if the system condi-
tions are abnormal including faults and initial energization.

The Kayenta Substation is operated from WAPA control center in Montrose,
Colorado and accordingly the ASC operation and control has been integrated into
Montrose SCADA consoles. Tests showed that with an SCADA order to go from
Wait mode to Constant Impedance, transition took place in four to five cycles for the
impedance to reach a final steady-state value. An order to change from the Wait mode
to a set Constant Current showed that the system required approximately one second
to reach steady state. For an order to change from Thyristor-Switched Reactor mode
to Constant Impedance mode, the current in the thyristors stops for about two cycles
after which the current pulses start to rise and reach steady state in about 15 cycles.

The auxiliary power for the electronic circuits on the platform is derived from
the secondaries of platform mounted current transformers. Therefore during low
current operation this power source is inadequate and the platform control and protec-
tion is lost. The capacitor is not bypassed and remains in service as a conventional
capacitor with the thyristors blocked during low current and transition during power
reversal. It is recommended that for future projects a small auxiliary power be made
available at the platform level.

The capacitor banks are protected by gapless Metal Oxide Varistors (MOVs)
which limit the overvoltages.

The digital protection scheme as shown by Figure 10.5 includes:

r Line current supervision monitors the current to detect a bypass circuit
breaker discrepancy.

I Capacitor overload protection monitors the accumulated overload and changes
the operating point of the TCSC to reduce the voltage across the capacitor in
accordance with the time-dependent overload capability.

r Capacitor unbalance protection to detect unbalance caused by blown internal
fuses or shorted capacitors.

r MOV overload protection monitors the rise and the rate of rise of temperature.
If the threshold level is exceeded, the capacitor and MOV are bypassed by
the thyristor switch in order to reduce the voltage across the capacitor and
the MOV. The conventional series capacitors on the other hand are bypassed
by circuit breakers, once the overload capability limit is reached.

r MOV failure protection compares the currents through two split branches of
each MOV.

r Thyristor-Controlled Reactor (TCR) overload protection includes indepen-
dent overload protections for the valves and the reactors based on their thermal
models. The heat produced by the thyristor switch is evaluated from the valve
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Figure 10.5 Kayenta TCSC protection.

current and the temperature of the cooling liquid and the air are used to
calculate the heat dissipation.

r Bypass breaker failure protection initiates line breaker tripping if the bypass
breaker fails after a closing command from the line protection.

r Fault-to-Platform protection detects equipment-to-platform faults by monitor-
ing the current in the bus connection between platform and one side of the
transmission line.

10,1.3.3 Harmonics. It was confirmed that due to low-harmonic impedance
of the internal loop of the TCSC compared to the system impedance, the harmonic
currents essentially remain in the TCSC loop. Field measurements showed the individ-
ual harmonic current components propagating into the ac system to be less than}.57o.

The inductor size was chosen to ensure that the series resonance frequency with
the capacitor does not coincide with any characteristic harmonic. This resonance
frequency is approximately 2.5 x 60H2. Figure 10.6 shows waveform of voltage across
the fixed series capacitor and the TCSC for a line-to-ground fault on one side of the
bank. It is seen that the voltage across the fixed series capacitor is essentially 60 Hz
clamped by the MOV. However, the voltage across the TCSC is initially limited by
the MOV, then reduced by the impedance control but has a significant 2.5 x 60 Hz
harmonic. Had the resonance been at the third harmonic, the harmonic would have
been greatly ampliflec.

10.1.4 Results of the Project

Results of the project confirmed that the ASC/TCSC:

I Provides continuous control of the transmission line current
I Provides dynamic control of power flow
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Figure L0.6 Voltage waveforms for Kayenta ASC for single-phase to ground fault:

(a) Voltage across the flxed capacitor; (b) Voltage across the TCSC.

r Reduces fault current
r TCSC is inductive/resistive at the SSR frequencies and thus detunes and damps

SSR oscillations
r Reduces and quickly eliminates the dc offset of the capacitor voltage

r Provides improved protection of the series capacitors and is an effective means

of rapid reinsertion of the capacitors following bypass by the thyristors

r Is a reliable means of using existing transmission capacity while maintaining
svstem securitv
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Figure L0.7 BPA's Slatt TCSC location in Pacific Northwest 500kV transmission
system.

and when additional transmission capacity becomes necessary, there would be a proven
alternative with adequate performance specifications to serve future transmission needs.
Nevertheless this TCSC has provided benefits of transmitting more power from North-
west to Southwest and alleviated SSR concerns for the nearby Boardman thermal power
plant. The key aspects of performance for this project include:

r Exacting technical and operating specifications
r Control of steady-state current sharing with respect to other parallel paths

r Reduce transient power system swing

r Damp dynamic and small signal power system oscillations
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Figure 10.8 One-line diagram of Slatt TCSC.

r DamP SSR under a wide variety of conditions (including resonance) involving
the nearby Boardman turbine generator

r Fault performance for a variety of fault conditions
r Possible interaction with nearby Celilo HVDC converter terminal
r Possible interaction with Keeler Static VAR Compensator

Figure 10.8 shows the one-line diagram of the Slatt TCSC. It consists of six identical
modules connected in series, each consisting of a capacitor, an ac thyristor switch, reactor
in series with the switch, a gapless metal oxide varistor, and module level control and
protection. The entire TCSC is provided with a bypass breaker with a di/dt limiting
inductor in series, for use in operational and protective functions with high speed me-
chanical bypass, and also disconnect switches for isolating the TCSC.

Figure 10.9 shows an aerial photograph of one platform of the installation. There
are three such platforms corresponding to the three phases. On each platform the six
thyristor switches are housed in three cabinets, each containing switches for two liquid-
cooled modules. Directly behind the valve cabinets are the reactors, six for the thyristor
switches and one for the bypass breaker. Behind the reactors are the varistors. At the
other end of the platforms (opposite end to the thyristor cabinets) are the six capacitor
racks. Each module has 70 capacitor units in parallel.

10.2.2 Functional Specifications

Overall TCSC parameters are:

t Nomin al capacitive reactance (297o series compensation with
all six modules) 8.0 C)

\ 
.'t 

\* l---T-l
Thyristor Reactor
valve (0.47 mH)

, , I-::=
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9.2 0
1.2 {.',L

24.0 Q

202 mvar

2900 A rms

4350 A rms

5800 A rms

404 mvar

20.3 kA rms

60 kA peak

-40-+45"C

Figure 1"0.9 Thyristor-Controlled Series Capacitor at BPA Slatt Substation.

I Continuous effective capacitive reactance (with normal mini-
mum thyristor control)

t Net inductive reactance (all six modules bypassed)
r Maximum dynamic range of capacitive reactance
r Nominal three-phase mvar compensation
r Rated current (1.0 p.u.)
r 30 minute overload current (1.5 p.u.)
r 10 second overload current (2.0 p.u.)
I 10 second three-phase mvar compensation
I Maximum fault current through TCSC
r Maximum fault current in the thyristor valve
I Operation with ambient temperature range

Each module is independently controllable and can be operated with thyristors
fully blocked, in which case its impedance is 1.33 O capacitive. Each can also be fully
bypassed with its thyristor switch (thyristors conducting with zero delay angle), in
which case its impedance is approximately 0.2 O inductive. In this case, the module
impedance is a parallel combination of 0.18 O inductor and L.33 .f) capacitor. For an
input current of d", a current of 1.15 d" flows through the inductor and -0.15 10"

through the capacitor; i.e., a current of 0.15 1"" circulates in the inductor-capacitor
loop. Being inductive in this bypass mode, it can also serve as a current limiter,
as required.
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Each module can also be operated with its thyristor switch turn-on angle con-
trolled from 180 degrees (1.33 o capacitive) to lower than 180 degrees up to a range
where its impedance is 4.0 O capacitive. In this case the module is an effective combina-
tion of a2.0 A inductor in parallel with a 1.33 O capacitor at fundamental frequency.
Impedance of the inductor with partial conduction has effectively decreased from
infinity at L80 degrees to 2.0 o at some angle of advance from 1g0 degrees. For a
fundamental input current of d,, a fundamental current of 2.0 l*flows in the inductor
(and the thyristor switch) and 3.0Iu" flows in the capacitor, i.e., 2.01u. circulates in the
inductor-capacitor loop, as shown by Figure 10.10(a).

