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Abstract

The thesis deals with the application of compensators and switches based on
power electronics in AC transmission and distribution systems. The objective of
the studied devices/equipment is the power flow and voltage control in
transmission systems and the mitigation of voltage sags and momentary
interruptions to critical loads in distribution systems.

For validating the power electronics based devices/equipment described in the
thesis, scaled models at a real-time simulator have been built. Simulation results
of these models are presented and discussed in the thesis.

The equipment studied in the thesis exploit the fast control actions that can be
taken by power electronics devices, which are much faster than the speed of
conventional equipment and protection systems, based on electromechanical
devices. In this way, the power quality of distribution systems is improved,
regarding duration and magnitude of voltage sags (dips) and momentary
interruptions, which are the most relevant types of disturbances in distribution
systems.

The thesis presents some compensators based on forced-commutation voltage-
source converters for correcting voltage sags and swells to critical loads. The
series converter, usually denoted Dynamic Voltage Restorer (DVR), has been
proved suitable for the task of compensating voltage sags in the supply network.

The use of solid-state devices as circuit breakers in distribution systems has also
been studied with the objective of achieving fast interruption or limitation of
fault currents. The location and practical aspects for the installation of these
solid-state breakers are presented. It has been shown that a configuration based
on shunt and series connected solid-state devices with controllable turn-off
capability can also provide voltage sag mitigation, without the need of
transformers and large energy storage elements.

The operation and control of two Flexible AC Transmission System (FACTS)
devices for voltage and power flow control in transmission systems, namely the
Static Synchronous Compensator (STATCOM) and the Unified Power Flow
Controller (UPFC), respectively, are also studied. A faster response compared to
traditional equipment consisting of mechanically based/switched elements is then
achieved. This allows a more flexible control of power flow and a secure loading
of transmission lines to levels nearer to their thermal limits. The behaviour of
these devices during faults in the transmission system is also presented.

Keywords: power electronics, power quality, voltage sags, voltage-source
converters, Custom Power, FACTS, real-time simulations, solid-state devices.
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Preface

The utilization of power electronics in high power AC transmission and
distribution systems for improving their performance is the main topic of the
thesis. In this context, forced-commutated voltage-source converters and current-
limiting devices based on power electronics have been emphasized.

From a chronological perspective, worldwide research in the area of high power
voltage-source converters has been initially proposed to transmission systems,
among the compensators included in the category of “Flexible AC System
Transmissions Systems (FACTS)” devices. Research in this area resulted in a
Technical Licentiate thesis, in which a shunt voltage-source converter was
combined with Thyristor Switched Capacitors for reactive power compensation.

The second stage of the research, reported in the present work, consisted of
studying the Unified Power Flow Controller (UPFC) configuration, still
considered the most complete FACTS device.

The progressive deregulation of the energy market worldwide has led to intensive
research in the power quality of distribution systems, in cooperation with the
utilities and some of their main customers. In principle, the same equipment
employed as FACTS devices has also originated the concept of “Custom Power”,
although with different objectives. Research in this field has mostly been
documented in this thesis, where the topics of fault currents and voltage sags
(dips) - considered the primary issues of customers dissatisfaction - have been
emphasized. Although being relevant topics to a better utilization of the power
systems, the subjects of harmonics and flicker are out of the scope of the thesis.

In the chapters treating both transmission and distribution systems, the
presentation sequence has followed the chronological order of research, i.e.
transmission systems are firstly treated.

The basic questions answered in the thesis are:
� How can high power voltage-source converters improve voltage and power

flow control in transmission systems?
� How can these converters be employed in distribution systems for reducing

the impact of voltage sags (dips) to critical plants/loads?
� What are the benefits and consequences of introducing solid-state switches

into distribution systems?

In order to evaluate the techniques described in the thesis, real-time models
scaled to low power have been built-up. Along the whole research period,
considerable time has been spent in the development of these models. However,
a lot could be learned from this practical experience and the models have been
very useful to a better understanding of the behaviour of the compensators and
the power systems as a whole.
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CHAPTER 1
INTRODUCTION
__________________________________________________________________________________________________________

1.1 BACKGROUND

In the past, equipment used to control industrial process was mechanical in
nature, being rather tolerant of voltage disturbances, such as voltage sags, spikes,
harmonics, etc. In order to improve the efficiency and to minimize costs, modern
industrial equipment typically uses a large amount of electronic components,
such as programmable logic controllers (PLC), adjustable speed drives (ASD),
power supplies in computers, and optical devices. Nevertheless, such pieces of
equipment are more susceptible to malfunction in the case of a power system
disturbance than traditional techniques based on electromechanical parts [1].
Minor power disruptions, which once would have been noticed only as a
momentary flickering of the lights, may now completely interrupt whole
automated factories because of sensitive electronic controllers or make all the
computer screens at an office go blank at once. In order to restart the whole
production, computers, etc, a considerable time might be necessary (in the range
of some hours), implying on significant financial losses to an industry [2-4].

It is thus natural that electric utilities and end-users of electrical power are
becoming increasingly concerned about the quality of electric power in
distribution systems. The term “power quality” has become one of the most
common expressions in the power industry during the current decade [5,6]. The
term includes a countless number of phenomena observed in power systems.
Although such disturbances have always occurred on the power systems, a great
attention has been dedicated to minimize their effects to the end-users, notably
large industrial plants [7].

Regarding transmission systems, they were overdimensioned in the past, with
large stability margins. Therefore, dynamic compensators, such as synchronous
condensers, were seldom required. Over the last 10-20 years, this situation has
been changed since the construction of generation facilities and new transmission
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lines has become unfeasible due to financial and environmental constraints.
Therefore, better utilization of existing power systems has become imperative
[8]. The interconnection of separate power systems allows better utilization of
power generation capability, but the interconnected system must be able to
recover from faults and supply the necessary power at load changes.

From the economical point of view, the most important factor has been the
progressive deregulation of the electrical energy transmission/distribution market
worldwide. The utilities are aware of the importance of delivering to their
customers a voltage with “good quality” in order to satisfy and consequently
retain them.

Simultaneously to the changes in the operation and requirements of transmission
and distribution systems, the power semiconductor technology has experienced a
very fast development. Until the beginning of the nineties, the sole
semiconductor device applied to high power applications was the thyristor,
employed in High Voltage Direct Current (HVDC) transmission systems and
Static Var Compensators (SVC) [9,10]. Nevertheless, the voltage and current
ratings of commercially available power semiconductor devices have
continuously been increased, improving the performance and reducing the
necessity of series and parallel connections for achieving the desired rating,
making their applications more compact with decreasing costs [11,12].

1.2 MOTIVATION OF THE WORK

The great majority of voltage variations affecting customers are caused by faults
on the power system, being often result from weather conditions, e.g. lightning,
wind, and ice hitting overhead lines [5,13]. On underground cables, typically
used at urban areas, insulation problems and operation of excavators are the main
causes of voltage interruptions.

Conventional protection equipment used in distribution systems, e.g. reclosers
and breakers, are based on mechanical parts. Typical fault clearing times vary
from 3 to 30 cycles, depending on fault current magnitude and the type of
overcurrent protection [14]. The components of the distribution system have thus
to be overdimensioned in order to withstand high fault currents before the
protection system actuation and transient overvoltages at the opening of breakers.
In addition to that, such type of electrical stress results in the reduction of the life
expectancy of the equipment.

Remote faults in the system can cause a voltage reduction (referred in this work
as voltage sag or dip), where a critical customer is connected. If the current
magnitude is relatively large compared to the available fault current at that point
(i.e. the short-circuit capacity/power), the resulting voltage sag can be significant.
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According to some surveys, voltage sags have become a major power quality
problem, resulting in large financial losses to industries [15-17]. Although the
duration of a voltage sag resulted from a remote fault is only a few cycles and the
voltage can totally be recovered a few cycles afterwards, the process equipment
often cannot keep continuing its normal operation during these sags and will trip
or shut down.

Many customers with sensitive loads have installed their own uninterruptible
power supplies (UPS) to provide “ride-through” capability (i.e. continuing the
process operation during a disturbance in the supply network) against voltage
interruptions and sags. However, UPS systems are not economically feasible at
high power ratings (MVA order), besides being energy inefficient and requiring
maintenance that may exceed the owner’s available resources [3]. Space
constraints and necessity of changing facility requirements can also make the
installation of UPS systems more difficult. In fact, a trend indicates that the
majority of industrial and commercial customers would prefer a utility-provided
solution to power systems disturbances, with the cost included in their power bill,
as an alternative to the purchase, installation and operation of their own-site
equipment [18].

At high voltage networks (transmission system), the task of controlling power
flow of an AC transmission system through a pre-determined corridor is not
simple. As the power (electricity) flow along each path is determined by all lines
and voltage characteristics involved in the network, loop flows may then take
place, removing power from the most direct route from a generator to a load
center [8].

For a given transmission line, the power flow is determined by the line
impedance, sending and receiving voltages, and their relative phase-angle.
Traditional methods for affecting the power flow are based on mechanically
switched elements or mechanically based devices, for instance shunt and series
capacitors, phase-shifting transformers, and synchronous condenser. Due to their
slow response times, such elements do not provide the required compensation
during transients and can actually degrade system stability after being subjected
to disturbances, e.g. faults.

Based on the above mentioned challenges for improving the system performance
for distribution and transmission systems, associated to the development of the
power semiconductor technology, the concepts of Custom Power [19,20] and
Flexible AC Transmission Systems (FACTS) [21,22] were introduced to
distribution and transmission systems, respectively. Despite having a common
technology based on power electronics, these concepts serve different purposes
and have different economical justifications. The first concept describes the
value-added power that electric utilities will offer their customers in the future,
focusing on the quality of power flow and reliability. The second one allows a
greater control of power flow and a secure loading of transmission lines to levels
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nearer to their thermal limits. It can also be mentioned that the FACTS concept
and some of its technical solutions are established among power system
engineers, but Custom Power solutions are not a spread idea yet among utility
engineers. Nevertheless, this later trend is reversing due to the continuous
challenges imposed by utility customers for improving the quality of power
delivered [23]. Due to this pressing demand and the rapid development of the
high power semiconductor technology, the market penetration of Custom Power
solutions is taking place very fast.

SOLUTIONS BASED ON
POWER ELECTRONICS

distribution systems Custom Power devices

transmission systems FACTS devices

In resume, FACTS devices replace conventional equipment employed for voltage
and power flow control by equivalent equipment based on power electronics with
superior performance. Custom Power devices form a generation of power
electronic controllers applied to distribution systems that enables utilities
providing a good power (voltage) quality to critical customers.

Regarding power electronics, emergent semiconductor devices with turn-off
capability, such as the Integrated Gate Commutated Thyristor (IGCT) [24,25] are
also a driving force for improving performance and reducing installation costs of
FACTS and Custom Power Devices. The main goal is obtaining components that
can be switched at high frequencies with lower losses.

In a longer time perspective, it is also expected that semiconductor devices based
on new materials, e.g. Silicon Carbide (SiC) [26,27] will allow the operation of
these devices at considerably higher temperatures (around 400°C), alleviating
thus cooling requirements and reducing installation costs.

1.3 CONTRIBUTIONS OF THE WORK

Although the term “power quality” encompasses all disturbances encountered in
a power system, it has been found that voltage sags and interruptions are the most
relevant types of phenomena in distribution systems affecting the quality of the
service provided by a utility. This thesis exploits this fact, evaluating the
solutions based on Custom Power for improving the power quality of the
distribution systems regarding the occurrence of voltage sags and
interruptions.

A considerable amount of FACTS and Custom Power devices employs forced-
commutated voltage-source converters as their essential parts. The thesis also
investigates the use of these converters for voltage and power flow control in
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transmission systems and mitigation of voltage sags in distribution systems.
The thesis treats the following equipment based on voltage-source converters:
Static Synchronous Compensator (STATCOM) – also known as Advanced
Static Var Compensator (ASVC) -, Unified Power Flow Controller (UPFC),
and Dynamic Voltage Restorer (DVR).

In addition to the voltage-source converters, the application of power electronics
switches in distribution systems is also investigated. The switches are mainly
used for rapid fault current limitation or interruption. The configurations are
known as Solid-State Breakers (SSB) or Current Limiting Devices (CLD).

In order to study the performance of the above mentioned power electronics
converters and switches, prototypes scaled to low power at an analogue real-
time simulator have been built and study cases performed. The simulator is an
extension of the original model of a High Voltage Direct Current (HVDC)
transmission. During the nineties, new cubicles with two- and three-level forced-
commutated voltage-source converters were built, allowing the simulation of
these converters in different applications:

� Advanced Static Var Compensator (ASVC), including Thyristor Switched
Capacitors [28,29].

� Unified Power Flow Controller (UPFC) [30].

� Flicker mitigation [31].

� HVDC back-to-back transmission [32].

The work in transmission systems described in this thesis has mainly been
carried under two projects, namely: “Evaluation of Performance of a Static
Condenser” and “Evaluation of Performance of a Unified Power Flow
Controller”. Some results of the first project have also been documented in the
author’s Technical Licentiate thesis [29].

In the latest part of the research work, the attention has mainly been dedicated to
distributions systems. Participation in the project “Future Distribution Systems
with SiC Semiconductor Based Apparatus and IT-Technologies” under two
programmes, namely “Silicon Carbide Electronic Programme (SiCEP)” and the
Competence Centre for Electric Power Engineering, has motivated the studies in
distribution systems.

1.4 THESIS ORGANIZATION

The definition of some terms related to the power quality issue used along the
thesis is presented in Chapter 2. The causes of power quality problems are also
discussed in order to justify why voltage sags and interruptions are the most
common disturbances and consequently those deserving special attention from
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the utilities. The operating sequence of a typical protection scheme in a
distribution system is also discussed.

Chapter 3 emphasizes some topics related to voltage sags and interruptions in
distribution systems, as well as the critical processes, the CBEMA curve, and
classification of voltage sags. An example of voltage sag measured at a Swedish
industrial plant is presented and classified. The measures that are normally used
against voltage sags and interruptions are briefly presented, emphasizing their
limitations when the power level of the load/process to be protected reaches the
MVA range.

An overview of different applications of high power compensators in
transmission and distribution systems is presented in Chapter 4, with emphasis
on forced-commutated voltage-source converters. A brief discussion about
energy storage devices, sometimes required for exploiting the full control
capability of a voltage-source converter, is also included.

Chapter 5 discusses the location and requirements of solid-state breakers in
distribution systems with the purpose of fast current limitation/interruption.
Important aspects, such as losses and costs are also discussed. The concept of
Solid-State Transfer Switch is also presented and exemplified.