At 4.0 O, the fundamental voltage across the capacitor would be 4Iu. Given the
limitation of capacitor voltage capability, the continuous current rating at 4.0 O module-
impedance is limited to a lower limit than the rated current of 2900 A. Figure 10.10(b)
shows current and voltage waveforms of one module operating with impedance of
4.0 O (3.0 pu) at about 1000 A line current. The scales for these waveforms have been
chosen such that, if the thyristor switch was off, the capacitor voltage waveform would
be at the same peak level as the line current waveform.
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Figure 10.11 Capability curves for Slatt TCSC: (a) Capability curves for one TCSC
module; (b) Capability curves for the entire six-module TCSC.

Figure 10.11(a) shows the impedance-current capability curve for one module.
It shows that it can continuously operate at high ohmic value up to 4.0 O capacitive,
but with declining current capability. Also shown are the areas of short time overload
capabilities, which show that the TCSC's dynamic operating range is twice its continu-
ous rating. It can operate at 1.6 O for 10 seconds and 12 O for 30 min. The temporary
overload limit is determined by the IEEE standard824, for series capacitors. A module
can be operated at any point in the shaded areas and also on the line of -0.2,O inductive.

An individual module cannot be operated between -0.2 A and 1.33 O.
However, since the individual modules can be operated independently at any

point of their characteristic, including bypass with their thyristor switches, it is easy

to realize that a combination of six modules would cover the entire range of operation
from *1.2 dL to 26 f), as shown in Figure 10.11(b). It is also evident that if all six
modules were to be combined into one large unit, the operating characteristic would
be the same as that for one module, Figure 10.11(a) with ohmic scale multiplied by
6. There would therefore be a prohibited impedance zone from -1..2 O to 8.0 O. The
continuous ohmic control range would only be from 8.0 A ro 26 O and along the
bypassmodeline of *1,.2.f),asagainsttheentirerangeof -LZAIo26.0 O.Thisis
a clear advantage of the modular approach to the design of a TCSC, apart from the
fact that the modular approach allows continued partial operation of the TCSC in the
event of problems with individual modules.

It should be mentioned that the modules are not generally operated with thyris-
tors blocked but rather at an angle somewhat less than 180 degrees. It is operated at
1.53 O instead of 1.33 A e.2 O for all six modules) in steady-state minimum capacitive
mode, to provide damping for SSR modes as per the NGH scheme discussed in
Chapter 9.

This TCSC is not designed to operate as a thyristor-controlled series reactor.

10.2.3 Design and Operational Aspects

10.2.3.1 Thyristor Switches. Short-circuit current requirement of 60 kA peak
for several cycles for the thyristors, rather than the load and overload requirement,
was the determining factor for the thyristor design. These thyristors have 100 mm cell

30 min overload

AJJ, morJrJ,es try passerJ
(-1.2 J2 inductive)

Module bypassed
(0.2 Q inductive)
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diameter and 3.3 kV blocking voltage capability. Because of the high short-circuit
current requirement, thyristors have lower voltage rating than would be otherwise
necessary. The thyristors are designed with a gate spread-out structure that ensures
rapid spreading of the gate current and hence high di/dt capability and uniform turn-
on with very high current level. Each thyristor switch has five thyristors in series
including one redundant thyristor; thus for a two-way switching, each module has a
total of 10 thyristors.

For some reason, the platform power supply for the thyristor control is derived
from the platform current transformers. During low power on the ac line, there is not
enough power to operate the TCSC and therefore it has 0.2p.u. current as the minimum
normal operating limit.

Valves being outdoors and located on 500 kV platforms, they are actively cooled
by an ethylene glycol and water mix and the coolant is carried from the ground to
the 500 kV platform through hollow porcelain insulators. There are two such insulators
per platform; one carries the coolant up and the other down. The equipment for this
primary cooling loop is located indoors at ground level. Heat from the coolant is
transferred to the outside air via six dry heat exchangers located outdoors.

10.2.3.2 Control, Protection, and Monitoring. All control protection and
monitoring is digital, located at ground level and housed in a control room. Signal
transmission to and from the platform and the control room is via fiber optics. Figure
10.12 shows a one-line diagram of the control, protection, and monitoring system. The
diagram is essentially self-explanatory. The Operator Interface System (OSI) and the
Common Control and Protection (CCP) represent the master level functions, which
supervise the six Module Control and Protection Systems (MCPs). Each Valve Inter-
face System (VIS) sends control firing pulses to the thyristor switch units, and receives
the status report back from the thyristor switch units using a fiber optic pair for each
thyristor. The operation of six modules is automatically coordinated by CCp; i.e., each
module receives its individual ohms-order from CCP.

The modular structure allows a module to be taken out of service, to carry out
any repair and maintenance of a module's ground-based equipment with the remaining
modules of the TCSC still in service.

Master level control functions include ,f) or power order entry by local or remote
operator, power flow regulator, power swing damping control, transient stability con-
trol, the module order distributor logic which computes the individual module orders
based on higher level control functions, and the automatic TCSC connection and
isolation sequences. Also provided is an automatic module rotation function, which
ensures that all the modules see the same average duty.

The module level controls include generation of thyristor firing pulses, fast and
stable firing angle control algorithm, and automatic overload limits.

Common level protections include the line over-current (timed and instanta-
neous), line under-current (timed), faults internal to each platform, platform to ground
fault, cooling system failure, bypass breaker failure, station battery under-voltage, and
control failure.

Module level protections include capacitor overvoltage (timed), capacitor failure.
varistor over-temperature, varistor failure, module voltage imbalance, thyristor failure.
thyristor gating failure, valve interface system failure, and control failure. Most module
protections only cause the thyristor switch to bypass at module level. One thyristor
failure in a string of five thyristors results only in an alarm so that the thyristor can
later be replaced at an appropriate time, but the second failure causes a permanent
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Legend:

VIS = Valve interface system
MCP = Module control and protection
CCP = Common control and protection

SER = Sequence of events recorder
TFR = Transient fault recorder
OIS = Operator interface system
FOI = Fiber optic interface
LE = Level electronics
BC = Breaker control

Figure L0.LZ Major control and protection elements of Slatt TCSC.

bypass of the module. Thyristor gating-failure protection detects repetitive false firing
and repetitive failure to fire and gives appropriate alarm.

10.2.3.3 Power System Stability. The Transient Stability Control, a fast open
loop control, is provided, under which the TCSC immediately goes to ful|l 24 A
capacitive or any other set level, taking advantage of the short-term overload rating.
It is also set to go to full-capacitive level when a pole trip occurs at the nearby Celilo
HVDC Converter Station. TCSC then ramps back to 12 O after 9 sec. The objective
is to maximize the power flow as fast as possible, to compensate for loss of electrical
power flow through other lines and reduce acceleration of the machines. TCSC over-

To breakers
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TABLE 10.1 Maximum Individual Harmonic Current Generated by
TCSC: All Six Modules in Ooeration

Harmonic Order Loop Current A rms Line Current A rms

aJ

5

7

9

11

13

t67 6

107 4

450
176
774
r27

4.5

2.4

1.2

0.2

0.6

0.8

load rating can be used for many other types of transient events and more complex
controls to aid first swing stability.

Power Swing Damping control (PSDC) is also provided. Simulator tests showed
this to be a very powerful damping means. This control has a dead band such that it
stops further action at a low level of oscillations where the system damps oscillations
itself with its inherent damping. The bandwidth of PSDC is greater than 5 Hz.

10.2.3.4 Harmonics. As mentioned before, in a thyristor control mode, current
circulates in the loop consisting of the capacitor, the thyristor switch, and the inductor.
Actually, the current in the thyristor valve is made up of partial-cycle waves, as seen
in Figure 10.4(b), and consists of the fundamental and high level of harmonics as is
typical of a Thyristor-Switched Reactor discussed in Chapter 5. There would be a
natural concern that these harmonics may enter the system. Study results have shown,
however, that as expected, this harmonic current remains within the loop and very
little harmonic current enters the transmission line. Table 10.1 shows the maximum
value of each harmonic that can be present in the loop and the corresponding level
of harmonic entering the line for TCSC operation anywhere within its continuous
rating. These harmonic levels are not simultaneous, but are maximum values at differ-
ent operating points. Field measurements showed that the actual harmonics, adding
up to a THD level of 1-.47o in the line, were essentially from the Celilo converter
station and more or less remained the same with the operation of TCSC up to 24 O.