The main simulation tool employed in the thesis is described in Chapter 6,
namely an analog real-time simulator scaled to low power. A resumed
description of the control boards containing Digital Signal Processors is
presented.

The shunt voltage-source converter is treated in Chapter 7, where it is applied for
voltage control at its connection point. A control algorithm is described for the
square-wave operation of the converter, employing a twelve-pulse configuration.
Simulation cases of simplified power system equivalents are studied at the real-
time model.

Chapter 8 focuses on the series connected voltage-source converter. The control
of the series converter is studied in more detail because the control systems in
transmission and distribution systems have different purposes and requirements.
Suitable control algorithms for power flow control in transmission systems and
mitigation of voltage sags in distribution systems are proposed and validated at
the real-time model.

The combination of shunt and series voltage-source converters (hybrid converter)
is addressed in Chapter 9, forming the Unified Power Flow Controller (UPFC) in
transmission systems. The interaction between the two converters is studied by
means of simulations at the real-time model. A hybrid configuration using
semiconductor switches with turn-off capability is proposed for mitigation of
voltage sags in distribution systems.
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Chapter 10 demonstrates the application of the solid-state breakers to a simplified
equivalent system of a distribution substation by means of fault cases studied at
the real-time model. The possibility of fault current limitation by controlling the
firing angle of solid-state breakers is presented. The application of a Solid-State
Transfer Switch into an existing underground cable system is also simulated.

Finally, the conclusions of the thesis are pointed out in Chapter 11 as well as
suggestions for future work are given.
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CHAPTER 2
TERMS AND EVENTS RELATED TO POWER
QUALITY
__________________________________________________________________________________________________________

2.1 INTRODUCTION

The term power quality has become one of the most common expressions in the
power industry during the last ten years. The term includes a countless number of
phenomena observed in electric power systems. Although such disturbances have
always occurred in the systems, greater attention has recently been dedicated to
minimizing their effects to the end users.

In the past, it can be said that the concepts of power quality and reliability were
very similar because the loads were mostly linear and the amount of power
electronics components was negligible. The loads were typically lighting,
heating, and motors, which in general, are not very sensitive to momentary
voltage variations. Moreover, the loads were more or less isolated from each
other and process automation was almost non-existent. In resume, the loads did
not properly work only in the case of an interruption of the supplied voltage.

Some aspects have contributed to the increased interest on the subject of power
quality and the clear distinction existing nowadays between power quality and
reliability:

� Sensitivity of the equipment – industrial processes have increasingly adopted
digital controllers at their installation in order to improve the efficiency and
minimize costs. Power electronics devices, for instance, adjustable speed
drives (ASD), have also been used in large scale. Nevertheless, such
apparatuses are more susceptible to malfunction in the case of a power system
disturbance than traditional equipment based on electromechanical devices.
Controls might be affected by minor voltage disturbances, resulting in
nuisance tripping or misoperation of an important process. Besides, these
sensitive loads are interconnected in large networks and automated processes
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in series. This implies that the whole system is as sensitive as the most
sensitive device.

� Market competition – with the deregulation of the electrical energy
transmission/distribution market, the utilities are aware of the importance of
delivering to their customers a voltage with “good quality” in order to keep
them satisfied. A large industrial customer unsatisfied with the quality level
of the voltage delivered to its plant is a big concern to the utility that supplies
this customer.

� Increased knowledge – due to the increased number of disturbances that
affect their production, (large) industrial customers must be more familiar
with power quality related aspects such as voltage sags/interruptions and
harmonic distortion. The interaction between utility-customer is imperious
and both parts must exchange their knowledge and information about
problems and possible solutions to be adopted for a particular plant. In this
context, monitoring equipment located at different points of the system is of
extreme importance in the identification of typical disturbances, interaction
with protection schemes and subsequent response of the process.

In the context of power quality, the term customer has been employed instead of
consumer as electricity is viewed as a product. Large customers are identified as
being industrial installations or commercial business complex, where the load
consists of motors, lighting, power supplies, etc. For most of the residential
customers, power quality is not so critical. Short interruption of power when they
are not at home or at night is not noticed, except for resulting reset of digital
clocks with subsequent blinking in home appliances, e.g. VCRs and microwave
ovens. However, a noticeable increase of the number of home computers has
occurred. These computers can also be affected by some disturbances, increasing
possible sources of dissatisfaction of residential customers regarding the quality
of the utility service. Considering industrial customers, the level of
dissatisfaction is much more critical because some of them can strongly be
affected by power system disturbances. These disturbances may lead to the shut
down of production and the complete restart may require a considerable time
interval (in the range of hours), implying on significant economical losses. The
disturbance may also result in destruction of equipment or material being in
production.

2.2 WHAT IS POWER QUALITY?

A well-established definition of power quality does not exist because it depends
on one’s reference frame. For instance, whilst one customer considers a certain
voltage waveform as having a “sufficient quality” in order to maintain the
production working properly, another customer can realize that the same voltage
has a “poor quality”.
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One aspect of common agreement is to consider the power quality as a customer-
driven issue, i.e. the customers point of view is determinant for indicating the
quality of the power (in fact, the quality of the voltage). Based on this
assumption, a power quality problem can be defined as [5]:

“Any power problem manifested in voltage/current or leading to frequency
deviations that results in failure or misoperation of customer equipment”.

This definition means that the decisive measurement of power quality is taken
from the performance and productivity of end-user equipment (customer). If the
electric power is inadequate for those needs, the quality is said to be “lacking”.

The IEEE Standard 1100 (“IEEE Recommended Practice for Powering and
Grounding Sensitive Electronic Equipment”, also known as “Emerald Book”)
[33], published in 1992, describes power quality as “the concept of powering and
grounding sensitive equipment in a matter that is suitable to the operation of that
equipment”.

It is clear that both definitions are vague; the meanings of the terms
“misoperation” and “powering” are not totally clear. Therefore, any deviation
from perfectly sinusoidal voltages or currents at fundamental frequency with
rated magnitude values is potential candidate to a power quality problem.

Another problematic issue is defining the responsible for a poor power quality at
a certain point of the power system. Apart from natural phenomena that cannot
be avoided, e.g. lightning, a usual procedure is the customers and utilities
blaming each other. Some cases can be identified as typical:

� Remote faults in the system can make the voltage drop at the point where a
critical customer is connected. Although the utility might not detect any
abnormality on the feeder to this customer due to the suitable action of the
protection system, the voltage drop might be sufficient to cause an adjustable-
speed drive (ASD) of a motor to trip off.

� Despite being originally supplied by a voltage with “good quality”, wrong
maneuvers, equipment malfunction or high non-linear loads at the industrial
plant can also be the source of power quality problems to other customers
supplied by an electrically close feeder.

� The owner of the equipment at an industrial plant, which is a utility customer,
usually buys equipment at lowest cost. Suppliers of equipment do not feel
encouraged to add extra features to the equipment in order to bear common
disturbances, as these features would increase the equipment cost and final
price. Moreover, many manufacturers are unable to identify the power system
disturbances that can affect their equipment.
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From the above discussion, the dissemination of information on power quality by
the utilities and subsequent education of customers and manufacturers are clearly
necessary.

2.3 POWER QUALITY PROBLEMS

Power quality problems are associated to an extensive number of electromagnetic
phenomena in power systems with a broad range of time. For instance, it includes
impulsive transients (in the range of nanoseconds) as well as frequency
deviations (in the range of some seconds7). The purpose of this section is to
shortly introduce the main disturbances that will be focused along the thesis, as
well as their time range.

A comprehensive description of the categories and characteristics of power
systems electromagnetic phenomena related to variations in the voltage
magnitude is available in [6].

For the sake of convenience, according to the cases studied in this thesis, it is
feasible to classify them based on the duration. The classification takes the
voltage into account, as the quality of the voltage is the addressed issue in most
of the cases. However, it is well known that there is always a close relationship
between voltages and currents in a power system. Specifications regarding
current are applied to dimensioning an equipment or in the case of harmonics.

2.3.1 Long Duration Voltage Variations

Deviations in the operating rms values during longer time than one minute are
usually considered long-duration variations. According to the amplitude
variation, they can be related to permanent faults, load variations, and switching
operations in the system. As an example, switching a capacitor bank or a large
load can cause noticeable changes in the voltage. If the countermeasure, in this
case the voltage regulation, acts very slowly, the voltage change can be
characterized as a long-duration variation. Depending on the magnitude of the
voltage change, long-duration voltage variations can be classified as:

� Undervoltage – decrease in the rms voltage to less than 90% of the nominal
voltage.

� Overvoltage – increase in the rms voltage to more than 110% of the nominal
voltage.

� Sustained interruption – supply voltage equal to zero for more than one
minute. These interruptions are usually permanent and require human
intervention to repair the system. Although utilities use the term “outage” as
a sustained interruption for reliability reporting purposes, the term “outage”
should be avoided in the power quality context. The reason is that end-users
associate the term “outage” to any interruption of power that shuts down a
process, even when the power supplied by the utility is restored in a few
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cycles. Meanwhile, in the reliability context, the term “outage” refers to the
state of a component in a system that has failed to function as expected.

The sustained interruptions are studied in the area of reliability, where the
duration and number of these interrupts are computed by different indexes. With
the help of statistics theory, these interruptions can be even predicted. A project
titled “Reliability Evaluation of Distribution Systems” within the Competence
Centre for Electric Power Engineering, program “New Distribution Systems”,
has also been run at The Royal Institute of Technology [34,35].

In this thesis, long duration voltage variations will not be treated because the
proposed and analyzed benefits introduced by power electronics are achieved
within a much shorter time range.

2.3.2 Short Duration Voltage Variations

This type of voltage variation is mainly caused by either fault conditions - and
associated fault currents - or energization of large loads that require high starting
currents. Depending on the electrical distance - related to impedance, type of
grounding, and connection of transformers - between the fault/load location and
the analyzed node, the disturbance can cause a temporary loss of voltage
(denoted interruption) or temporary voltage reduction (denoted sag or dip) or
voltage rises (denoted swells) at different nodes of the system. In any case, the
impact on the voltage during the disturbance is of short-duration, until protective
devices start operating.

� Voltage Sags

A sag is sometimes defined as a decrease between 0.1 and 0.9 p.u. in rms voltage
at the network fundamental frequency with duration from 0.5 cycles to one
minute. According to this definition, voltage drops lasting less than half cycle
cannot effectively be characterized by a change in the rms value. In such a case,
these events are considered transients.

The term sag has been used (especially in the U.S. power quality community) to
describe a short-duration (0.5 cycles – 1 min.) decrease in the voltage, while the
term dip is recommended by IEC to describe this phenomenon.

Voltage sags are usually associated with system fault currents but can also be
caused by energization of heavy loads or starting of large motors. The duration of
the sag represents the greatest difference between sags caused by a fault from
those caused by a motor start-up. Typical fault clearing times vary from 3 to 30
cycles, depending on fault current magnitude and the type of overcurrent
protection. Meanwhile, an induction motor can draw 6 to 10 times its full load
current during start-up, which can take some seconds. If the current magnitude is
relatively large compared to the available fault current at that point (i.e. the short-
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circuit capacity/power), the resulting voltage sag can be significant both in
amplitude and duration.

From the analysis above, it is possible to realize the importance of limiting
overcurrents not only for avoiding stress on the system components, as also for
avoiding voltage sags at different points of the system. Different alternatives for
current/limiting devices are discussed in Chapter 5 while the subject of voltage
sags is described in the next chapter.

� Momentary/Temporary Interruptions

Interruptions are mainly caused by faults and equipment failures. In the first case,
its duration is determined by the operating time of the protection system. Utilities
usually adopt the instantaneous reclosing technique, i.e. a utility breaker, opened
when a fault is detected, is rapidly reclosed after the fault is cleared (see
Section 2.5). If the fault is not permanent, the interruption interval is limited and
certainly less than one minute.

It is interesting to observe that some interruptions can be preceded by a voltage
sag since the protection system does not react immediately when a fault occurs.
If an upstream breaker is opened, the voltage sag may become a voltage
interruption.

� Voltage Swells

A swell is defined as an increase to between 1.1 and 1.8 p.u. in rms voltage at the
network fundamental frequency with duration from 0.5 cycles to one minute. The
term momentary overvoltage is also used as a synonym for swell. Switching off a
large inductive load or energizing a large capacitor bank are typical system
maneuvers that cause swells.

Although not as common as voltage sags, swells are also usually associated to
system faults. The severity of a voltage swell during a fault condition is a
function of the fault location, system impedance, and grounding. During a single
phase-to-ground fault on an impedance grounded system, i.e. with some zero-
sequence impedance, the non-faulted phase-to-ground voltages can increase up to

3  times the per-unit value (in the case of a non-grounded or high impedance
grounded system). The difference in the zero- and positive-sequence impedance
causes a change in the non-faulted phases, not only in magnitude but also in
phase.

As an example of how voltage swells are related to faults, Figure 2-1 shows a
small part of the distribution system studied in Chapter 10. Both 33 and 11 kV
networks are grounded through a high resistance. A single-phase fault direct to
ground is applied at the 11 kV bus after 50 ms. It is observed that the non-faulted

phase-to-ground voltages are increased by the 3  factor and phase-shifted by 30
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degrees. Since the 33/11 kV transformer is Y-� connected, the voltage on the
33 kV side will scarcely be affected during the fault. The currents along the
feeder are not disturbed and consequently an overcurrent relay along this feeder
will not identify any fault.
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Figure 2-1 Single-phase fault at 11 kV bus occurring around 50 ms
in a high resistive grounded system.

An interesting classification of the phenomena related to power quality is also
presented in [17], dividing them according to the magnitude of the voltage and
their duration in a more straightforward manner:

� Voltage interruption – voltage magnitude equal to zero.

� Undervoltage – voltage magnitude below its nominal value.

� Overvoltage – voltage magnitude above its nominal value.

Regarding the duration of the event, it can be referred not to a determined or
fixed time interval but to the type of restoration for returning to the pre-
disturbance situation (normal system operation):

� Very short – corresponding to transient and self-restoring events.

� Short – corresponding to an automatic recovery to the pre-event situation.

� Long - corresponding to a manual recovery to the pre-event situation.

� Very long – requiring repair or replacement of faulted components.

It can be observed that this is a qualitative approach and more practical since it
also includes the actions taken by the protection schemes. Nevertheless, it is still
preferable to adopt the previously mentioned terms since they are internationally
used and found in the literature.
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2.3.3 Other Disturbances

In addition to the voltage variations previously described, there are obviously
other disturbances that may affect the performance of power systems and are also
related to power quality. Nevertheless, their impact on distribution systems is
located in an electrically smaller area than the impact of voltage interruptions and
sags. In this category, unbalanced and harmonic voltages/currents, as well as
voltage fluctuation (known widely as voltage flicker), can be included.