10.2.3.5 SSR Performance. The worst case for the Boardman plant for its
shaft torsional interaction with the electrical system is to be connected radially through
the TCSC series capacitor and the Slatt Buckley line [Figures 10.13(a) and 10.7].

TNA measurements of the electrical damping (the transfer function from rotor
speed to electrical torque) versus torsional frequency are shown in Figure 10.13(b).
The Boardman plant has four torsional frequencies, 11.9 H2,23.3 H2,27.3 H4 and
49.9 Hz; the last frequency corresponds to the coupling between the generator and
exciter at the end of the shaft. The top trace is for the p.u. electrical damping with
no series capacitor (series capacitor mechanically bypassed). The middle trace shows
damping with the series capacitor in line but with the thyristor switches blocked. It
shows a negative peak for electrical damping at which Boardman plant has its fourth
torsional mode and is clearly unstable with this series compensation. It represents
serious damaging contingency, if there were only five uncontrolled segments in service.
and other transmission lines from Slatt were opened, thereby having the plant operate
in a radial mode all the way to Buckley, as shown in Figure 10.7(a). Given the electrical
system parameters, the other three torsional frequencies are too far away for possible
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Slatt

(a)

Uncornpensated line

Line with TCSC

27.3
23.3

o20406080
Torsional frequency (Hz)

(b)

Figure 10.13 SSR performance of Slatt TCSC: (a) System configuration used for
TCSC SSR performance tests; (b) Electrical damping plots comparing
SSR oerformance-results of TNA tests.

interaction. The bottom trace in Figure 10.6(b) shows electrical damping with TCSC in
operation with the same series compensation. It is seen that the electrical damping is
essentially the same as the top trace without any series capacitor compensation.

Field tests were carried out by isolating the Boardman plant as per Figure
10.13(a). These tests showed that with the thyristor switch off, the decay time constant
for deliberately excited oscillation at each modal frequency was approximately in the
range of 2.5 to 4.0 sec, with 0,7,2,3, 4, and 6 modules. However, with five modules
and thyristor switches off, the decay time constant became infinity, i.e., the damping

e2
oic'd
E€o
Eo
Eo
uJ '2

2

-)o-
(',
c
Foc
(u
]C
(E
o
E-2o
|.U

l
l
l

52
o-
O)c'a

Foc
Go
E
d)

=-2lrl

Boardman
machine

series capacitor



392 Chapter 10 I Application Examples

coefficient became zero. Thus with five series capacitor modules in series, mode 4,
once excited by a disturbance would not decay. With thyristor switch turned on, the
decay time constant remained in the range of 2.5 to 4.0, with any number of zero to
six modules in service.

Tests were also carried out to find out what would happen if only one module
had thyristor control in order to assess the possibility that only part of the series
compensation may be TCSC. The finding was remarkable in that just one module,
out of six, with thyristor control reduced the decay time constant to a safe level of a
few seconds. This clearly indicates that the TCSC is not only SSR neutral but only a

small part of the series compensation needs to have thyristor control, that is, if the
purpose of compensation is to ensure security from subsynchronous resonance. If the
value-added consideration requires control of current flow in order to impact transient,
dynamic, or steady-state power flow, then more modules with thyristor control would
be needed. As a matter of fact one of the reasons for selecting this site was the
realization that the Boardman plant was subject to SSR at its mode 4.

10.2.4 Results of the Project

The results of this project can be summarized as:

r TCSC is SSR neutral.
r TCSC provides powerful damping against SSR in the presence of uncontrolled

series capacitors, so that one can accommodate high percentage series compen-
sation with only part of the series compensation provided with thyristor control.

r TCSC is an effective means of impedance and current control, and the TCSC
has been used as such to transmit more power.

r TCSC is a powerful means of damping power system swings, at the transient,
dvnamic. and small sienal basis.
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10.3 TVA'S SULLIVAN STATIC SYNCHRONOUS
CoMPENSATOR (STATCOM)

Chapter 10 I Application Examples

10.3.1 Introduction and Planning Aspects

The first high-power STATCOM in the United States was commissioned in
late 1995 at the Sullivan substation of the Tennessee Valley Authority (TVA) for
transmission line compensation. The project was jointly sponsored by the Electric
Power Research Institute and TVA, and designed and manufactured by the Westing-
house Electric Corporation.

The TVA is an agency of the federal government and also serves in the capacity
of a large utility with an installed generation capacity of more than 30,000 MW and
supplies electrical power over 16,000 miles (25,806 km) of transmission lines to other
utilities and industrial customers in seven states. TVA is part of the Eastern grid of
North America.

Northeast Tennessee is served by the Sullivan substation, near Johnson City,
TN. Sullivan is supplied by the 500 kV bulk power network and by four 161 kV lines.
The Sullivan 500 kv feed supplies about 55vo of the winter peak load of 900 MW.
Seven distributors and one large industrial customer are served from this substation.
The Sullivan site was selected for the STATCOM installation for the following reasons:

The Sullivan substation is on the edge of the TVA service area and the ties
into the system are, therefore, not as strong as substations inside the bulk
power network. The 500 kV bus is tied to the 161 kV bus through a 1200
MVA transformer bank. The Sullivan 500 Kv bus is exposed to high voltages
during light load conditions due to the inherent capacitance of the 500 kv
transmission lines. The 161 kV bus is exposed to low voltages during peak
load conditions. The Sullivan substation site is one of the few locations on
the TVA network where the total symmetrical range of the reactive output
of the STATCOM, from full inductive to full capacitive, could be utilized
without applying fixed capacitor or reactor banks.

TVA has an interconnection with American Electric Power (AEp) at the
Sullivan substation. AEP's investigation of power system oscillations indicated
that some power oscillation may exist on their, and consequently, also on the
TVA system. The Sullivan location thus offers the opportunity for TVA to
utilize the ability of the STATCOM to damp these oscillations.

The TVA system at the Sullivan substation with the STATCOM is shown in
Figure 10.14. when this project was built, srATCoM was called "STATCON," an
abbreviation for "static condenser." The term STATCON was later changed to "static
compensator" or STATCOM by IEEE and CIGRE. Also, the literature frequently
uses the term "inverter" for a voltage-sourced converter instead of the more generally
accepted term of "converter," used in this book. Therefore, the reader may fre-
quently encounter these terms in the literature and illustrations. At this site the
STATCOM is expected to provide two functions. One is the day-to-day voltage regu-
lation, and the other is the contingency use during a major disturbance to the
power system.

The day-to-day operation of the STATCOM is to regulate the 161 kV bus voltage

1.

2.
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Figure 10.14 Simplified diagram of the TVA system at Sullivan sub-station, showing
the STATCOM and adiacent 84 Mvar capacitor bank.

during the daily load buildup so that the tap changer on the transformer bank will be
used less often. Most of the failures in the TVA's 500 kV transformer banks have
occurred in the tap changer. By using the STATCOM to regulate the voltage, the
expected life of the Sullivan transformer bank should be significantly extended. During
off-peak periods, TVA experiences high voltage on the 500 kV bus at Sullivan. Origi-
nally, 100 Mvar of reactors were installed on one of the 500 kV buses to correct the
voltage buildup. One of these reactors had failed and was not replaced, in anticipation
that the STATCOM will provide this function.