Unbalance is a topic that will be exploited on the thesis and it is usually defined
using symmetrical components. The ratio of either the negative- or zero-sequence
component to the positive-sequence component is normally used to specify
percent unbalance. Small unbalances (less than 2%) are primarily caused by
single-phase loads operating on a three-phase circuit. Blown fuses in one-phase
of a three-phase capacitor bank can also result in voltage unbalance.

A considerable amount of loads on distribution systems in the USA are single-
phase, connected to neutral. As the system neutral is usually multiply grounded,
the currents are very often unbalanced. In such a case, a zero-sequence current
will flow through the neutral. Therefore, ground fault relays cannot be sensitive
because the ground current can be substantial even at normal operation. Multiple
grounded systems have the advantage that disturbance propagation is attenuated
by the grounds.

On the other hand, the great majority of European countries employ impedance
grounded neutral for their distribution systems on medium-voltage level. In the
event of unbalanced currents, the neutral voltage is increased, which is a problem
in terms of safety. These systems are also more susceptible to overvoltages
originated by lightning and require higher insulation levels for end-user
equipment. Nevertheless, the ground fault protection can be tuned very sensitive,
as the neutral current is very small at normal operation.

Other topics related to power quality that have received a lot of attention from
the utilities are voltage fluctuations and harmonics:

� Loads exhibiting continuous, rapid variations in the load current magnitude
can cause voltage variations that are often referred to as flicker. The term
“flicker” is derived from the impact of the voltage fluctuation on lamps such
that they are perceived to flicker by the human eye. Technically speaking,
flicker is not a power system disturbance, but only the undesirable result of
the voltage fluctuation in some loads, especially electric arc furnaces [36] and
wind generators [37].

� Other non-linear loads, such as diode/thyristor rectifiers and cycloconverters,
widely used at industrial processes and railway networks, draw non-
sinusoidal currents from utilities that can result in voltage
harmonics/interharmonics. The term “interharmonics” refers usually to
components not integer multiple of the fundamental frequency.
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It should also be observed that harmonics and flicker problems are caused by
loads, namely converters (especially rectifiers) and electric arc furnaces.
Meanwhile, disturbances such as voltage sags and interruptions are mainly
originated in the transmission and distribution networks and they affect the
loads. Power electronics based compensators have been proved to be very useful
in the mitigation of both voltage fluctuations and harmonics on the load site,
avoiding in this way their spreading through the power system [38-41]. However,
both topics will not be studied in this thesis.

2.4 CAUSE OF POWER QUALITY PROBLEMS

Some typical disturbances to power systems, which may cause power quality
problems, are listed below:

� Lightning and natural phenomena.

� Energization of capacitor banks and transformers.

� Switching or start-up of large loads e.g. motors.

� Operation of non-linear and unbalanced loads

� Failure of equipment, e.g. transformers and cables.

� Wrong maneuvers in distribution substations and plants.

Although all disturbances mentioned above are of concern in the power quality
context, there is no doubt that the most problematic issue is the occurrence of
faults, which is the most exploited topic along this work. System faults can
produce voltage variations at different points of the system with different
magnitudes and time scales, depending on how far the analyzed point is from the
fault location, the fault clearing procedure, and system impedances.

The large majority of faults on a utility system are single phase-to-ground
temporary faults. Nevertheless, most of the three-phase breakers and reclosers on
utility distribution system work on all three phases in order to prevent single
phasing of three-phase loads such as large three-phase motors. It can thus be said
that the single-phase fault will have the same effect downstream to the fault as a
three-phase fault after the actuation of the protection scheme. Operating the
circuit breakers and reclosers only on the faulted phase is a usual practice if the
feeder serves only single-phase loads, which is common in the USA.

Faults in transmission systems usually do not cause sustained interruptions, as
the transmission systems are mostly meshed. In the case of a fault, the electric
power flow is transferred to another path through the action of the protection
system. On the other hand, faults in distribution systems are prone to cause
sustained interruptions because distribution systems are radially operated or with
very slow redundancy capability (in the range of hours). Nevertheless, faults in
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both transmission and distribution systems can produce short duration voltage
variations that can be very critical to certain customers/processes.

In systems where overhead lines are predominant, natural phenomena are
responsible for the majority of faults in transmission and distribution systems,
especially lightning [5,13]. In principle, a lightning stroke is a transient increase
in the voltage along the line. However, an arc is created between the phase hit by
the stroke and ground and consequently the voltage is depressed to zero. The
voltage in the fault proximity has a characteristic squared waveform until the
fault is cleared by the protection system [15].

Heavy snowfalls, winds, and thunderstorms are also severe disturbances in
medium- and high-voltage distribution networks. Heavy loading of snow/ice
directly over lines or on adjacent trees can lead to line or tower failures, giving a
considerable contribution to the number of voltage interruptions and sags.

The main concern regarding underground cables, mainly employed in urban
areas, is the significant degradation of the insulation against voltage surges with
aging. Surge-arresters (varistors) are commonly used in order to absorb surges
caused by lightning and capacitor switching.

2.5 IMPORTANCE OF PROTECTION SYSTEMS

In the following, the term “protection system/scheme” refers to the sequence
consisting of detection of an abnormal system condition, communication, and
operation of the devices that disconnect the fault from the rest of the system.

In order to understand the cooperation of the protection scheme of distribution
systems regarding voltage sags and interruptions, a short description of the action
taken by protection systems is given in the following, based on the one-line
diagram shown in Figure 2-2. The scheme is a very simplified representation of a
distribution system, including the substation transformer, main and lateral
feeders. Note that each main feeder is not supplying the lateral feeders exactly
with the same voltage, as there are lines between each lateral feeder.

Assume a fault at point 1 caused by a lightning stroke on an overhead line. A
qualitative plot of the fault current and the voltage at the MV bus (as indicated in
Figure 2-2) are shown in curves (a) and (b) in Figure 2-3 [16]. A fault current
flows through feeder B and the overcurrent relay determines the opening of the
circuit breaker B (in fact, a recloser, which is a breaker with self-contained relay
function) in order to clear the fault current. It is generally agreed by utilities that
the fault must be cleared with the maximum possible speed but at the same time
without resulting in false operation for normal transient events, e.g. switching of
a capacitor bank. This action is very quick, taking in general between 3-6 cycles.
However, a fault current flows through feeder B before the fault is cleared. This
high current causes a voltage drop along the line between the MV bus and the
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fault location as well as at the MV bus, i.e. a voltage sag occurs on the non-
faulted feeder (feeder A). The sag duration is related to the fault clearing time.
The time interval mentioned above (3-6 cycles) can be sufficient to trip sensitive
loads along feeder A, depending obviously on the sag magnitude. The voltage
downstream to the fault depends on the load characteristics and if there is any
sort of generation that can contribute to the fault current.

After clearing the fault, i.e. interrupting the fault current upstream, the MV bus
voltage returns to a normal value. Since the majority of the faults on overhead
lines are temporary (80-90% on high voltage lines), the breaker B tries to reclose
after certain time, usually denoted reclosing interval or dead-time. The reclosing
interval varies from 20-30 cycles (known as “instantaneous” reclosing) to a few
seconds. The advantage of using the shorter reclosing time is that digital clocks
from microwave ovens and VCRs can ride-through a 0.5 seconds voltage
interruption [42]. Therefore, most of residential customers only realize the fault
by a blinking of the lights and they complain less about the quality of service
provided by the utility. With the proliferation of personal computers at home, it
would be interesting to perform similar tests to investigate the ride-through
capability of their voltage supplies to momentary interruptions. In order to take
advantage of instantaneous reclosing, the fault arc must be extinguished during
the 20-30 cycles that the breaker is open. Experiences from some American
utilities with certain voltage levels and line construction indicate that the fault is
not extinguished during this reclosing interval and as a consequence, they adopt a
more “conservative” interval, around 2 seconds. An attempt of reclosing breaker
B before the extinction of the arc would produce another fault arc.

If the fault persists, the non-faulted feeder will experience another voltage sag
when breaker B is reclosed. The fault is detected and the circuit breaker B is
opened again. What happens next depends strongly on the geographic location of
the feeders and experience from previous disturbances acquired by the utility. If
the feeder is located in an area with low lightning incidence, the reclose attempt
is performed only once, since the utility assumes that the fault is now permanent.
However, in regions hardly affected by lightning, the recloser operation takes
place 3-4 times before the fault is assumed to be permanent. In such case, the
second reclosing attempt is usually delayed in order to permit the operation of
downline fuses and sectionalizers (if they are present), isolating thus the fault
only to a small area. However, if this does not help on eliminating the fault to the
substation, the third and eventually fourth reclosing attempt are even more
delayed, in the range of 30 seconds.

If the fault persists after the third (or fourth) reclosing attempt, the recloser
(breaker) is programmed to consider the fault permanent and it remains off,
known as lockout. A line crew is sent to repair the fault, change the blown fuses
and other possibly damaged equipment as well as resetting the protection devices
activated during the fault.
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Figure 2-2 One-line diagram of a simplified distribution system.

Figure 2-3 Operation sequence of breaker B in case of a permanent
fault at point 1 (according to Figure 2-2).
(a) Current through breaker B; (b) Voltage at MV bus.
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It can be verified that each reclosing attempt causes a voltage sag on the non-
faulted feeder if the fault remains in the system.

It should be pointed out that the situation is different for distribution systems
employing predominantly underground cables. In this case, a fault on the cable is
permanent and automatic reclosing is fruitless. The important issue is locating
the fault as soon as possible so that the cable can be manually sectionalized and
repaired.

In order to discuss the function of the lateral fuses, a temporary fault on a lateral
feeder is assumed, for instance point 2 in Figure 2-2. As it was analyzed in the
previous case, breaker B opens rapidly, giving no chances for the fuse to operate.
This practice is usually called fast tripping or fuse saving since it normally avoids
the blowing of the lateral fuses if the fault is temporary. Therefore, the utility’s
operational and maintenance costs are not increased. A voltage at normal level is
available to the customers located on the non-faulted feeder after breaker B is
opened. Nevertheless, as previously described, this opening time, usually 3 and 5
cycles for electronic and hydraulic reclosers, respectively [14], causes a voltage
sag at the MV bus due to the fault current. Depending on the sag magnitude, it
may cause the tripping of sensible equipment of customers located even on the
non-faulted feeder. In the first fault case analyzed, the fault was located on the
main feeder and the fuse expulsion on the lateral feeders could not provide any
substantial benefit to the customers supplied by the lateral feeder. In the present
case, i.e. a fault on the lateral feeder, allowing the fuse to operate before breaker
B could completely clear the fault to the main feeders. The duration of the
voltage sag to customers on both main feeders would be minimized because the
fuse clearing time is shorter than the breaker opening time. It has been reported
that eliminating fuse saving practice is one of the first actions taken by American
utilities for reducing complaints and improving power quality for critical
customers with high economic impact due to voltage interruptions [43].

The utility may be cautious about eliminating the fuse saving procedure because
this would reduce the reliability indexes. In the case of a temporary fault, the
lateral fuse would blow up, causing a sustained voltage interruption to the
customers located along this lateral feeder. The blown fuse must be replaced. In
the conventional approach to the calculation of reliability indexes, only sustained
voltage interruptions (denoted outage in the reliability context, as discussed in
Section 2.3.1) are taken into account. If the fuse saving procedure is not adopted,
a temporary fault can have the same influence as a permanent one for calculating
the reliability indexes. Although the utility might avoid process shutdown of
large customers located on other feeders, due to momentary interruptions or
voltage sags, the utility will be considered less reliable.

In resume, only customers on the faulted lateral feeder are “sacrificed” by
eliminating fuse saving and assuming that the fuse is coordinated with the
breaker operation, which is not always achieved in practice. The other customers
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experience neither a momentary interruption as breaker B does not operate nor a
voltage sag with long duration, as the fault current is rapidly interrupted. In
principle, the price to be paid is a small degradation of the traditional reliability
indexes. Nevertheless, in a longer range, the overall reliability may increase
because the utility can trace problematic areas with higher fault incidence or
miscoordination of the protection scheme, applying suitable countermeasures to
these areas [44].

Measurements from power quality surveys indicate that eliminating the “fuse
saving” procedure can save only one third of potential candidates of voltage sags
and momentary interruptions capable of interrupting the production of a large
industry [43,45]. For instance, faults in the transmission system and on the main
feeders in Figure 2-2 will still cause momentary interruptions and voltage sags,
maybe with longer duration, if fuse saving practice is not adopted. Besides, this
practice becomes unfeasible in areas with frequent storms and hardly affected by
lightning because a large amount of fuses would blow, implying on a substantial
increase of maintenance and operational costs and probably on unacceptable
reliability indexes for the customers on the lateral feeders.

It seems that eliminating fuse saving is only the fastest action taken by the utility
for improving power quality after complaints of critical customers. It can
traditionally be combined with other actions taken either by the utility, e.g.
limiting the fault current by introducing extra reactors close to the substation, or
by the customer, e.g. purchasing Uninterruptible Power Supply (UPS) systems.
Such alternatives, denoted in this work as conventional techniques, are briefly
discussed in the next chapter.

The discussion has also given some hints that switches based on power
electronics are very suitable candidates as fault interrupting device due to their
capability of fast opening (as a fuse) and instantaneous closing. In order to take
the full advantage of the switches based on power electronics, more sophisticated
coordination of the protection system is required, as also fast and precise fault
detection.

2.6 SUMMARY

This chapter has briefly introduced some definitions internationally adopted for
disturbances related to the power quality subject. Although a lot of work is still
required for standardizing the nomenclature and definitions (if this is possible),
the origin of power quality problems is becoming well-known in the industry,
mainly because they can be economically affected by unplanned shutdowns. At
the same time, utilities are more concerned about the quality of the delivered
voltage to their customers due to privatization and deregulation of the electric
energy market.
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In a general way, the most problematic disturbance to a power system is the
occurrence of faults and associated voltage interruptions and sags. It is verified
that these phenomena are intrinsically related to the occurrence of fault currents
and the consequent action of protection systems.