TVA's standard capacitor bank is 84 Mvar. One switchable bank of capacitors
will be installed at Sullivan along with the STATCOM. The switching of the capacitor
bank will be controlled by the STATCOM. Thus the STATCOM with the capacitor
bank will become an overall Static Var System (SVS) with an effective range of 100
Mvar inductive to L84 Mvar capacitive. This will allow rapid voltage control over a
considerable range. If the Sullivan transformer bank is lost during winter peak condi-
tions, the 161 kV bus voltage could drop t0 to 1,57o. As the load in the area grows
over time this drop will become more pronounced and the voltage in this area could
collapse. The STATCOM is expected to respond rapidly and maintain the voltage at
a reasonable but low-voltage level until shunt capacitor banks at other substations in
the general area switch on. Without the STATCOM, TVA would have had to initiate
a project to either install a second Sullivan transformer bank or construct the fifth
161 kV line into the area. The STATCOM solution allowed TVA to avoid those larse
expenditures at least for several years.
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To
161 kV line

To
84 Mvar
capacitor

Figure 10.15 SingleJine diagram showing the main elements of the TVA STAT-
COM installation.

10.3.2 STATCOM Design Summary

The TVA STACOM utilizes a harmonic neutralized converter composed of
gate turn-off (GTO) thyristor valves, designed to meet utility harmonic requirements
without filters and have sufficient redundancy in power semiconductors and other
critical circuit elements to provide high operating availability. The main design parame-
ters of the STATCOM converter are as follows:

Nominal capacity

Short term capacity

Transmission line voltage

Converter nominal output volt age

Number of converter pulses

Number of basic six-pulse, three-
phase converters

Type of converter poles

Total number of converter poles

Number of series GTOs in each valve

-'- 100 Mvar
1-120 Mvar
T6I KV

5.1 kV
48

8

two-level (two-valve)

24

5 (one redundant)

lnterface magnetics

STATCOM control
system

Local operator
interface
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Figure 10.15 is a single-line diagram showing the main elements of the STATCOM
installation. The eight converter poles comprising 16 GTO valves, depicted symboli-
cally, are associated with one of the three output phases the STATCOM generates.
Each converter pole produces a square voltage waveform, progressively phase shifted
from one pole to the next by an appropriately chosen angle. These eight square-wave
pole voltages are combined by magnetic summing circuits into two voltage waveforms,
displaced by 30 degrees. One of these waveforms feeds the wye and the other the
delta secondary of the main coupling transformer. The final 48-pulse output voltage
waveform is obtained at the transformer primary.

The STATCOM installation is considerably smaller in area than a conventional
Static Var Compensator since the reactive power is generated by relatively compact
power electronics rather than by capacitors and reactors. The complete STATCOM
installation at the Sullivan substation is shown by an aerial photo in Figure 10.16, and

GTO rating
Total number of GTOs
Method of multipulse waveform gen-

eration

Main coupling transformer
DC capacitor
Nominal dc voltage

4.5 kV, 4kA (peak)

240

magnetic

161 kV A to 5.1 kV A/Y
65 kJ

6.6kV

of the STATCON site showing the building, outdoor
and the adjacent capacitor bank (top left). (Courtesy

Figure 10.16 Aerial view
components,
of TVA.)
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the layout plan of the building is shown in Figure 10.17. The overall building size is
90' x 50' (27.4 m x 15.2 m), which contains all of the srATCoM converier and
associated control and auxiliary equipment. The main transformer that couples the
STATCOM to the 161 kV line is located outdoors. The building is a standard cbmmer-
cial design with metal walls and roof.

Figure 10.18 shows a view of the STATCOM valves. Each valve has associated
electronic controls and gating circuits located adjacent to it and these communicate
with the central control system through optical fiber links. The central control svstem
receives feedback signals from potential transformers on the 161 kV bus ulj .,rr-
rent transformers on the primary bushings of the main transformer. A sophisticated
graphical display terminal with comprehensive diagnostic information ii provided
for local operator interface, but the STATCOM ii normally controlled iemotely
via the SCADA. The power losses in the electronic valves generate heat that is
removed by means of cooling fluid (deionized water and glycol mixture), circulated
through the valves and then through liquid-to-air heat eiihangers located outside
the building.

The STATCOM control system, located in a separate room inside the main
building, comprises two distinct subsystems, the statui processor and the real-time
control. The status processor is responsible for gathering, analyzing, and displaying
status and diagnostic information from all of the STATCOM components, ana am
performs the sequencing tasks necessary for starting up the system, connecting it to
the line, and shutting it down. It supports the local operator interface as well is the
SCADA interface. The real-time control system is responsible for generating gating

Figure 10.18 View of the
(Courtesy of
lando, FL.)

srATCoM converter hall showing the valve layout.
Siemens Power Transmission & Distribution. or-

.---:.----
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Figure 10.19 Functional block diagram of the STATCOM control system.

commands for the valves in such a way that the STATCOM maintains the correct
level of reactive output current to regulate the 161 kV bus voltage to a set reference
value. Figure 10.19 shows a block diagram of the algorithm employed in the real-
time control system. An inner feedback loop is used to regulate the STATCOM
instantaneous reactive current. Note that, as explained in Chapter 5, this control is

achieved by varying the phase angle, a, of the converter output voltage relative to
the transmission line voltage. This indirect voltage control technique makes it possible

to maintain a constant maximum ratio between the converter output voltage and the
dc-capacitor voltage. The reference value for the reactive current control loop is
generated by an outer loop responsible for the system voltage control. This outer
control loop is similar to that used in conventional static var compensators, and includes
an adjustable slope setting that defines the voltage error at full STATCOM reactive
output. There is an unavoidable delay in the feedback of the voltage regulating loop
because of the time taken to compute the positive sequence fundamental bus voltage.
Thus although very fast response can be achieved for the reactive current controller.
the response time of the voltage regulator is typically about one cycle of the line voltage.

10.3.3 Steady-State Performance

The STATCOM generates a 48-pulse output voltage waveform by electromagnet-
ically combining eight square wave outputs per phase. Figure 10.20 shows waveforms
recorded on the wye secondary of the main transformer while the STATCOM u'as

operating at full inductive output. The voltage waveform corresponds to the output
of the converter. It closely approximates a sine wave, but the small residual steps cart

plainly be seen.
However, the current drawn from the 161 kV bus, as evident in Figure 10.20. i'

a very high quality sine wave, since the residual harmonics in the STATCOM outpu:
voltage are greatly attenuated by the leakage inductance of the transformer. Note

CONVERTER
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Figure 10.20 Voltage and current waveforms measured on the wye secondary of the
STATCOM coupling transformer, operating at full inductive output
(maximum var generation).

also that this high-quality current waveform is obtained without the use of any passive
filter. Actually, spectral analysis of the line voltage carried out onsite showed that
harmonics present on the line before the STATCOM is connected, are actually some-
what reduced when the STATCOM operates, due to the relatively low impedance of
the STATCOM at harmonic frequencies.

under steady-state conditions the STATCoM has operated as expected and
provides a useful function in regulating the 161 kV bus voltage. In practice it is found
that the srATCoM can typically regulate the voltage by 6 kv going between full
inductive and full capacitive limits, since the system short-circuit impedance is about
5300 MVA with the 500 kV intertie present. (Since there are no other Static Var
Compensators in the area, the STATCOM is operated with zero slope setting on the
voltage control.) As expected, the STATCOM has taken over the voltage regulation
at the Sullivan substation and, as a result, the on-load tap changing operationi on the
500 kv transformer bank have decreased significantly. Figure 10.21 illustrates a typical
example of daily load cycle encountered by the srATCoM (without the g4 Mvar
capacitor bank).

10.3.4 Dynamic Performance

The dynamic performance of the STATCOM has been excellent in terms of
response as well as settling times. This, as explained in Chapter 5, is partially due to
the negligible internal transport lag and partially to the lack of resonant filteicompo-
nents at the output.

To measure the response of the instantaneous reactive current control, Figure
1'0.19, a test signal was injected into lan"i in place of the usual signal derived from the
voltage controller. In effect this puts the STATCOM in a uqr control mode instead
of the usual voltage control mode. The instantaneous reactive current reference was
stepped from inductive to capacitive and vice versa. The resulting step responses are
shown in Figures 10.22 and 10.23. These results show the ability of the STATCOM
to make a 100 Mvar transition in a few milliseconds, with essentiallv no transient

)

STATCOM STATCOM
transformer /'4\ ,,.*r trangformer
secondary/\l\,secondary
current / \J ].t vottage

.- ::--
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disturbance on the bus voltage (such as would be obtained with a capacitor switching
or with the use additional passive filter networks). The rapid response of the STAT-
COM, as mentioned, is possible because of the very small transport delay in controlling
the 48-pulse converter, which enables a very high bandwidth current control. Conven-
tional thyristor-based static var compensators typically have much longer transport
delays and are used in conjunction with passive filtering that can give rise to reso-
nance problems.