It has been discussed that the performance of distribution systems regarding the
elimination or reduction of the duration and magnitude of voltage sags can be
improved by initially modifying the configuration of the feeders (e.g. increasing
sectionalizing) and coordination of existing protection devices [46]. The costs of
such countermeasures are much lower than adopting at once the power
electronics based solutions later proposed in this work. The greatest advantage of
power electronics is its “forgiveness” capability i.e. a wrong operation can be
rapidly corrected without causing any extra disturbance to the system. This is
more difficult to be achieved with traditional breakers, reclosers, sectionalizers,
etc, as they are based on electromechanical pieces with some inertia. As it has
been presented, the time range of protections in transmission and distribution
systems is still very conservative. Hydraulic reclosers with reclosing interval
around 2 s are still very common in distribution systems. Meanwhile critical
customers can be very sensitive to voltage variations with duration of only
100 ms or less. There is still a trade-off between the speed and coordination of
existing protection systems and the voltage seen by such critical customers in the
event of a fault. It is expected that the demands on fast switching and isolating
faults (in the range of less than one cycle) in distribution systems will become
harder as soon as the loads become more sensitive to voltage variations and the
customers demand a “stiffer” voltage.

Due to the complexity of the actual systems and their continuous expansion, it
has become extremely important to monitor voltages and currents on different
nodes of a distribution system. This helps in understanding the relationship
between disturbances and protection in order to rapidly localize and be able to
minimize voltage interruptions and sags [15,45,46]. The causes of faults can be
evaluated and conditions that originate too many faults can be identified,
correlating customer complaints with actual system events. In a longer
perspective, surveys can serve the following purposes:

� Basis for handling customer relations and contracts (electricity is a product).

� Developing compatibility levels to help on designing equipment less
sensitive to its electrical environment.

� Redefinition of reliability in terms of the phenomena that cause trouble to
customers, not only in terms of sustained interruption [47].
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CHAPTER 3
OVERVIEW OF VOLTAGE SAGS AND
INTERRUPTIONS
__________________________________________________________________________________________________________

3.1 INTRODUCTION

In the past, equipment used to control industrial process was mechanical in
nature, which was rather tolerant of voltage disturbances. Nowadays, modern
industrial equipment typically uses a large amount of electronic components,
such as PLCs, adjustable speed drives and optical devices, which can be very
sensitive to such voltage disturbances. Typical disturbances that cause problems
for electronic equipment are voltage interruptions and sags, voltage fluctuations,
capacitor switching transients, and harmonics [5].

Voltage sags have been found especially troublesome because they are random
events lasting only a few cycles. The process equipment may not keep continuing
its normal operation during these sags for many cycles and will trip or shut down,
although the supply voltage is totally recovered a few cycles after the sag
occurrence. Therefore, from the point of view of industrial customers, voltage
sags and momentary interruptions might produce the same effect to their
processes. Besides, the occurrence of voltage sags at a certain point of a
distribution system is much more frequent than the occurrence of momentary
interruptions since the voltage sag can still be observed very far away from the
fault location. The term “area of vulnerability” is usually employed to survey the
voltage magnitude on a geographical map or one-line diagram due to the fault
occurrence on a certain line [7].

Many surveys regarding power quality problems related to voltage sags and
momentary interruptions have been presented in literature [15,45]. They are
usually useful for determining the solution required for tackling the existing
problem at a certain industrial facility, with special emphasis on the rating and
ride-through capability of proposed mitigation equipment. These surveys agree
usually in at least one point: faults on overhead transmission lines contribute to
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the great majority of voltage sags verified in the distribution network and these
sags are the most critical power quality problem to industrial customers. The
subject of voltage sags and interruptions has even been the main topic covered by
a recently published book [17].

Some real life examples can be found worldwide about industries being affected
by voltage sags and interruptions, among others:

� Voltage drops of more than 10% with duration greater than 100 ms are
reported to cause production problems to a paper industry in Scotland [4,48].
The voltage sags affect the adjustable speed drives that control the initial
stage of the paper fabrication. The drives are protectively shutdown and in the
end cause the paper to snap. The paper making process is out of operation
between four and eight hours.

� A voltage drop of 27% with duration of 105 ms caused the breakdown of a
3.6 kW fan in the Swedish Steel Company (SSAB Oxelösund). The
production was stopped for two days due to the importance of this fan in the
steel fabrication process. The total cost of this unplanned shutdown was
estimated to US$ 1.5 millions.

� An American manufacturer of semiconductor devices has reported that
voltage drops of 25% with duration as short as 100 ms at critical stages of
manufacturing results in material losses in the tens of thousands of dollars and
several thousands of dollars in recovery time and effort [3]. Recovery times to
one to three hours are required for voltage sags shorter than 300 ms.

In principle, it impossible to fully characterize the sensitivity of a general
industrial process to voltage interruptions and sags. For instance, two paper
factories might be differently affected by identical voltage sags because the
equipment installed in each factory most probably has different ride-through
capabilities. However, a general overview has been presented in [49], being the
result of an inquiry with forty large industrial customers, shown in Table 3-1. It
would be interesting to extend this inquiry to a larger number of customers with
similar processes in order to verify if there is a trend for a particular process
regarding the sensitivity to voltage interruptions and sags. An important industry
sector also sensitive to voltage variations, but not explicitly mentioned in the
table, is the semiconductor manufacturing.

Utilities are able to provide each customer with statistical data for the plant site
detailing the number of sags that they can expect as well their magnitude and
duration. Based on an ideal cooperation between the utilities, customers and
equipment manufacturers, new equipment to be installed at the plant (or even a
new plant) should have a cost-effective probability level for interruptions on the
customer site caused by disturbances in the power system. Of course, this might
imply on more expenses for all partners, but it would considerably reduce the
number of shutdowns at a minimal cost and consequently avoid substantial
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financial losses due to the production interruption and/or equipment damaging.
Nevertheless, this cooperation does not frequently occur in practice, which
makes the installation of new equipment on a critical plant a potential source for
increased number of process shutdown.

Another existing difficulty is to verify the ability of equipment to operate during
a sag after being installed in a plant. Since sags are a random phenomenon, one
might have to monitor the plant for weeks or months in order to capture an event.
Moreover, during the event, unless each individual component in the process line
is monitored, it might be difficult to determine which component tripped, since
usually one component failing to withstand the sag will cause the tripping of the
entire line.

Table 3-1 Impact of voltage interruptions and sags
to different industrial processes [49].

Impact of a voltage sag

Low Medium High

Low Electrolysis
Grinding

Metal assembly
Industrial gases

Fibber production

Steel rolling
Aluminium rolling

Impact of a
voltage

interruption
High

Melting oven
Cement oven
Arc furnace

Food processing

Paper
Glass

Automobile

Refining
Chemical
Plastics

3.2 CBEMA CURVE

It is almost impossible to find results from monitoring voltage sags and
interruptions in distribution systems without referring to the so-called CBEMA
curve. The curve is included in IEEE Standard 446 [50] (“Orange Book”) and it
was proposed by the Computer Business Equipment Manufacturer Association
(CBEMA) in order to impose power quality limits for typical computer systems.

The design goals of the CBEMA curve (shown in Figure 3-1) is to give a typical
envelope of tolerance that devices such as the computer have to operate within. If
the voltage exceeds the upper limit or lies under the lower limit, the device may
fail to operate and/or possibly be damaged. A new curve has been proposed by
the Information Technology Industry Council (ITIC) to supersede the CBEMA
curve. It is claimed that the ITIC curve was developed to better reflect real world
performance of electronic equipment.
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ITI (CBEMA) Curve (Revised 1996)
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Figure 3-1 CBEMA/ITIC curve (duration in time applied to 60 Hz systems).
(Source: http://www.itic.org/iss_pol/techdocs/iticurv.pdf)

Two factors have to be considered for the CBEMA or ITIC curve:

� The curve is applicable to 120 V nominal voltage and 60 Hz systems
(American values), i.e. the voltage level the computers are connected to.

� The curve describes an AC input boundary which typically can be tolerated
(no interruption in function) by most Information Technology equipment.
The curve is not intended to serve as a design specification for products or
AC distribution systems.

The ride-through capability of other types of controllers and equipment most
probably does not coincide with the CBEMA curve. An example is presented in
Figure 3-2, where the ride-through capabilities of two different temperature
process controllers to voltage sags are plotted together with the CBEMA curve
(note that the vertical axis is denoted “trip voltage”). It can be seen that “Type 1
Controller” would trip for a voltage sag to 0.7 p.u. lasting longer than one cycle.
On the other hand, “Type 2 Controller” can still operate in the case of a voltage
interruption up to ten cycles, but it is sensitive to a voltage sag to 0.7 p.u. lasting
50 cycles. Comparing with the lower limit of the CBEMA curve, it can be
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concluded that controller 2 is less sensitive to voltage sags/interruptions than
information technology equipment. In the case of controller 1, voltage sags of
duration shorter than 40 cycles are more critical than for the CBEMA curve.

Referring to Table 3-1, controller 2 would thus fall in the upper-right cell,
together with steel/aluminum rolling.

New families of curves are now beginning to appear from suppliers of sensitive
electrical and electronic equipment, such as lighting systems, robots and
semiconductor equipment, describing the power requirements for satisfactory
operation. Modified ANSI curves are also being used to describe power delivery
limits from utilities, as well as backup and emergency power systems.

Figure 3-2 CBEMA curve and ride through capability of two different
temperature process controllers.
(Source: http://www.pqnet.elektrotek.com)

3.3 CLASSIFICATION OF VOLTAGE SAGS

The voltage sag is defined in the literature as a decrease between 0.1 and 0.9 p.u.
in the rms voltage at the network fundamental frequency with duration from 0.5
cycles to one minute. This definition assumes thus that the sag can be defined by
a magnitude and duration. The duration is usually associated with the time taken
by the protection system to clear the fault.

For single-phase systems, the definition above can be applied and the
classification of a voltage sag is relatively simple, except for the case when
induction motors represent a considerable part of the load and they are located
close to the analyzed point. In this case, the motors can contribute to the fault
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current, which makes the voltage sag less severe during the initial cycles of the
fault. However, the motor draws considerable reactive power at its re-
acceleration after the fault clearing, leading to the phenomenon known as “post-
fault sag” [51,52]. The post-fault sag may last some seconds and, as a
consequence, undervoltage relays may operate, tripping the motor.

However, the classification is not straightforward for three-phase distribution
systems, as the following aspects have to be considered:

� Most of the faults are single-phase, i.e. unbalanced. The impact of the fault
on the voltages in different points of the power system depends mainly on the
impedance between the fault and the analyzed point as also the connection of
transformer(s) between these two points.

� The voltage in each phase usually returns to the pre-fault level at different
time instants.

� It is not guaranteed that the phase voltage with lowest amplitude during the
sag will have the longest duration below the 0.9 p.u. limit.

� If the medium voltage system is not directly grounded, which is the case for
most European systems, the measurement of phase-to-ground and phase-to-
phase voltages can show different magnitudes and phase shifts between the
phases during a voltage sag.

The worst case is usually taken for characterizing the voltage sag, i.e. the lowest
voltage and the longest duration are employed for analysis. Since most of the
voltage sag surveys have been performed in the USA, where the medium-voltage
network is usually directly grounded, there are no significant differences between
the information obtained from the measurement of phase-to-ground or phase-to-
phase voltages.

A method of classifying three-phase unbalanced sags has been presented in the
literature, considering all types of faults and transformer connections between the
fault and the measurement point [53-55]. The method is also based on the
calculation of symmetrical components of the measured voltages, which means
that phasors are used. The analysis assumes initially that positive- and negative
source impedances are equal. Depending on the phase-shift of the symmetrical
component voltage vectors during the fault, it is possible to theoretically
determine the type of sag, i.e. if caused by a single-phase or phase-to-phase fault.
A characteristic complex voltage can thus be calculated and its absolute value
can be used for characterizing the voltage sag in most of the practical cases. The
phase-jump, which may be of interest for some loads, is given by the argument of
the characteristic complex voltage [54].

In systems where induction motors are a considerable part of the total load, the
positive- and negative impedances are not equal during the sag period. In this
case, another variable can characterize the voltage sag, namely the positive-



3.3 Classification of Voltage Sags
__________________________________________________________________________________________________________

31

negative sequence factor (“PN-factor”). This factor is close to one for normal
loads, but it is decreased as the motor loading is increased [55].

The zero-sequence voltage is seldom important in the analysis because the great
majority of the faults occur in the high- and medium-voltage systems and
transformers with delta-connected windings in one side are used between these
systems and the equipment terminals in low-voltage networks.

3.3.1 Field Measurements

In order to illustrate the method described above, an example is shown in the
following, where the measurements of the three-phase voltages in an 11 kV
system are shown in Figure 3-3. The measurements have been performed by
ABB Corporate Research at the internal 11 kV bus of a steel industry (SSAB
Oxelösund AB), where voltage sags and interruptions have been of concern(*).
The origin of the voltage sag is a fault caused by lightning on one of the
incoming 130 kV overhead lines.

The plot of the phase-to-ground voltages is shown in Figure 3-4, where it is
observed that the unbalanced voltage sag starts around 0.12 s and the fault is
cleared around 0.37 s. The RMS calculated values (at each sampling) of these
voltages is shown in the bottom plot. It can be seen that the voltage magnitude in
phase B is the one mostly affected, while the magnitude of phase A is almost not
affected. Using the definition employing the lowest RMS value and the longest
duration as main parameters, the voltage sag would be characterized by 67%
(remaining voltage) with 0.27 s duration. It is also interesting to observe that the
voltages in phases B and C take a considerable time for returning from 0.95 p.u.
to the pre-fault level.

Based on the pre-fault measurement points, voltage phasors are created and used
for the calculation of symmetrical components. The plot of the magnitude of
these components is presented in Figure 3-5. As observed in the curves, the
positive-sequence amplitude is reduced to 0.82 p.u. during the sag, while the
negative-sequence is equal to 0.12 p.u. They are basically constant during the
fault period. The transformer on the 11 kV side is grounded through an
impedance and a zero-sequence component with a magnitude of 5.5% appears in
the phase-to-ground voltages during the fault. However, as previously explained,
this component is not transferred to the low voltage network due to the usual
connection of MV/LV transformers.

Using the method briefly described in Section 3.3 for classifying unbalanced sags
[55] and taking into account the connection of the 130/11 kV transformer (YNy),
it is obtained that the sag is due to a single-phase fault on phase B in the 130 kV

                                             
(*) The author would like to thank SSAB Oxelösund AB and ABB Corporate Research for allowing the
use of their measurements.
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system. Minor voltage variations in the other two phases, including phase-shifts,
also take place.