The STATCOMwas also extensivelytested in normal operatingmode of terminal
voltage regulation. For this test the voltage reference signal Vp4 was stepped from
1,.032 to 1.022 while operating in the normal voltage control mode, causing a 70 Mvar
swing in the STATCOM output. The response is shown in Figure 10.24. This result
shows stable operation with expected response time. It reflects the typical response

of this type of voltage controller, taking about 25 ms (1.5 cycles). Clearly, from the
previous results, the var output of the STATCOM can be changed extremely rapidly.
but the voltage controller takes time to determine the desired var output based on

line voltage measurement.
To determine the effect on the STATCOM of switching the associated 84 Mvar

capacitor onto the line, the capacitor bank was switched onto the 161 kV bus with

'_
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Figure 10.22 Response to a var reference step from 0.5 p.u. inductive to 0.5 p.u.
capacitive, when STATCOM operated in var control mode.

the STATCOM operating capacitively in the normal voltage control mode. Figure
10.25 shows the recorded response as the STATCOM changes to the inductive t"lion
to maintain the bus voltage at the set value. Note the dc-bus voltage variation shown
in Figure 10.25 and also a very small bus voltage transient observed when the capacitor
is switched. clearly, as seen from the effect on its dc bus, the STATCOM plays a part
in this event, and serves to attenuate the bus disturbance when the local capacitor
bank is switched. Figure 10.26 shows the reverse operation when the capacitoi bank
is switched out and the STATCOM returns to its original operating point.

The STATCoM performance was investigated for opening of ihe tie between
the 161kV bus and the 500 kV bus at Sullivan (Figure 10.14i. This-relates to operation
under the contingency condition where the 500 kV/161 kV transformer bank is lost.
without the 500 kV connection, the bus impedance seen by the srATcoM via the
connections to grid system only through 161 kv is higher and consequently the gain
of the voltage controller is increased. The STATCOM must maintain stable operJion
with the higher gain. The switching was accomplished by opening the tie breaker on
the 161 kV side of the transformer bank. The STATCOM was enirgized prior to the
switching, with its output set near zero by voltage reference adjustment. Figure 10.27
shows the measured response when the intertie is opened, and Figure 10.2g shows
the reverse operation when the intertie is restored. The response in Figure 10.27 is
faster (20 ms vs. 25 ms) because of the higher gain condition, but stili stable. The
STATCOM responds rapidly in both cases, moving to its capacitive limit in the first
case, then back to its initial operating point in the second case.

-
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Figure L0.24 Measured response to a step rn
the voltage reference from 1.032 p.u. to 1.422

p.u., when STATCOM operated in voltage
regulation mode. (STATCOM swings from
30 Mvar capacitive to 40 Mvar inductive.)
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Figure 10.23 Response to avar reference step
from 0.5 pu capacitive to 0.5 p.u. inductive,
when STATCOM operated in var control
mode.
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Figure 10.25 Measured STATCON response

w,hen srvitching the adjacent 84 Mvar capaci-

tor bank to the line. STATCON swings from
12Mvar capacitive to 55 Mvar inductive. Line
voltase - 168.4 kV.

Figure 1-:0.26 Measured STATCOM response

when disconnecting the adjacent 84 Mvar ca-

pacitor bank from the line. STATCOM
swings from 57 .4 Mvar inductive to 40 Mvar
capacitive. Line voltage - 164 kV.
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Figure L0.27 Measured response of the
STATCOM to the opening of the 1"61 kV to
500 kV intertie at Sullivan, using the 161 kV
circuit breaker.
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Figure 10.28 Measured response of the

STATCOM to the re-closing of the 161 kV
to 500 kV intertie at Sullivan, using the L61

kV circuit breaker.
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10.3.5 Result of the Project

The STATCOM concept for transmission line compensation has been the subject
of considerable interest. Studies have indicated potential advantages in performance,
equipment size, installation labor, and total cost. The availability of large GTOs
allowed the realization and practical evaluation of STATCOM of representative size

in actual utility environment.
The TVA STATCOM has demonstrated the new GTO-based technology at a

signiflcant power level for the first time in the United States. In particular, the GTO
devices have proved to be rugged and reliable components. This project has showed
that the STATCOM is a versatile equipment, with outstanding dynamic capability,
that will flnd increasing application in power transmission systems.

Other FACTS controllers using GTO-based technology have been conceived,
and subsequently developed, offering unique potential benefits for power transmission
systems. The performance tests at the Sullivan substation provided a valuable informa-
tion base, and encouragement, for the design of this family of FACTS Controllers.
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10.4 AEP'S INEZ UNIFIED POWER FLOW
CoNTROLLER (UPFC)

10.4.1 Introduction and Planning Aspects

The first Unified Power Flow Controller (UPFC) in the world, with a total rating
of. +320 MVA, was commissioned in mid-1998 at the Inez Station of the American
Electric Power (AEP) in Kentucky for voltage support and power flow control. The
project was jointly sponsored by the Electric Power Research Institute and AEP, and
designed and manufactured by the Westinghouse Electric Corporation.

10.4.1.1 Background Information American Electric Power is an investor-
owned electric utility company that operates across seven midwestern states, from
Michigan in the north and west, to Tennessee in the south, and Virginia in the east.

These facilities, including the generating plants, 765 kV extra high voltage (EHV),
345 kV high voltage, and 138 kV transmission lines, distribution system, and associated
stations, are all interconnected and operated as a major power network within the
eastern U.S. power system. AEP provides electric service to approximately L.7 million
customers in an area of about 48,000 square miles (124,313 krd).

AEP produces over 124 billion KWH ayear,representing a peak system demand

of over 26,000 MW. A major portion of the System's generation is located on the
Ohio river and its tributaries. The areas south and east of these rivers depends on
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long transmission lines to meet the electric demand. The load area of concern regarding
this project is one of these areas, the Inez Area identified in Figure 10.29.

The project involves the Inez Area and the Tri-State Area which is located just
north of the Inez Area, as shown in Figure 10.29. These two areas are quite different
in their physical and electrical characteristics. The reinforcement plan adopted to
mitigate the problems strongly ties them as one area.
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The Inez Area located in eastern Kentucky is rural in nature and has a population
of about 670,000 which is spread over an area of about 6300 square miles (16,316 km'z).

Generating plants and EHV/138 kV substations are located only at the periphery
of the area. The Inez Area's winter power demand of approximately 2000 MW is

served by several long 138 kV transmission lines. System voltages and area reactive
power requirements are supported by a +125 Mvar Static Var Compensator (SVC)
and a large assortment of switched shunt capacitor banks located at several 138 kV
and lower voltage subtransmission stations

The Tri-State Area located adjacent to and north of the Inez Area has a popula-
tion of about 480,000 people and is spread over an area of approximately 3500 square
miles (9,064 square km). The Tri-State Area load is summer peaking with a requirement
of about 1400 MW. It is served by a strong network of EHV lines, EHV/138 kV
substations, and generating plants within and near its boundaries. The area transmis-
sion system supports power flows into the Inez Area via 138 kV inter-area line connec-
tions.

10.4.1.2 System Performance and Problems. The Inez Area depends on long
138 kV transmission lines to support its customers' demand. Even under normal system
conditions, many 138 kV transmission lines carry power flows reaching 300 MVA.
These power flow levels are well above the surge impedance loading for 138 kV lines
and as such are indications of the system stress. Moreover, these high loadings as

compared to the thermal capabilites of the lines left little margin for system contingen-
cies. In addition, voltage levels in the Inez Area were generally as low as 95Vo of,

nominal. This is considered to be the lowest acceptable voltage level for reliable
service. Heavy 138 kV line loadings and comparatively long line distances resulted
in excessive voltage gradients across the transmission network, which was another
indication of the stress on the system.

The Tri-State Area, on the other hand, is served by a strong network of EHV
lines and an EHV/138 kV station. The load is concentrated in and around a compara-
tively smaller area. The 138 kV line exits are heavily loaded over relatively short
distances. Voltage levels are maintained at all substations within a narrow bandwidth
around 9BVo of nominal.

Several single contingency outages in the Inez Area could have resulted in
depressed voltage and/or thermal overload conditions. As an example, a simulation
of a765 kV line outage, during winter peak load periods, indicated increases in system
real and reactive power losses by about 85 MW and 700 MVars, respectively. The
need to supply these increased system losses under a contingency condition would
have further reduced the area voltages to levels which would certainly have resulted
in wide area customer complaints. In addition, the underlying transmission system
would be loaded to well above its winter emergency capabilities. A second contin-
gency under these circumstances was intolerable.

Single-contingency outages in the Tri-State Area would not have caused any
thermal overloads or depressed bus voltage conditions. However, double-contingency
outages involving one or more EHV/138 kV transformers or 138 kV generating units
would have resulted in thermal overloads of the EHV/138 kV transformer and/
or 138 kV line exits.

10.4.1.3 System Reinforcement Plan. The analysis of the system performance
indicated that additional voltage support and power supply facilities were required to
resolve normal, single-contingency, and double-contingency system problems in the
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Inez Area. In addition, the EHV/138 kV transformer and line exit capacities of the
Tri-State Area needed to be increased.

Following extensive analysis, the conclusion was reached that constructing a
high-capacity 138 kV line having thermal capabilities approaching that of a 345
kV line would provide an economical means of adding thermal capacity to the
area. However, such a high-capacity line would not carry its share of line loading
based on its high-capacity margin alone. Power flow on such a line would still be
governed by its impedance and other ac transmission system parameters. Concurrent
with thermal considerations, peak and off-peak voltage performances in the Inez
Area also needed to be addressed. This dictated the need for a dynamic voltage
support facility in the area.

Series capacitors together with SVCs and converter-based FACTS Controllers
were then evaluated to enhance the power flow and provide sufficient voltage support.
The evaluation showed that a combined converter-based FACTS Controller. such as
the Unified Power Flow Controller (UPFC), which can provide both the voltage and
line flow control capabilities, was a logical choice to be an integral part of the overall
reinforcement.

The comprehensive reinforcement plan for the Inez and Tri-State areas include
the following:

I A high-capacity 950 MVA, 138 kV line between the Big Sandy and the Inez Sta-
tions.

. A -1320 MVA UPFC at the Inez Station to fully utilize the high capacity of
the new 138 kV line, provide dynamic voltage support, and control several
mechanically-switched capacitors in the area.

r A 345/138 kV transformer at the Big Sandy Station in the Tri-State Area to
provide for the power flow requirements of the new high capacity 138 kV line.

r Series reactors to constrain loadings on existing thermally-limited facilities.

The reinforcement plan was executed in two phases. The first phase of the plan
included the installation of a3451138 kV transformer bank at the Baker/Big Sandy
Station and line power flow limiting series reactors at two stations. The last portion
of this first phase involved the installation of the -l-160 MVA shunt converter part of
the UPFC at the Inez Station. The 345/138 kV transformers were designed to have
sufficient capacity to provide the Tri-State Area needs and fulfill the future loading
requirements of the high-capacity Big Sandy-Inez 138 kV line. The series reactors
were installed to limit the loadings on critical, but low-capacity lines. During the first
phase the shunt part of the UPFC functioned as a STATCOM and supported the
reactive power and the dynamic voltage needs of the Inez Area. In addition, it provided
signals to control the switching operations of several 138 kV shunt capacitor banks
in the area.

The second phase of the plan included the construction of a high-capacity (950
MVA) 138 kV line between the Big Sandy and Inez substations, installation of the
series part of the Inez UPFC and two 138 kV mechanically-switched shunt capacitor
banks at the Inez Station. The series converter was specified to be identical to the
shunt converter in order to increase the operating flexibility of UPFC.

The third and the last phase of the project included additional L38 kV line
construction, switching configuration changes at several stations, and additional reac-
tive power correction to supplement the existing system reactive power margins.

:-
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10.4.1.4 APFC Operation Strategy. Volracs CoNrRor-. The UPFC is re-
quired to regulate Inez substation 1,38 kV bus voltages and control six 138 kV shunt
capacitor banks (a total of over 330 Mvar) located at the lnez and three other nearby
stations. This way proper capacitor switching strategy is established to reduce daily
and seasonal voltage fluctuations to within acceptable limits.

During system disturbances, mechanically-switched shunt capacitor banks and
associated controls are generally slow to react. Over 60 shunt capacitor banks are
connected on the 138 kV and lower voltage transmission system in the Inez Area.
Under actual system contingency conditions, all of these banks may not switch on
(hunting concerns) or some may over-correct the voltage and lock-out. To resolve
this situation, the UPFC is required to maintain a predetermined reactive power
margin to maximize the shunt converter's dynamic reactive power reserve for system
contingency conditions. This ensures that the controllable reactive power range of the
shunt converter (from -160 to +160 Mvar, i.e., a maximum control range of 320
Mvar) is available at all times to compensate for dynamic system disturbances. The
shunt capacitor banks will be switched on and off to maintain the reserve UPFC and
SVC margins during steady-state load fluctuations.

PowBn Fr,ow CoNrnol. With all transmission system facilities in service, the
Big Sandy-Inezl39 kV line loading is to be maintained at a level which would minimize
system losses. For the peak and near peak load conditions, load flow studies indicate
that a 300 MW line loading would meet this objective. Actual flow on the line could
be higher depending on other prevailing system conditions. The UPFC, therefore,
may be required to slightly reduce the line loadings. Line reactive power flow and its
direction will be monitored to help maintain the dynamic reactive power margin of
the shunt inverter.

The series power flow control becomes important during contingency conditions.
Major double contingency outages heavily load critical 138 kV facilities (especially
the Big Sandy-Beaver Creek line). Controls of the UPFC have to monitor loadings
on the three critical lower capacity lines. The control objective is to increase the Big
Sandy-Inez 138 kV line loading to decrease loadings on the three lines. This control
is to be activated as soon as any one of the three line loadings exceeds 90Vo of their
respective emergency thermal ratings. The UPFC has to increase the Big Sandy-Inez
line loading until the critical line loadings are reduced below the defined levels or
the UPFC reaches its rating limit. Under severe contingency conditions, the UPFC-
controlled Big Sandy-Inez line will be capable of transferring 950 MVA (4000 A).

10.4.2 Description of the UPFC

The Unified Power Flow Controller for the Inez Station was designed to meet
the above defined system requirements, in particular, to provide fast reactive shunt
compensation with a total control range of 320 Mvar (-160 Mvar to *160 Mvar) and
control power flow in the 138 kV high-capacity transmission line, forcing the transmit-
ted power, under contingency conditions, up to 950 MVA.

In order to increase the system reliability and provide flexibility for future system
changes, the UPFC installation was required to allow self-sufficient operation of the
shunt converter as an independent STATCOM and the series converter as an indepen-
dent Static Synchronous Series Compensator (SSSC). It is also possible to couple both
converters together to provide either shunt only or series only compensation over a
doubled control range.

::

-
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transformer

Figure 10.30 Simplified diagram of the UPFC installed at Inez.

10.4.2.1 Power Circuit Structure. The UPFC equipment comprises two identi-
cal GTO thyristor-based converters, each rated at +160 MVA. Each converter includes
multiple high-power GTO valve structures feeding an intermediate (low-voltage) trans-
former. The converter output is a three-phase voltage set of nearly sinusoidal (48-
pulse) quality that is coupled to the transmission line by a conventional (three-winding
to three-winding) main coupling transformer. The converter-side voltage of the main
transformer is 37 kV phase-to-phase (for both shunt and series transformers). The
shunt-connected transformer has a 138 kV delta-connected primary, and the series
transformer has three separate primary windings each rated at 16 Vo of the phase
voltage.