Figure 3-3   Transmission system feeding SSAB Oxelösund.
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Figure 3-4 Measured phase-to-ground voltages and
calculated RMS values during a voltage sag.
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The voltage characteristic amplitude and the PN-factor are plotted in the bottom
curve in Figure 3-5. It can be observed that the voltage characteristic magnitude
(0.7 p.u.) is very close to the difference between the positive-and negative
sequence magnitudes. However, this conclusion is only valid for this particular
case, for which the negative-sequence magnitude is much lower than the total
remaining magnitude of the positive-sequence and the phase-shift between these
vectors is small (around 60º). As expected for a single-phase fault, the positive-
sequence voltage drop is almost the same as the negative-sequence voltage.
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The PN-factor, representing the difference between the positive- and negative
sequence impedances during the fault, is equal to 0.95 p.u. In this case, the PN-
factor is very close to the sum of the positive- and negative-sequence
magnitudes.

One important feature of the phasors analysis is the possibility of identifying
phase-shifts on the phase voltages during the sag. These phase-shifts may also
affect the operation of motors directly connected to the 11 kV bus without any
speed and torque control. In the present case, a phase-shift equal to 10º occurred
in phase A during the sag, which should not be of concern.

Table 3-2 summarizes the results obtained during the fault for this case, also
including the phase of the calculated vectors.

It is important to note that the characterization is useful for the analysis and
planning of eventual measures for protecting sensitive loads. It is not considered
to be used for on-line identification of voltage sags and posterior fast mitigation.

Table 3-2   Phasor quantities calculated during the fault.

Zero-
sequence
voltage

Positive-
sequence
voltage

Negative-
sequence
voltage

Voltage
characteristic

PN-factor

.u.pe06.0
o7j�� .u.pe82.0

o8j�� .u.pe13.0
o66j�� .u.pe70.0

o8j�� .u.pe95.0
o8j��

3.4 CRITICAL EQUIPMENT

As it has been emphasized in this thesis, modern equipment in an industrial
process can be sensitive to voltage sags and interruptions. These devices are
usually installed in the low voltage system (< 1 kV) and three types are
mentioned in the following.

3.4.1 Electromechanical Relays and Motor Contactors

Electromechanical relays and motor contactors in low voltage systems are
reported to drop out, i.e. open their contacts, when the voltage sag is in the range
0.5 – 0.7 p.u. lasting some cycles. Naturally, the sensitivity of each device
depends on the manufacturer. The sensitivity to variations of the network voltage
is eliminated by employing a DC maneuvered contactor, provided that this
voltage is independent of the grid, for instance using a battery.
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3.4.2 Programmable Logic Controllers (PLC)

Programmable Logic Controllers are solid-state control systems that monitor the
status of the devices connected as inputs of a process, e.g. relays, switches,
sensors, etc. According to the acquired information, the implemented software in
the PLC memory calculates the status of the devices connected as outputs, e.g.
alarms, lights, fans, etc. The power supplies of PLCs and computers may be
sensitive to short voltage sags that can stop the entire process being controlled.

3.4.3 Adjustable Speed Drives (ASD)

Adjustable Speed Drives are reported to be the most critical equipment regarding
voltage sags and momentary interruptions. Its common circuit diagram is shown
in Figure 3-6, consisting of a line-commutated rectifier (usually based on diodes)
and a forced-commutated voltage-source converter (also denoted VSI – voltage-
source inverter in the drive system context). The rectifier bridge is only
responsible for keeping the DC link capacitor charged with a sufficient voltage to
assure the proper operation of the inverter. In order to reduce the harmonic
currents on the DC side, a smoothing reactor is connected on the rectifier DC
terminal (Ls). With the same purpose, a small reactor can also be connected
between the network and the rectifier (LN), but this reactor causes even further
voltage drops on the DC voltage.

It can be mentioned that larger AC drives and DC motor drives use commonly
thyristor-controlled rectifiers and their firing control system may be affected by
phase-angle shifts during unbalanced sags, especially if the synchronization
system is based on the zero-crossing of the voltages. In order to avoid damage of
the thyristors, the drives are stopped if an abnormal network voltage is detected.

The inverter is responsible for the main task of the ASD, which is the speed
control of motor loads, e.g. pumps, fans and compressors. High switching
frequency using pulse-width modulation (PWM) is employed for a fast control of
speed/torque. The voltage and current the inverter can supply to the motor is
dependent on the DC link voltage, which in its turn depends on the AC network
voltage. Faults in the AC system  cause the  reduction of the DC  link voltage and

Figure 3-6 Adjustable Speed Drive (ASD) configuration.
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as a consequence, the inverter may not be able to produce the required voltage on
its terminal for certain speeds, i.e. speed/torque full control of the motor is lost.
The drive controller detects a lower voltage on the DC link and it may trip the
drive as a safety - but in most of cases unnecessary - measure.

A voltage sag in the AC network may stop the rectifier diodes conduction since
the AC voltage is lower than the DC voltage. In order to supply the motor load,
energy is drawn from the DC capacitor, making the DC voltage decrease. This
drop depends thus on the load and the size of the capacitor. It is concluded that
the use of larger capacitors would in theory avoid the reduction of the DC
voltage to levels that could trip the drive or cause a misoperation of the inverter
control. Nevertheless, the size of the capacitors required for achieving a ride-
through capability to a three-phase balanced sag with typical duration of 100 ms
would be too expensive and unfeasible [56].

As most of the faults are unbalanced, the drop of the DC link voltage is not so
severe as in the case of a three-phase balanced sag because there is at least one
phase voltage that is higher than the others, helping in minimizing the discharge
of the DC capacitor. The negative-sequence component of the fundamental
frequency network voltage, due to the unbalance, is transferred as a second
harmonic ripple over the DC voltage and the amplitude of this ripple is inversely
proportional to the DC capacitor size. This ripple might be of importance as the
instantaneous voltage on the DC link can be lower than the average DC voltage
and it is the instantaneous voltage that is employed on the PWM switching
scheme. The use of larger, but feasible in this case, capacitance on the DC link is
enough for avoiding a significant voltage drop of the DC link, assuring thus ride-
through capability for unbalanced voltage sags of normal duration in the AC
network [56].

In order to provide ASD ride-through capability to harder and longer sags and
even momentary interruptions, actions must either be taken in the AC network or
in the drive system configuration. The application of power electronics based
equipment - described later in this thesis - in the medium-voltage network is an
alternative to supply the ASD diode rectifier with an almost undisturbed AC
voltage [4,57].

Improvements on the drive configuration include two alternatives:

� Replacement of the passive diode-rectifier by an active rectifier also based on
a voltage-source converter (shown in Figure 3-6), like the ASD inverter [58].
In this case, the smoothing reactor LS is removed from the DC side but the
reactor LN must be connected between the active rectifier and the AC
network. The harmonic currents generated by the rectifier are shifted to
higher frequencies, which are easier to be filtered. The rectifier provides fast
control of the DC link voltage to a reference value even in the event of a
voltage sag.
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� Additional circuit connected to the DC link, e.g. a boost converter, which is
only switched at the occurrence of sags and regulates the DC link voltage to
the minimum required by the inverter [59].

If ride-through capability to momentary interruptions is required, it is possible to
add an energy storage system to the DC link, e.g. battery, flywheel or
supercapacitor, which of course imply on increased installation and maintenance
costs.

It should not be forgotten that the power supply of the firing and control systems
of the inverter must be able to withstand the same voltage variation as the drive is
designed for, otherwise any improvement in the drive configuration design may
be fruitless.

This short analysis has so far assumed that ASDs are connected to the low-
voltage network. The emergence of new high power components, like the
Integrated Gate-Commutated Thyristor (IGCT), has made it possible to connect
drive systems to the medium-voltage network [25]. This gives the possibility of
providing torque and speed control to induction motors that nowadays are
directly connected to the grid. Nevertheless, it should be mentioned that these
new drives would, in principle, be even more sensitive to voltage sags and
momentary interruptions, as they will be placed close to majority of the fault
locations (high and medium voltage networks). In this case, employing an active
rectifier plus adding some energy storage capability on the DC link (a larger DC
capacitor might be enough) are necessary measures for assuring ride-through
capability.

3.5 NORMALLY USED MEASURES AGAINST
VOLTAGE SAGS AND INTERRUPTIONS

The solutions for eliminating or at least minimizing voltage sags and
interruptions to critical loads can be seen from different point of views. The
simplest one is to replace the critical equipment by one with equivalent
functionality, but with required ride-through capability. The manufacturer should
thus be aware of the problem, but this does not frequently occur.

Looking into the power system, the most natural measure is to minimize the
number of faults in the system. This can be done by the utilities, e.g. trimming of
trees close to overhead lines, better insulation of lines and cables, increase of the
number of arresters in lightning prone areas, etc.

Another measure in the system level is to improve the fault clearing techniques,
making them faster, but at the same time keeping them reliable and coordinated
[5,60]. The proper design or reconfiguration of distribution systems is also an
eventual alternative for making the critical part of the system less susceptible to
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faults at its electrical neighborhood [61,62]. Reclosing and fuse saving
techniques were briefly discussed in the previous chapter, as well as the
possibility of only tripping the faulted phase (in the case of a single-phase fault).
In some cases, these measures are enough for reducing the duration of
momentary interruptions or longer sags [2].

As a general conclusion, a lot can be done by the utilities for reducing the
number and duration of momentary interruptions and sags in transmission and
distribution systems. However, most of the measures mentioned above, improve
the reliability of the system but they are not capable of mitigating voltage sags of
short duration (< 100 ms) to critical loads. For this purpose, it is necessary to
install mitigating equipment in the system, which is less costly when installed
closer to the load.

The most well-known equipment used for protecting loads from interruptions and
voltage sags is the Uninterruptible Power Supply (UPS), shown in Figure 3-7. It
provides continuous power to its load regardless of the mains voltage and it is
rather used for protecting larger computer systems.

Many different configurations of UPS systems are commercially available [50].
However, it is assumed here that the UPS is normally off-line at stand-by mode
and the load is normally fed via the AC network through switch 1. The rectifier
function is primarily keeping the power flow to the inverter, keeping the battery
at fully charged state. The rectifier is based on single-phase or three-phase
thyristor and/or diode bridges but extra features can be added to the DC side, as a
separate battery-charger circuit [63].

When a disturbance on the supply voltage is detected, the supply to the load is
transferred to the UPS inverter with the energy drawn from the energy storage
element. Due to the PWM switching, a filter is connected to the inverter output,
providing the load with a voltage with low harmonic distortion. In order to
minimize the network voltage disturbance to the load, its supply transfer should
be fast and synchronized with the network, avoiding thus phase-shifts on the load
voltage. Therefore, solid-state transfer-switches are employed, as shown in
Figure 3-7.

It can be observed that the UPS main configuration is very similar to the ASD
shown in Figure 3-6. The most noticeable difference is the energy storage device
required on the DC side (equivalent to an infinite capacitor), making the UPS
capable of supplying the load even in the case of longer interruptions in the
mains. Due to their apparent simplicity, lead-acid batteries are employed in
commercially available UPS. Nevertheless, the costs of UPS systems at large
installations are significantly increased due to maintenance requirement and
eventual cooling, as bulky batteries are required. The use of other types of energy
storage, e.g. supercapacitors, motor generator sets, flywheel, superconducting
magnetic energy storage systems (SMES) etc, may become more interesting



3.6 Summary
__________________________________________________________________________________________________________

39

alternatives in the future, especially for larger loads, although costs are still high
compared to battery-based UPS systems. These alternatives are briefly discussed
in the next chapter.

Another type of mitigation equipment is the so-called ferroresonant transformer –
or constant voltage transformer (CVT) [16]. Its operating principle is the same as
a transformer excited high on its saturation curve, making the output voltage not
strongly affected by the primary voltage. This equipment is suitable for
mitigating voltage sags to low power (in the range of 10 VA) and almost constant
loads. It is not suitable for higher power applications, as the transformer should
be rated approximately four times greater than the load.

Figure 3-7 Standby configuration of an Uninterruptible Power Supply (UPS).

3.6 SUMMARY

This chapter has presented basically a short discussion on voltage sags and
interruptions as well as their tolerable limits according to the CBEMA (or ITIC)
curve. Although the curve is applied to computer or IT equipment, which are
connected to the low voltage network, surveys related to voltage sags and
interruptions usually refer to this curve.

The classification of voltage sags has been treated and an example has been
shown for a field measurement. In most of cases, the sag is characterized by a
magnitude and duration. Positive- and negative-sequence voltage components
may give valuable information about the sag. Identification of phase-shifts of the
voltage during the fault period may be of interest, especially if the measurements
are electrically close to the feeding of DC motor drives or cycloconverters.

Examples of typical equipment sensitive to voltage variations have been
described, with emphasis on the adjustable speed drives, which are based on
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power electronics converters. It seems that ride-through capability can be
achieved for most of the faults by employing a larger DC link capacitor and
making the undervoltage protection of the DC link voltage less sensitive.

It has been presented that conventional measures for minimizing the impact of
faults to sensitive equipment can be performed by:

� Manufacturer - improvement of equipment.

� Power utility – minimizing the number of faults, improving fault clearing or
reconfiguring the distribution system.

� Utility customer – installing protective equipment, usually UPS systems.

It can also be pointed out that the estimation of voltage variations and their
duration is an important analysis tool for choosing the most convenient
mitigation method [14].

These measures do not solve all the problems, especially when duration of the
voltage disturbance to larger loads (> 1 MW) must be reduced, as UPS systems
become very costly and less feasible. For this purpose, solutions based on power
electronics become a feasible alternative. These devices are sometimes denoted
“wide-area” solutions since they can protect large sections of an industry with a
single device. These solutions include fast electronic switches and compensators
based on voltage-source converters and they are emphasized in the remaining of
this thesis. The application of these compensators in transmission systems -
known as FACTS (Flexible AC Transmission Systems) devices - is also
presented in the subsequent chapters.
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CHAPTER 4
HIGH POWER COMPENSATORS BASED ON
POWER ELECTRONICS
__________________________________________________________________________________________________________

4.1 INTRODUCTION

The application of power electronics until the beginning of the nineties was
greatly dominated by equipment connected to the low-voltage network.
Exceptions to these applications were thyristors employed in High Voltage
Direct Current (HVDC) transmission systems and Static Var Compensators
(SVC). In most of the cases, the simplest and often less expensive solution of
reinforcing a transmission or distribution network was the build-up of a new line.
However, this has become more difficult due to environmental issues and
difficulties in obtaining concessions for new rights-of-way. In parallel with this
constraint, the electricity market has progressively been deregulated worldwide
with the purpose of stimulating competition between the power utilities.
Moreover, the number of process industries requiring clean and undisturbed
supply is increased. The whole scenario demands new solutions, not only
advantageous from the technical point of view, but also cost-effective.

Simultaneously to these changes in transmission and distribution systems, the
power semiconductor technology has experienced a very fast development. The
voltage and current ratings of commercially available power devices have
continuously been increased, reducing the necessity of series and parallel
connections for achieving the desired rating, making the design of a power
electronics converter more compact.

Due to the broad spectrum and strong performance of application markets for
low power semiconductors - particularly telecommunication and automotive
sectors – there is undoubtedly a trend of a faster development in the low power
semiconductors field.
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The bipolar power transistor has lost space in the semiconductor run, notably to
Insulated Gate Bipolar Transistors (IGBT), in his former dominant area, i.e. in
medium power applications with switching frequencies up to 1 kHz. The IGBT
combines, in its construction, the advantages of both MOS and bipolar
transistors, i.e. fast turn-on/off process and low on-state losses, respectively.

On the other hand, development of Gate Turn-Off Thyristor (GTO) technology
has led to a variety of applications in the power range of 1-20 MVA. However,
GTOs still have some drawbacks, mostly related to the turn-off process, e.g. high
switching losses (which reduce the maximum allowable switching frequency)
and the necessity of snubber circuits. The novel IGCT (Integrated Gate
Commutated Thyristor) technology opens the possibility to combine the turn-off
characteristics of the IGBT with the superior conduction properties of thyristors.
It is expected that IGCTs will in the near future take the space occupied by the
GTO. A new generation of medium voltage AC drives based on IGCTs has been
designed, resulting in compact drives with fewer semiconductor devices [24,25].

It can thus be concluded that the mature devices with turn-off capability to be
considered in high power applications (MVA range) are IGBT (Insulated Gate
Bipolar Transistor) and GTO (Gate Turn-Off Thyristors) [11].

In a longer time perspective, it is also expected that semiconductor devices based
on new materials, e.g. Silicon Carbide (SiC), will make it possible to design
semiconductors for higher voltages and lower losses. They will also allow the
operation at considerably higher temperatures (around 400°C), alleviating thus
cooling requirements.

Based on the mentioned challenges for improving the system performance,
together with the development of the power semiconductor technology, the
concepts of Flexible AC Transmission Systems (FACTS) [21,22] and Custom
Power [19,20] were introduced to transmission and distribution systems,
respectively. Despite having a common technology based on power electronics,
these concepts serve different purposes and have different economical
justifications. The so-called FACTS devices allow a greater control of power
flow and a secure loading of transmission lines to levels nearer to their thermal
limits. Stable control of the operating point of the system (voltage, impedance
and phase-angle) is the main issue to be achieved. On the other hand, the concept
of Custom Power describes the value-added power that electric utilities will offer
their customers in the future, focusing on the quality of power flow and
reliability. Fast response is the essential characteristic of such devices, taking the
place of slower electromechanical devices.

While the FACTS devices basically consist of compensators based on power
electronics, Custom Power devices also include the concept of electronic
switches, denoted solid-state breakers, for the fast interruption/limitation of the
fault current or for fast system reconfiguration. It was described in Chapter 2 that
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the occurrence of faults - and the consequent flow of fault current - is the main
cause of voltage sags in distribution systems. The fault clearing task is normally
performed by electromechanical devices, e.g. breakers and reclosers etc, which
have response time limited by their mechanical inertia. The electronic switches
are treated in the next chapter.

The present chapter presents an introduction to the different applications of high
power compensators in transmission and distribution systems. The shunt and
series compensators emphasized in this work are based on forced-commutated
voltage-source converters. Theoretical analysis and simulation results are
separately presented in Chapters 7 to 9.

The chapter ends with a presentation of the electronic tap-changer concept and a
brief discussion on energy storage devices, sometimes required for exploiting the
full control capability of a voltage-source converter.

4.2 THYRISTOR-BASED COMPENSATORS

The most known compensator applied to both transmission and distribution
systems is the conventional Static Var Compensators (SVC), using thyristors as
switching elements and being shunt connected to the AC network [10]. These
compensators were originally developed for reducing voltage fluctuations caused
by arc furnaces, but they have been mostly adopted for voltage control.
Conventional SVCs usually consist of Thyristor Controlled Reactors (TCR),
harmonic filters and Thyristor Switched Capacitors (TSC), as shown in
Figure 4-1a. If connected to distributions systems, the SVC transformer is
sometimes not required and the SVC can be directly connected to the medium-
voltage bus. From the control point of view, the SVC can be seen as a
controllable susceptance. With proper coordination of the capacitor switching
and firing angle control of the TCR valves, the reactive power output can be
continuously and rapidly varied between the capacitive and inductive limits.

Despite the benefits introduced to the power system, such as voltage support,
increase of transient stability and power transmission capacity, the SVC presents
the drawback of requiring the installation of large reactor and capacitor banks.
Therefore, a large installation area is necessary for a conventional SVC.
Moreover, there is a possibility of creating resonance at low frequencies with the
AC system due to the connected capacitors. Another restriction about the SVC is
the fact that its maximum output current is directly related to the voltage at the
bus the SVC is connected to.

Even though being considered as a FACTS device, the conventional SVC is often
not treated as a Custom Power device. Compensators for Custom Power are
usually considered to be based on forced-commutated (also called self-
commutated) voltage-source converters (VSC) employing devices with turn-off
capability because faster response is sometimes imperious, requiring thus higher
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switching frequencies. Nevertheless, it is very common to find SVCs connected
to the internal medium-voltage bus in large industries. However, in this work,
only forced-commutated voltage-source converters are treated.

A FACTS device, not treated in this thesis, that has already been installed in real
plants is the Thyristor Controlled Series Capacitor (TCSC), shown in Figure 4-1b
[64,65]. It combines the simplest and cheapest way of increasing the power
transfer capability of a transmission line, which is the connection of series
capacitance, with the controllability of the thyristor firing. In this way, the degree
of series compensation is electronically controlled by changing the firing angle of
the thyristors. Concerns about the possible occurrence of subsynchronous
resonance (SSR) between the electrical network and generator masses are also
eliminated by a suitable control [64]. The damping of power system oscillations
at very low frequency can also be achieved [65].

Figure 4-1 (a) Conventional Static Var Compensator (SVC).
(b) Thyristor Controlled Series Capacitor (TCSC).

4.3 FORCED-COMMUTATED VOLTAGE- SOURCE
CONVERTER (VSC)

As it was mentioned, forced-commutated voltage-source converters (VSC) have
been widely used for low and medium power applications, such as motor drives
and traction. In the first case, the motors are usually operated at low voltage and
the drive systems employ IGBTs switched at high frequencies, as switching
losses are not of great concern.

At traction applications, formerly dominated by high power GTO inverters, the
switching frequency was limited to 200-300 Hz, basically due to the high
switching losses of the GTO (especially at turn-off). Due to the development of
the IGBT technology and the present feasibility of series connecting IGBTs, it is
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expected that the GTO inverters will be replaced in the future by IGBT inverters.
However, it should be pointed out that the recently developed IGCT inverters are
also becoming commercially available at 5 MW, being connected to the medium
voltage line and switched at 500-1000 Hz [11].

The most used forced-commutated voltage-source converter (VSC) is the so-
called two-level converter, shown in Figure 4-2. The voltage polarity of the DC
side is constant and the active power flow is altered by reversing the polarity of
the DC side current (Idc). Therefore, the switching element must be able to
conduct current in both directions and it is composed by a device with turn-off
capability and an anti-parallel diode.

In each leg of the converter bridge, there is always one switch conducting,
connecting each phase to the positive or negative pole of the bridge. The
blocking voltage of the turn-off device is thus always positive because another
element conducts on the same leg. A reactor (or a transformer) must always
connect the converter output to the AC system.

A capacitor is usually connected across the DC terminal of the bridge in order to
achieve a stiff DC voltage. The capacitor size does not influence the converter
rating and for most of the applications, relatively small capacitors can be
employed.

In addition to two-level voltage-source converters, it is important to also mention
the three-level converter. Its mostly employed configuration is the so-called
Neutral Point Clamping (NPC) converter [66]. The NPC converter allows the
connection of the converter output voltage to ground, as seen in Figure 4-3.

As the DC capacitor is necessarily split up in the three-level converter, the
voltage over each capacitor should be made equal by means of a secondary
control loop in order to not produce even-order harmonics on the converter
output voltage [32].

Figure 4-2 Configuration and switching representation of the two-level VSC.
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Figure 4-3 Configuration and switching representation of the three-
level voltage-source converter (NPC converter).

The advantage of the NPC converter over the two-level converter is that each
valve of the NPC switches at lower frequency (almost one half) than the valves
of the two-level converter, assuming the same number of commutations (which
means control actions) per cycle for both converters. This becomes particularly
important in applications where the load changes rapidly, e.g. voltage
fluctuations caused by arc furnaces [31,39], bearing in mind that the switching
frequency of high power converters is currently limited to 1-3 kHz.

The clear disadvantage with the NPC converter is the higher number of
components, apparently six extra bidirectional switches and six extra diodes.
However, it should be taken into account that series connection of the switching
devices is often required to build one bidirectional valve in Figures 4-2 and 4-3
in order to reach the required voltage and power ratings. Each valve in the figure
demands a forward voltage blocking capability equal to Udc/2, i.e. half of the
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voltage demanded by the valves of a two-level converter with similar DC
voltage. Therefore, the number of bidirectional devices representing one valve is
approximately one half of the number required by a two-level converter, making
the total number of bidirectional switches equal for both converters. It can thus
be concluded that the extra components are only the six diodes (D1-D6 in
Figure 4-3).

Based on the configuration of the three-level converter bridge, n-level converter
bridges can be built with the purpose of reducing the harmonic content of the
voltage produced by the converter. As n-1 DC capacitors are employed, the
control for balancing the voltage over each capacitor becomes more complicated,
especially during disturbances in the AC network. Therefore, it seems that the
use of multi-level converters connected to the AC network susceptible to voltage
disturbances can be disregarded. The layout will also be more complicated,
resulting in extra costs.

This work will only cover two-level converters, although three-level converters
have been employed quite often, even at high power levels.

Depending on the connection respective to the AC network, the two-level VSC
can be shunt or series connected to the AC system. The two alternatives, as also
their combination forming a hybrid converter, will be generally discussed in the
remainder of this chapter and described in more detail from Chapters 7 to 9.

4.4 SHUNT CONNECTED VSC

Due to the rating of the present components, it is possible to directly connect the
shunt voltage-source converter to medium- and low-voltage networks via a
reactance, not requiring the installation of transformers. This requires the
splitting of the DC capacitance into two capacitors, even for a two-level
converter. It is thus necessary to add an auxiliary control for assuring an equal
voltage over the two DC capacitors even in the presence of transients.

In the case of transmission systems, a transformer is required for isolating the
VSC from the high voltage network and for getting an appropriate voltage level
for the VSC valves, as seen in Figure 4-4. The transformer leakage reactance is
in the range 0.1-0.2 p.u. and it is significantly higher than its resistance.

The shunt converter can be seen as a voltage-source with controllable amplitude

and phase ( )1(
ˆ
vU  and �), with phasor representation and diagram shown in

Figure 4-5 (for the fundamental frequency component). It is also possible to
produce voltages with several superposed frequencies.

The shunt connected VSC can be employed with different purposes, as described
in the following.
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Figure 4-4 Shunt connected VSC.

Figure 4-5 Phasor representation and diagram of the VSC
connected to the AC system.

4.4.1 Voltage/Reactive Power Control

For voltage/reactive power control, the shunt converter is usually denoted
STATCOM (Static Synchronous Compensator), but the terms Advanced Static
Var Compensator (ASVC) and Static Condenser (STATCON) are also found in
the literature. The term “static” indicates that the compensator is based on solid-
state power electronic switching devices, without any rotating component.
Meanwhile, the term “synchronous” indicates that the compensator has a similar
function as an ideal synchronous machine, generating a set of three-phase
voltages at fundamental frequency [67,68].
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One of the most important differences between a conventional SVC and a
STATCOM lies on their voltage-current characteristics, shown in Figure 4-6.
Being a forced-commutated voltage-source converter, the STATCOM has the
capability of supplying full reactive current, independently of the AC voltage.
For the conventional SVC, seen as a controllable susceptance, the capacitive
current is linearly reduced with a decreasing AC voltage, as shown by its
characteristics (dashed line).

Figure 4-6 Voltage-current characteristics of SVC (dashed) and STATCOM.

From the phasor diagram in Figure 4-5 and using peak values of the phase
quantities, the active and reactive power on the connection point of the VSC are
given by the following expressions:
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In these equations, the resistance of the reactor/transformer is neglected, as they
are very small compared to the reactance.

The reactive power is controlled through changes in the amplitude of the

converter output voltage ( )1(
ˆ

vU ). This amplitude can be controlled in two

different ways, depending on the adopted switching strategy:

- If Pulse Width Modulation, i.e. high switching frequency, is used, the DC link
voltage is constant and the modulation index is controlled.
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- If each valve is switched only once per cycle - known as fundamental
frequency switching or square-wave operation - the ratio between the DC
voltage and the converter output voltage is constant. Therefore, the DC
voltage must be changed in order to alter the converter output voltage, as will
be shown in Chapter 7.

Independently of the adopted switching scheme, the reactive power control can
be controlled without the installation of large reactor and capacitor banks, as the
reactive power is instantaneously exchanged between the three-phases of the
converter [69].

It can be seen that the sign of the phase-shift angle (�) between the AC voltage
and the converter output voltage determines the direction of the active power
flow. According to the employed definition, a positive value (� > 0) indicates
power flowing from the AC to the DC side. Changes in the phase-shift angle
occur through delaying or advancing the commutation instants, using the network
voltage as reference.

The ability to deliver rated current through the whole voltage range makes the
STATCOM operation similar to that of a synchronous condenser. However, there
are two basic differences:

- The inertia of the synchronous compensator is much higher than the electrical
inertia of the STATCOM, basically related to the size of the DC capacitor.

- The synchronous condenser is capable of delivering higher short-term
transient output (in the form of active power) due to the excitation voltage that
can be applied and the stored kinetic energy. In the case of a STATCOM, this
capacity can be achieved only if an unrealistic size of the DC capacitor or an
energy storage device is available on the DC side.

In distribution systems, where voltage sags and interruptions may have a deeper
magnitude, the VSC may not be effective as a voltage controller. As it is
theoretically shown in Appendix A, the contribution of the VSC for mitigating
voltage sags originated on the supply side can be made efficient only if the VSC
current is rated much higher than the load current, which is not a feasible
solution. Nevertheless, the VSC can provide sufficient voltage regulation on the
connection point when voltage sags and swells can potentially be originated on
the load site, typically due to the connection/disconnection of part of the load.