To maximize the versatility of the installation, two identical main shunt transform-
ers and a single main series transformer have been provided, as illustrated in Figure
10.30. With this arrangement, a number of power circuit configurations are possible.
Converter 1 can operate as a STATCOM with either one of the two main shunt
transformers, while Converter 2 operates as an SSSC. Alternatively, Converter 2 can
be connected to the spare main shunt transformer and can operate as an additional
STATCOM. With the latter configuration a shunt reactive capability of -1320 MVA
becomes available. The power circuit affangement indicates the priority of shunt
compensation at this location.

The converters are constructed from three-level poles, each composed of four
valves. The basic circuit for a three-level type pole, together with a typical output
voltage waveform, is illustrated symbolically in Figure 10.31. The three-level pole
offers the additional flexibility of a step in the output voltage that can be controlled
in duration, either to vary the fundamental output voltage or to assist in waveform
construction. Each converter used 48 valves in 1"2 three-level poles with a nominal dc
voltage of 24kY (+12kV and -12kV with respect to the midpoint). The valves are
composed of a number (eight in the outer and nine in the inner valves) of 4500 V.

transformer transformer

Intermediate
transformer

Converter 1

Intermediate
transformer

Converter 2

-- ,, r llI"-E-E - r-
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Output voltage
wa_wfqlL

Figure 10.31- Basic three-level converter pole employed in the lnez UPFC and

associated output voltage waveform.

4000 A GTOs, each with its associated antiparallel diode, and snubber components.

They are operated in each pole at 60 Hz switching rate and the phase of the switching

is strategically controlled from one pole to the next to facilitate harmonic elimination.
The pole ac outputs are summed via the intermediate transformer at the secondary

windings of the main coupling transformer. The voltage appearing across each winding
is a nearly sinusoidal48-pulse waveform, as illustrated in Figure 10.32. The total MVA
rating of the intermediate transformer is approximately 50Vo of the main transformer

rating. Figure 1"0.33 shows a sketch of the layout for the major UPFC components,

Figure 1.0.34 a view of the actual converter valve hall, and Figure 10.35 shows an

ovlrail aerial view of the UPFC installation at the Inez Substation. The base area of
the UpFC building, designed to accommodate additional auxiliary components for
future system needs, is 200 x 100 ft or 61 X 30.5 m.

10.4.2.2 Control System. Both converters comprising the UPFC are controlled
from a single central control system housed in three cabinets in the control room.

138 kV Bus

V

0

lntermediate
transformer

Figure 10.32 Simplified power circuit schematic

the Inez UPFC and corresponding
of the 48-pulse converter used in

output voltage waveform.

--__
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Figure 10.33 UPFC layout.

Two of the cabinets house the relay interface and signal conditioning, while a single
cabinet contains the control electronics. The conceptual structure of the control system
is shown in Figure 10.36.

The actual control algorithms that govern the instantaneous operation of the
two converters are performed in the real-time control electronics which employs
multiple digital signal processors. The real-time control communicates with the pole
electronics mounted on each pole via the valve interface that is linked to the pbles
by fiber-optic cables. The status processor is connected to every part of the syitem,
including the cooling system and all of the poles, by serial communications. During
run time it continually monitors the operation of all subsystems, collecting and analyi-
ing status information. It is responsible for all start-up and shutdown sequences and
for the organizing and annunciation of all alarm conditions. The status processor is
serially connected to a graphical display terminal which provides the local operator
interface. A hierarchical arrangement of graphical display screens gives the op"rator
access to all system settings and parameters, and provides extensive diagnostic informa-
tion right down to the individual GTO modules.

10.4.3 Operating Performance

In the course of commissioning the UPFC, tests were performed to verify its
predicted capability. For this purpose, the UPFC was directed to produce large con-
trolled swings of real and reactive power on the Big Sandy line, and sizeable swings

. rr Il! !! T::
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AC Bus lnverter Poles DC ClamP

of Siemens Power Transmission &Figure 10.34 UPFC converter hall. (Courtesy

Distribution, Orlando, FL.)

of voltage at the Inez station, while measurements wete recorded' It is emphasized

thut th"i" swings do not in any sense represent "notmal" duty for the UPFC in this

application. Arbitrary variations of this kind can be disruptive to the power system

U!.u,rr" they force real power flows to be redistributed in the network and affect voltage

regulation ut oth"r rtutionr. AEP system operators defined acceptable boundary limits

foi ttre tests and, in addition, slow ramping functions were applied to the control

references for the UPFC automatic power flow controller'
Five representative cases have been selected for the purpose of this presentation.

The flrst three cases show the UPFC independently controlling line P, line Q, and

Inez bus voltage, respectively. The fourth case is for the UPFC maintaining unity

power factor oi the line, and the final case is a demonstration of the series converter

Lperating as an SSSC. In all cases (except the SSSC), the UPFC is operating with the

shunt converter in automatic voltage control mode and the series convertel in auto-

matic line power flow control mode. Each set of results is annotated using the sign

convention as defined in Figure 10.37' Note in particular that P and Q for the line

are measured at the line-side terminals of the series insertion transformer. This is the

actual power at the end of the line and is deflned as positive toward Big Sandy' The

real and reactive power for each of the two converters is also shown' Note that

the converters indipendently generate reactive power but that,their real power is

substantially equal and oppotit". In each case a few stationary points (between major

transitions) have been cntsen and a phasor diagram drawn to replesent the operating

condition at that point. This is considered to be helpfut because it is difficult to interpret

each situation from the time plots alone. The interpretation is made even more difficult

by the fact that the power network "adjusts" following each major transition, especially

.ri5

DC Capacitor Ba'<s

-
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with regard to the voltage phase angles at Inez and Big Sandy. The following five
sections will take the form of a specific commentary for iach case.

case 1: UPFC changing Real power (p). Refer to Figure 10.3g. This case
starts with the UPFC idling near zero-injected voltage and the real power flow on the
line near the "natural" level of 150 MW from nig sanoy. The shunt converter is
regulating the Inez bus to 1.0 p.u. by generating about 60 Mua, capacitive, and about
3-6 Mvar are being delivered into the line. The objective for this case is to maintain
the Inez bus voltage and the line Q unaltered while-making big step changes in line p.

The UPFC is flrst commanded to raise the line po*it lo 240 uw. tt does this
by injecting a voltage of about 0.16 p.u. roughly in quadrature (lagging) with the Inez
bus voltage. To satisfy the required conditions, the shunt 

"onu"ri"idrops 
its capacitive

output to about 20Mvar, and the series converter delivers about 40 Mvar capacitive
to the line. Real power exchange between the converters is about g Mw.

The second transition commanded is a 170 MW drop in the line power to 70
MW. This is accomplished with little change in the magnitude of the injected voltage,
but about 180'phase shift, so that the injected voltage is now still roughly in quadratrire
with the Inez bus voltage, but leading. The shunt converter produces about 85 Mvars
capacitive, the series converter reverses its output to 10 Mvir inductive, and about g
MW flows between the converters through the dc bus. The final transition returns the
system to the initial operating point.

Throughout this case the Inez bus voltage is tightly regulated at 1.0 p.u. and e
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Figure L0.36 Conceptual control structure of the Inez UPFC.

on the line stays constant. Note, however, that the voltage, V2 applied to the transmis-

sion line, is lowered by a few percent relative to Vt to achieve the first swing and

raised by a few percent for the second. It should also be noted that the large changes

in real power arriving atlnez must, of course, be balanced by an equal and opposite
total change in the power on the other lines leaving the station. For this to happen a

change in the phase angle of the Inez bus voltage, [, is unavoidable. At the time
when these tests were performed the natural power flow on the line was too high for
the UPFC to demonstrate its unique ability to reverse power flow. On other occasions,

lnez 138kV bus Transmission line
to Big Sand

1u tvt'
P+
O+

Figure 10.37 Definition of polarity conventions used in the test results for po\\'er

and voltage measurements.
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Figure 10.38 case 1: upFC changing real power (p).

however, when the line has been lightly loaded, this has been demonstrated successfullv
and the UPFC has driven real power back toward Big Sandy.

case 2: UPFC changing Reactive power (e). Refer to Figure 10.39. The initial
conditions for this test are similar to Case L but the objective is to regulate the Inez
voltage at 1.0 p.u. and keep the line real power, p, constant while causing large steps
in the line reactive power, p.