The shunt connected VSC has other functions in distribution systems, as
described in the following. In distributions systems, the shunt connected VSC is
usually called D-STATCOM, where “D” stands for distribution.

4.4.2 Backup Power Supply

If an energy storage system is connected on the DC side, the STATCOM is also
able to provide active power to the load, with possible operating point of active
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and reactive power only limited by the converter rating. In this way, the shunt
connected VSC can be used as a UPS system, as shown in Figure 3-7. If a
voltage disturbance originated at the normal supply is detected, the load starts
being supplied only by the shunt converter.

The size of the energy storage device on the DC side of the shunt converter can
be roughly estimated as:

tSE loadshunt ����� cos (4-3)

where:

� Sload and cos � are the rating and power factor of the protected load.
� �t is the duration of the disturbance, when the converter should supply the

whole power required by the load.

Assuming typical values, for instance Sload = 2 MVA, cos �= 0.9 and �t = 100 ms
(typical duration of a supply voltage sag), results in E = 180 kJ, which is a
feasible value. However, it can be observed that the size of the energy storage
device becomes rather large for longer disturbances, like momentary or
temporary voltage interruptions (up to one-minute duration). This imposes the
trade-off rating of the protected load and duration of the voltage disturbance, as it
was discussed in Section 3.5. The size of the commercially available energy
storage device becomes unpractical if a single VSC or UPS should provide
protection to a large load against sustained interruptions.

4.4.3 Active Filtering

As it was been mentioned, the voltage-source converter is also capable of
generating voltages with other frequencies than the fundamental one. This
characteristic can be exploited by the shunt connected VSC for the compensation
of harmonics produced by non-linear loads. A typical example of such load is the
diode or thyristor rectifier used in Adjustable Speed Drives and power supplies
of electronic equipment, with fifth and seventh harmonics usually being the
dominant ones.

If the magnitude of the harmonic currents starts producing distorted voltages on
the load site, passive harmonic filters can be installed. However, the filter design
has to take into account eventual future increase of the load. Besides, the passive
filters may create low frequency resonances with the power system. The passive
filters can only be used if the generated harmonics have constant frequency,
which is not the case of cycloconverters, still used in large industries in the
control of low speed and high power motors.

The shunt active filters can provide compensation for harmonics of different
frequencies, even if they are not constant. The main drawback of the active filters
is the necessity of a high switching frequency (5-10 kHz), which still limit their
application to the kVA range at low voltage levels.
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As it has already been stated, the VSC does not need large energy storage
elements on the DC side for generation and absorption of reactive power and
consequently the use of a small capacitor is sufficient. The shunt active filter can
also correct the load power factor so that the utility does supply only the active
power required by the load, minimizing the losses on the main feeder [69,70].
Obviously, the VSC rating has to be increased for that purpose.

Included in the task of active power filtering, the VSC can also produce a set of
negative-sequence voltages at fundamental frequency in order to compensate for
the currents produced by unbalanced loads. This function can also be
accomplished by conventional SVCs.

4.4.4 Flicker Mitigation

The phenomenon flicker is usually caused by load current variations in a low
frequency range (around 10 Hz). In fact, the voltage fluctuation is usually caused
by large, fast, and unbalanced load current variations, e.g. caused by electric arc
furnaces.

From the compensation point of view, flicker is mitigated with the same
philosophy as any harmonic current. The main differences are that the arc
furnace rating lies often in the MVA range and it produces a low frequency
voltage variation. Therefore, the compensator has to be connected in the
medium-voltage network and moderate switching frequencies (1-2 kHz) can be
employed. By using these switching frequencies, it may be even possible to filter
eventual fifth and seventh harmonics generated by other loads connected to the
same bus. Besides, the shunt VSC can still be used for correction of power factor
[39].

Due to the compensation of low frequency components, the DC capacitor should
be made sufficiently large in order to avoid large DC voltage fluctuations that
might jeopardize the proper operation of the switching scheme of the voltage-
source converter.

The flicker phenomenon seems to be one of the power quality problems that the
utility and customer are prepared for paying the high investment costs of a shunt
connected VSC. This type of voltage fluctuation does not only affect the grid
voltage, possibly being spread through the power system, as also cause visual
irritation due to the flicker of lamps and computer screens noticeable by the
human eye.

It can be mentioned that conventional SVCs can be used for flicker reduction, but
their effectiveness is limited because only two control actions in each phase take
place during one period of the fundamental frequency [38]. It is usually reported
that conventional SVCs reduce the flicker level by a factor of up to two (at most),
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while a shunt connected VSC with switching frequency in the range 1-2 kHz can
make the flicker level around six-seven times lower [31].

4.5 SUMMARY OF SHUNT COMPENSATORS

It could be observed in the previous section that the use of the shunt connected
VSC in distribution systems is related to disturbances mainly caused by the load
(customer), e.g. reactive power consumption, harmonic generation, flicker. In
these cases, there is no need for energy storage on the DC side of the converter.

In order to protect the load against voltage sags and momentary interruptions, the
shunt VSC has to be able to function as a back-up power supply. In such a
situation, it has to supply active power for a certain time, which can be achieved
by using energy storage systems on the DC side. The size of the stored energy
depends on the duration of the disturbance on the main supply and the size of the
load to be protected against sags and interruptions.

The use of shunt VSC in transmission systems (STATCOM) for voltage control
is still limited to a few number of real plants [71,72]. As soon as stability is more
important than the response time and the thyristor technology is mature, the
utilities employ conventional SVC as reactive power compensator, which is still
cheaper than a VSC based compensator. An interesting alternative for reducing
the losses and costs of the STATCOM is the combined solution employing
Thyristor Switched Capacitors (TSC) and a VSC [28,29]. It is often required that
the reactive power compensator shall have a higher capacity of reactive power
generation than absorption. As a TSC is assumed to have a lower cost than a
VSC of same rating, the mixed configuration of a VSC and TSCs is assumed to
result in the lowest cost for a non-symmetrical STATCOM.

4.6 SERIES CONNECTED VSC

Independently of the considered application, the series voltage-source converter
is usually connected to a transmission line or a distribution feeder through a
transformer, as shown in Figure 4-7.

In principle, the VSC produces a voltage with controllable magnitude and angle,
exactly as the shunt connected VSC. As it was shown in Equation (4-1), the
limitation for the shunt converter was that the phase-shift angle (�) should be
equal to zero at steady-state operation, unless an energy storage device is
connected to the DC side. A similar restriction applies to the series connected
VSC, but in this case the inserted series voltage must be always orthogonal to the
line current in order that only reactive power flows from/into the converter.
Therefore, the angle of the inserted voltage is restricted by the line current if an
energy storage element is not available on the DC side. As it will be shown in
Section 4.8, it is also possible to guarantee active power balance for the series
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converter by connecting a shunt converter to the same DC link. In this way, the
DC link can be composed by a DC capacitor and active power can flow through
the series converter and return to the AC system via the shunt converter (and
vice-versa), without affecting the DC voltage. In the present section, this
possibility is not considered.

Due to the differences of application purposes for the series converters in
transmission and distribution systems, they will be separately treated.

Figure 4-7 Series connected VSC.

4.6.1 Series Connected VSC in Transmission Systems

The series connected VSC in transmission systems is usually denoted Static
Synchronous Series Compensator (SSSC) or Series Power Flow Controller
(SPFC) [73]. The primary task of these compensators is the control of active and
reactive power on the transmission line, which can be demonstrated by a
simplified mathematical analysis based on the circuit shown in Figure 4-8. The
series VSC is represented by a voltage-source with controllable magnitude � �vU

and angle (�). It is then possible to control the transmitted active and reactive
power flow for allowing optimal and stable use of transmission lines.

The line current can be expressed as:
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The apparent power in the receiving end is given by:

*IUQjPS rrrr ��	� (4-5)

where the active and reactive power in the receiving end are given by:
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Figure 4-8 Simplified model of an AC transmission system with series
connected VSC and corresponding phasor diagram.
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As it is observed, the initial terms in the equations above correspond to the well-
known expressions of a two-machine system without the series converter, while
the second terms give the contribution of the series converter. Equation (4-6)
shows that the theoretical active power supplied by (or injected to) the series
converter depends not only on the controllable magnitude and angle of the
inserted voltage (Uv and �), but also on the phase-angle between the sending and
receiving buses (�).

However, it would be rather costly to introduce large energy storage elements on
the DC side of the series converter in order to generate and absorb active power.
Therefore, the control capability of the SSSC becomes limited by the fact that the
line current and series voltage vectors are 90° phase-shifted, which makes the
second term in Equation (4-6) equal to zero. In this way, the series converter
looses the capability of controlling active and reactive power independently of
each other.

Considering the restriction above, the SSSC resembles the operation of the
already mentioned Thyristor Controlled Series Capacitor (TCSC). However, the
SSSC can also provide inductive compensation by reversing the direction of the
inserted voltage. Furthermore, the maximum inserted voltage does not depend on
the line current. Therefore, the SSSC can be seen by the control as a controllable
series impedance in both capacitive and inductive mode, limited by the
maximum voltage capability of the series converter. The operation at full
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inductive mode can be useful for limiting remote fault currents, as the system
would see an extra series reactor. Since the control is based on the voltage-source
converter, the impedance is controlled without the use of passive components,
i.e. there is no risk of producing resonances at low frequency when the VSC
operates as a series capacitor.

The above-mentioned advantages still do not make the cost-benefit ratio of a
SSSC lower than a TCSC. In fact, no SSSC has been installed so far in
transmission systems, while a few TCSCs are already in operation. It can be
expected that the TCSC will still be the preferable series compensator in
transmission systems in the coming years.

4.6.2 Series Connected VSC in Distribution Systems

The use of series connected voltage-source converters in distribution systems
were restricted until some years ago to active filters for isolating harmonic
voltages produced by non-linear loads. These active filters were usually
connected to the low voltage network and they were sometimes combined with
shunt passive filters in order to reduce the VSC rating by compensating only
higher frequency components and reduce the harmonic voltage distortion on the
supply side [74,75].

During the last five years, a great attention has been devoted to the application of
series connected VSC in distribution systems, with the main purpose of
mitigating voltage sags originated on the supply voltage. These compensators
have been called Dynamic Voltage Restorers (DVR). As its name says, the DVR
tries to keep a constant voltage to the load, despite eventual variations on the
supply voltage, by inserting the voltage that is “missing”, as indicated in
Figure 4-9. Due to the fast control provided by the switching frequency of the
converter (around 1-2 kHz), voltage sags, swells and phase-jumps can be avoided
to the load. Several compensators of this type have been recently installed for
protecting critical processes on different types of industries, e.g. paper, yarn
manufacturing, semiconductor and food processing plants [4,76,77].

The interest on applying series VSC has been greatly motivated by the fact that
voltage sags occur more often than voltage interruptions and that the voltage
magnitude usually drops no more than 30% during intervals between 100-
500 ms. Assuming a large load to be protected (MVA range), the UPS is not
economically attractive in such a case.

Even though the series VSC does not directly control the power flow along the
feeder as in transmission lines, the resulting effect of keeping the load voltage
constant is that the power supplied to the load is also kept constant. This means
that the series converter has to be able to supply part of the power required by the
load during the voltage sag. An energy storage device has thus to be connected
on the DC side of the VSC. Since the DVR is usually rated between 2 and
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10 MVA and the voltage sag is a short duration phenomenon, the size of the
energy storage becomes practical and capacitor banks have been employed in the
installed DVRs.

The size of the energy storage device can, in principle, be calculated as in the
case of the shunt converter used as back-up power supply (Equation (4-1)).
However, for the series converter dimensioning, it is assumed that the supply
voltage is not totally disconnected from the load, which also means that the DVR
cannot provide full protection against voltage interruptions:

tPktSkE loadloadseries ���������� cos (4-8)

where k is the normalized injection capability of the DVR. A factor equal to one
indicates that the DVR would theoretically be able to insert a maximum voltage
equal to the nominal phase voltage of the system, i.e. being able to mitigate
momentary interruptions. In real applications, this factor lies between 0.3-0.5,
covering the great majority of voltage sags on the supply voltage.

Figure 4-9 Series voltage-source converter (Dynamic Voltage Restorer)
for voltage sag mitigation.
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Using Pload = 8 MW, considering a factor k equal to 0.5, and a voltage sag lasting
100 ms, the size of the required energy storage element on the DC side of the
series VSC would be equal to 400 kJ. This energy would be released to the load
only in the case of a 50% symmetrical voltage sag without phase-jump and
lasting 100 ms. Nevertheless, such symmetrical voltage sag is not a frequent
event in distribution networks.

In order to calculate the released energy by the DVR during disturbances, it is
important to evaluate which types of voltage sags the DVR should be able to
mitigate, for instance verifying magnitude, duration, and phase-jumps. A simple
calculation can be performed based on the system shown in Figure 4-10 and the
phasor diagram of the feeder of interest. The leakage reactance of the series
transformer is the only impedance considered on the feeder. The series
transformer turn-ratio is chosen taking into account that the DVR should be able
to insert its maximum voltage at the minimum DC link voltage (see
Appendix B).

Assuming a fault along one of the parallel feeders, the MV bus would probably
see a voltage sag that would be spread to the other parallel feeders. In the
analysis, phasors are used because phase-jumps on the voltage waveform can be
taken into account. The phasor reference is the voltage on the load site since this
is the voltage to be kept constant in amplitude and phase.

From the circuit shown in Figure 4-10, it is possible to calculate the active power
flowing from/into the series converter. A complete analysis for single-phase
systems and also considering different types of sags in three-phase systems, as
described in Section 3.3, has also been presented in the literature [78].

One interesting remark can be done: although most of the voltage sags are not
symmetrical and the DVR control system treats each phase individually, only
positive-sequence components of the phasor voltage are considered in the
calculation of the active power of the series converter. The reason for that is as
following: if the voltage sag is not balanced, the DVR inserts also negative-
sequence voltage along the feeder so that the load does not realize the unbalanced
voltage at the MV bus. Considering that the load is balanced, the current IL is
thus balanced. The product of the balanced feeder current and unbalanced series
voltage results in a second-harmonic component on the instantaneous power of
the DVR. However, the average value of this component during one cycle is
equal to zero. This energy is taken from the DC capacitor during half cycle and
returned to it in the subsequent half cycle, not contributing thus to the required
stored energy.

From Figure 4-10, it is possible to write:
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where Xt is the leakage reactance of the series transformer, transferred to the
system base.