For the first swing, the UPFC reference for e is changed from *30 Mvar to
-30 Mvar. After the change,30 Mvar is being received from the line, compared with
the 30 Mvar delivered to the line initially. The UPFC forces the change by injecting
about 0.05 p.u. voltage roughly in antiphase with yr. The line voltage, yr, is ionse-
quently reduced in magnitude by about Svo. For the second step, the e reference is
taken to +100 Mvar (i.e., 100 Mvar to the line). This time the injected voltage is in
phase with I so that I/2 is increased by about 5vo. The final step reduceJttr" g

-Line 

realpower (P/ (MW)
- - Line reactive power (O/ (Mvar)

-Shunt 
converter reactive power (e*rl (Mvar)

- - Shunt converter real power (pconn/ (MW) Time=60 s

01020304050607080

lnjected voltage (V.r) angle (degres to yl)
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reference to zero. The line is now fed at unity power factor with Vz reduced by about
2.5Vo relative to V1.

It is interesting to note that the changes in Q at the line terminals are balanced
almost entirely by equal and opposite changes in the reactive output of the shunt
converter, which acts to maintain the Inez voltage. This brings to light a fascinating
capability of the UPFC. In essence, it can "manufacture" inductive or capacitive
Mvars using the shunt converter and ooexport" this reactive power into a particular
transmission line (i.e., the one with the series insertion transformer), without changing
the local bus voltage and without changing the reactive power on any of the other
lines leaving the substation. It can therefore regulate the station bus voltages at both
the sending and receiving ends of a transmission line, while still freely controlling the
real power flow, P, on the line.

0.95

200

100

0

-100

-200

-300

Time=33 s

0

360

274

180

90

0

40 50 60 to 
nrr?3,

Figure L0.39 Case 2: UPFC changing reactive power (Q).
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AEP UPFC CONTROLLING VOLTAGE
AT INEZ BUS
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Figure 10.40 Case 3: UPFC changing Inez bus voltage.

case 3: uPFc changing Local Bus vokage Refer to Figure 10.40. The objec-
tive for this case is to produce a large voltage change at lnez on command, while
maintaining an unaltered level of P and Q on the line. The voltage reference is stepped
from an initial value of 0.985 p.u., to 1.02 p.u., to 0.95 p.u., and back to 0.9g5 p.u. ihe
UPFC successfully holds the line P and Q constant (using very small changes in
injected voltage), while the shunt converter goes from its initial output of 40 Mvar
capacitive, to 100 Mvar capacitive, to 0 Mvar, and back to 40 Mvar capacitive.

In a sense, this case is the opposite of the previous one. In the previous case,
the Inez bus and the other transmission lines were "insulated" from changes in the
reactive loading of the Big Sandy line. In this case, the line is insulated from the large
voltage swings atlnez,while the other lines leaving the station all experience changes
in reactive loading.

0.1



-INEZ 
bus voltage (4) (p.u.)

Line voltage (Yz) (p.u.)

Section I0.4 I AEP's Inez Unified Power Flow Controller (UPFC)
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Figure 10.41 Case 4: UPFC holding unity power factor.

Case 4: UPFC Holding Unity Power Facton Refer to Figure 10.41' The
objective for this case is to maintain unity power factor looking into the transmission
line, while producing large swings in real powel, P, on the line, and also maintaining
the Inez bus at 1.0 p.u. This case is really a combination of Cases 1 and 2. It is of
particular interest because driving a line at unity power factor should, in principle.
make it possible to deliver the largest amount of real power into the line for the

lowest current. This should result in the most efficient use of the line from a

thermal point of view. Naturally, the reactive power consumed by the line itself
must now be supplied at the other end of the line, resulting in higher voltages at

that end.

case 5: series converter operating in sssc Mode. Refer to Figure 10.42.Fot
this case. the shunt converter is disconnected from the dc terminals of the series
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AEP UPFC OPERATING IN SSSC MODE
(SHUNT CONVERTEH NOT OPERATING)
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Figure 10,42 Case 5: Series converter operating in SSSC mode.

converter and is completely out of service. Consequently the Inez bus voltage is not
regulated. The series converter injects voltage into the line essentially in quadrature
with the prevailing line current. The injection angle deviates from true quadrature to
draw real power from the line for converter losses and to charge and discharge the
dc bus capacitor banks. By means of the quadrature voltage injection, the SSSC is
able to raise or lower the line current, but cannot independently alter p and e. ln
principle, the SSSC can reverse the direction of power flow on a line, but the control
becomes difficult because the transition of the line current through zero, at which
point real power cannot be drawn from the line. SSSC operation is an important
subset of full UPFC operation, since it can be used when the shunt converter is
not available. A single series-connected converter installation may be the most cost-
effective solution for applications where a simpler form of power flow control is suffi-
cient.
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The objective of this case is simply to show the SSSC raising and lowering the
power on the Big Sandy line. The SSSC is operated to control the magnitude and the
polarity of the injected voltage (i.e., the line power is not automatically controlled).
Voltage injections are selected to give a sequence of approximately 100 MW, 180
MW, 250 MW, and finally 200 MW on the line. Note the corresponding changes in
Q. From the phasor diagrams it can be clearly seen how -Inou maintains a constant
phase relationship to V1 and is always in quadrature with V21. The natural flow on the
line is between 100 MW and 180 MW. Consequently the polarity of 7zr is reversed
from lagging d;," to leading in this transition. The polarity reversal is accomplished by
taking the converter dc bus voltage to zera, then raising it again with 180 degree phase
shift in the converter output voltage.

10.4.4 Results of the Project

Theoretical analyses and simulations predicted unique, hitherto unavailable func-
tional characteristics and operating performance. The application of the concept in a
major utility reinforcement plan demonstrated the recognition of the major practical
advantages offered by this technology. This first of a kind AEP UPFC installation at
Inez has fully proven that, as predicted, the UPFC:

I Has the unique capability to provide independent and concurrent control for
the real and reactive line power flow, as well as for the regulation of the
bus voltage.

I Has a flexible circuit structure to be reconfigured for independent shunt
(STATCOM) and series (SSSC) compensation, as well as for only shunt or
only series compensation at double rating.

r Has a rugged and reliable GTO-based converter structure that is capable of
operating properly in utility environment.

The successful UPFC installation atlnezhas also proven the concept of operating
two or more voltage-sourced converters from a common dc bus, enabling the converters
to exchange real power among them and thus being capable of providing two-dimen-
sional compensation by injecting real as well as reactive power into the transmission
line. This paved the way to the generalization of this concept to multiline transmission
control and its practical implementation, as the Interline Power Flow Controller, in
the Convertible Static Compensator project sponsored jointly by EPRI and the New
York Power Authority (NYPA) with Siemens Power Transmission and Distribution,
Orlando, Florida, for NYPA's Marcv substation.
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shunt compensators, 188-191
series compensators, 212-ZI3
Phase Angle Regulator, 27 5-277
TCBR, 363-37A

TSC-based var generator, t7 5-17 6, 2A5

TSC-TCR based var generator, 158 -1.64,
176-18r

U

Unbalanced AC System (shunt compensa-
tors), 202-204

Unified Power Flow Controller (UPFC),,23,
26, 297 -333

Unified Power Flow Controller (Inez
UPFC), 409-426

V

Var Reserve (Operating Point) Control,
r93-195

Variable impedance type series compensa-
tors, 216-243,263-264

Voltage compensation in line (IPFC),
334-343

Voltage instability (shunt compensators),
138

Voltage regulation, 267 -n0, also see

TCVR
Voltage-Sourced Converter (VSC), 67 -101

capacitor for VSC, 169-170
converter groups in series, 83-87, 97 -99
converter groups in parallel, 83-87,

97 -99
harmonics, 73-7 4, 77 -80, 83-99
forty eight-pulse operation, 85-87
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four and five level converter, 91,

phase-leg, 72-73, 80-83
pole, see phase-leg
single-phase convert er, 69-72
six-pulse operation, 74-80
three level convert er, 87 -9I
twelve-pulse operation, 83-85

twenty four-pulse operation, 85-87
Voltage sourced converter type series com-

pensatorc,2M-264
Voltage-sourced converter (Sullivan STAT-

coM), 396-408
Voltage stability (series compensators),
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