The voltage vector on the converter output is thus given by:

� � � ��������	�������� sincossincos0.1 sagLtLtsagv UIXjIXUU (4-10)

Neglecting losses in the valves, the active power that should be supplied by the
DC side of the converter is given by:

� �*
LvDC IUeP ��� (4-11)

Figure 4-10 Simplified diagram of the DVR connected between
the supply network and a critical plant.
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Using (4-10), this results in:

� �
� �

��


�
��
�

�

�

����
������������

cos

cos
1coscos sag

loadLsag

P

LDC
U

PIUIP
load
�����

(4-12)

Since most of the loads absorb reactive power (� < 0), a negative value of the
phase-jump (� < 0) would then decrease the active power taken from the DC
side. This is not unexpected because the medium voltage and the feeder current
phasors would be more in phase, which means that the active power transmitted
from the supply during the voltage sag becomes higher than in the case without
any phase-jump.

In practical cases, the term between parenthesis in Equation (4-12) is positive and
considerably lower than one, i.e. the active power is taken from the DC side of
the converter and it is lower than the load active power.

As an example of Equation (4-12), the field measurements shown in
Section 3.3.1 are used. According to Table 3-2, Usag = 0.82 p.u. and � = -8�.
Assuming also cos � = 0.8 (inductive) and Pload = 8 MW results in:
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It has been assumed that the magnitude of the sag is constant, which seldom
occurs. However, the variation of the positive-sequence component does not
change that much in the middle of the sag (see Figure 3-5). The energy released
to the load during the sag by the DVR can be calculated by multiplying the value
above with the sag duration, here estimated to 270 ms. This results in:

kJ223s0.27MW828.0 ���DCE

This energy is approximately half of the energy calculated in the case of the 50%
balanced sag with duration equal to 100 ms (400 kJ). However, field
measurements must provide information for dimensioning the DVR and its
energy storage element before installation. The use of capacitor banks on the DC
side with stored energy up to 1800 kJ has been reported at DVR applications
[79].

More details about the series connected VSC will be provided in Chapter 8,
including control and simulation studies.

4.7 SUMMARY OF SERIES COMPENSATORS

It has turned out that the use of single series VSC based compensators in
transmission systems is still not feasible. The reason for that is the requirement of
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installing large amount of energy on the DC side for exploiting the full control
capability of the converter, i.e. injecting a series voltage with controllable
amplitude and angle. When no energy storage elements are installed, no active
power shall flow through the VSC series transformer, which means that the series
voltage and the line current are orthogonal. This limits the control capability of
the series converter on a transmission line. As long as thyristor based
compensators present a similar, but cheaper solution in the form of the Thyristor
Controlled Series Capacitor (TCSC), it is believed that the use of series
connected VSCs in transmission systems will not be seen, unless combined with
other converters.

The practical use of the series converter in distribution systems is primarily
related to voltage sags on the supply side. By rapidly injecting the controllable
series voltage between the supply and a critical load to be protected, it is possible
to eliminate (or at least minimize) the voltage decrease on the load site. As the
power ratings of the protected loads are much lower than the levels in
transmission systems, the installation of energy storage elements on the DC side
can be justified. Capacitor banks are employed at already installed DVRs.

As it has been described, the use of series compensators in power systems
exploiting the full capability of the VSC is rather dependent on the development
of commercially energy storage systems with lower installation and maintenance
costs. This will be briefly treated on Section 4.10. Nevertheless, the most
interesting alternative, from the point of view of power electronics, is the
combined solution of series and shunt converters connected to a common DC
side, forming a hybrid converter. In such configuration, simple capacitors are
employed on the DC side without requiring any large storage element. These
converters are described in the next section.

4.8 HYBRID CONVERTERS

The hybrid converter configuration consists of both series and shunt converters,
connected to the same DC link, as shown in Figure 4-11. The shunt converter and
one side of the series transformer are connected to the same node. The hybrid
converters are usually denoted Unified Power Flow Controller (UPFC) [80,81]
and (Active/Universal) Power Line Conditioner [40,82] in the context of
transmission and distribution systems, respectively.

It is initially assumed in the analysis that both converters are of forced-
commutated voltage-source type and the primary control task is usually
determined by the series converter. In the present work, these tasks are namely
power flow control and mitigation of voltage sags in transmission and
distribution systems, respectively. It can be pointed out that in such applications,
the switching frequency of the shunt converter can be made lower, reducing thus
switching losses.
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Figure 4-11 Configuration of the hybrid converter based on
forced-commutated voltage-source converters.

The main task of the shunt converter is to provide the active power balance
between the converters in order that the series converter can operate in any
quadrant of the P-Q curve. Active power flowing through the series transformer
and consequently from or to the series converter should be drawn or returned to
the AC system by the shunt converter. This can be achieved by keeping the DC
link voltage constant and controlling the active part of the shunt converter current
(in phase with the AC voltage).

Using the hybrid converter in transmission systems, the shunt converter can also
be employed for reactive power control, i.e. control of the AC voltage where it is
connected. This is achieved by controlling the reactive part of the current
(orthogonal to the AC voltage). The shunt converter current rating should be
increased in this case. Such configuration, denominated Unified Power Flow
Controller, will be presented in Chapter 9.

In distribution systems, assuming that the primary task of the series part of the
hybrid converter is to keep the voltage on the load site constant during
disturbances on the supply voltage, the shunt converter cannot perform the task
of voltage control.

With the purpose of also exploiting the shunt converter capability of active
power filtering or mitigating flicker in distribution systems, as described in
Sections 4.4.3 and 4.4.4, one possible alternative for the shunt converter is to
connect it closer to the load, as shown in Figure 4-12a. This might be interesting
if the load generates harmonic currents at low order (5th and 7th), e.g. a six-pulse
rectifier of an Adjustable Speed Drive. The shunt converter can also be used for
filtering these harmonics and eliminating them not only to the supply, but also to
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the series transformer, minimizing stresses and losses in the windings. The
required switching frequency for the shunt converter would probably be higher
than for the series converter.

The basic disadvantage of the hybrid configuration is the cost of the two forced-
commutated voltage-source converters. It can be mentioned that only one UPFC
has been installed so far in transmission systems [83,84]. However, in the case of
distribution systems, Equation (4-12) shows that for most of the practical cases,
the series converter supplies part of the active power required by the load under
voltage sags on the supply side. Active power is thus extracted from the energy
storage system, flowing from the DC to the AC side of the series converter.
Based on this assumption, the shunt VSC in Figure 4-12a could be replaced by a
diode rectifier, as shown in Figure 4-12b. Taking into account the fast response
of the series converter, the DC voltage would be slightly affected in the
beginning of the voltage sag, but without causing misoperation of the series
converter. The main problem of this configuration is immediately after the fault
clearing, when the supply voltage is restored to its pre-fault level (or at least
close to it). Although the DVR reacts very fast, there would be a surplus of active
power on the DC side of the hybrid converter during a short interval since the
energy cannot return via the shunt rectifier. As it is not desirable to let this
energy charge the DC capacitor, it has thus to be dissipated, for instance
transiently connecting a dissipating resistance on the DC link. The same
procedure has to be taken at the occurrence of voltage swells on the supply
voltage, typically caused by disconnecting capacitor banks [79].

Figure 4-12 Configuration of the hybrid converter with shunt
converter connected at the load bus.
(a) With active filter capability.
(b) Simple diode rectifier bridge.



Chapter 4. High Power Compensators Based on Power Electronics
__________________________________________________________________________________________________________

64

Another drawback of using a diode rectifier as shunt element would be the
generation of extra harmonic currents by the diode bridge during the voltage sag.
Nevertheless, this would not cause any problem since the sag duration is limited.

Although a number of Dynamic Voltage Restorers have been installed
worldwide, the use of the hybrid converters in distribution systems have been
limited so far to the field of active power filters. The series converter is used as a
harmonic voltage “isolator”, retaining the harmonic voltage produced by the
load, and the converters are usually located in the low-voltage network. With the
development of the power semiconductor technology and consequently decrease
of the costs, the hybrid converter may become an interesting alternative, as
shown in Figure 4-12. The series converter would mitigate voltage sags
occurring on the supply side while the shunt converter would provide the energy
balance, correct the load power factor and also use its active filter capability.

The multifunction tasks of compensators based on forced-commutated voltage-
source converters can thus be summarized on Table 4-1.

Table 4-1 Main tasks of forced-commutated voltage-source
converters in AC power systems.

VSC type Distribution systems Transmission systems

Series

Mitigation of sags and
unbalance on the supply

voltage, harmonic
isolation

Power flow control

Shunt
Active filter, flicker

mitigation, load
balancing, back-up

power supply

Reactive power/voltage
control

4.9 SOLID-STATE TAP-CHANGERS

Conventional tap-changers of power transformers are based on mechanical
switches (tap selectors), making them suitable only for correcting very slow
voltage variations on the network voltage. Moreover, these tap-changers demand
high maintenance costs. Replacing the mechanical switches by power electronics
devices gives the capability of fast change of the transformer turn-ratio. Although
these solutions have not been largely employed, it may represent a cheaper
solution than a converter in order to correct shallow voltage sags.



4.10 Energy Storage Devices
__________________________________________________________________________________________________________

65

A possible single-phase representation of a solid-state tap-changer is shown in
Figure 4-13, where thyristors are employed on the secondary side of the
transformer. Thyristors have the advantage of being cheaper than devices with
turn-off capability. Thyristor have also a high sort-circuit withstand capability,
which may be required at the occurrence of faults on the secondary side.
However, the range of voltage regulation is not continuous, unless special
arrangements of the devices and windings are employed, requiring a large
number of thyristors [85]. Another drawback is the occurrence of momentary
swells on the load side when the voltage on the supply side is recovered since the
thyristor current cannot be immediately extinguished. During this interval, the
turn-ratio is too high, leading to swells on the load site [86].

The electronic tap changer of MV/LV transformers using devices with turn-off
capability (IGBTs) are usually connected on the primary side. The main reason is
that for transformers in the range of 500 kVA, the devices should tolerate short-
circuits on the secondary side until the protective devices clear the fault. Placing
the tap changer on the MV side reduces the necessary current rating of the turn-
off devices. The main advantage of using IGBTs instead of thyristors is to obtain
a continuous voltage regulation if Pulse-Width Modulation switching is used,
even not dividing the main winding in many parts, i.e. without using many
components [87]. A drawback of switching the taps at high frequency is the
harmonic stresses of the windings, but it can be assumed that high switching
frequency is only employed during variations on the supply voltage.

Figure 4-13 Single-phase representation of a solid-state tap-changer
based on thyristors.

4.10 ENERGY STORAGE DEVICES

It has been mentioned in Section 4.4.2 that the shunt converter may operate as a
back-up power supply, provided that energy storage capability is available on the
DC side of the converter. For the series converter used for mitigating short
duration voltage sags, energy storage is also required, but in smaller scales. It
was also mentioned in Chapter 3 that the presence of energy storage elements on
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the DC link of an adjustable speed drive can considerably improve the ride-
through capability of the drive at the occurrence of deeper voltage sags and
momentary interruptions. The development of energy storage elements is thus a
driving force for reducing power quality problems related to voltage sags and
interruptions, both in equipment and system levels.

This section presents some feasible alternatives to energy storage elements,
taking into account the size of the protected load.

Most of the energy storage elements are connected either directly or via a
chopper to the DC capacitor of the VSC, independently if the VSC is series or
shunt connected to the AC system. This is exemplified in Figure 4-14, where it
has been assumed that energy is stored in a DC magnet. By controlling the firing
of the chopper switching, it is possible to control the relationship between the
storage quantity (current in this case) and the correspondent quantity on the DC
side of the VSC. One aspect that should not be underestimated is the cost of this
power electronics interface. In the case of Figure 4-14, in order to store
considerable amount of energy (MJ range), a high magnet current is demanded.
Therefore, the valves of the chopper circuit must be dimensioned for this current,
most probably requiring parallel connection of their valves.

Figure 4-14 Example of connection of an energy storage element
to the DC side of the VSC.

4.10.1 DC Capacitors

The already installed Dynamic Voltage Restorers (DVR) employ usually DC
capacitor banks as energy storage element. The main reason is that there is
sufficient energy to be drawn from the DC capacitors during a normal voltage
sag and at the same time without causing a too large voltage drop on the DC link
voltage that would affect the operation of the PWM switching scheme. The series
transformer turn-ratio is designed for making the maximum injection voltage on
the feeder possible even at the minimum allowable DC voltage. An example can
illustrate the analysis: it is assumed that the DVR protects a 4 MW load against
50% symmetrical voltage sag, lasting 300 ms. According to Equation (4-8), the
energy provided by the series converter should be equal to 600 kJ. Considering a
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DC link voltage equal to 5 kV that can be decreased down to 2.5 kV after the
energy is released, without affecting the correct functioning of the PWM
switching, the total required capacitance is given by:

� � � �� � F64000kJ600kV5.2kV5
2

1 22 ��
����� CCEDC

This total capacitance is obtained, for instance, using 32 units with capacitance
equal to 2000 �F each.

As it can be realized, if the required energy is increased, as in the case of a shunt
converter used as back-up power supply, the number of required capacitors
become unfeasible. As an example, for riding-through a 3-second momentary
interruption to the same load, 640 capacitors would be required. Therefore,
another type of energy storage has to be employed in this case.

4.10.2 Batteries

The most well known energy storage element is the lead-acid battery. Most of
batteries have a high energy storage capability, but their main problem is the
power, i.e. the energy cannot be totally released in the time range of the
considered voltage disturbances. Besides, high power batteries are very bulky,
taking considerable installation area, have limited lifetime, and require high
maintenance costs. These drawbacks also contribute to the fact that some
customers wish to replace their old UPS units by other mitigation equipment.

It is expected that the development of battery energy storage systems will be
concentrated on low power applications, e.g. electrical vehicles.

4.10.3 Supercapacitors

Supercapacitors, also known as ultra- or double layer capacitors, are
electrochemical high power storage devices, which occupy a position between
rechargeable batteries and electrolytic capacitors in terms of speed of access to
the stored energy. It has been demonstrated that a block of six supercapacitors
connected in series, each one rated 2700 F/13.8 V, could start a vehicle diesel
engine faster and with substantially higher torque than it is possible with
conventional batteries. Moreover, supercapacitors require less maintenance and
they have a much longer lifetime than batteries.

Supercapacitors can store and release electrical energy with high efficiency and
the technological development is driven by the needs of electric and hybrid cars.
Due to this fact, low voltage capacitors (in the range of tens of Volts) with very
high capacitances (in the order of thousand Faradays) are the main aim of this
technology. This might impose limitations in the energy storage in MV systems
since it would be difficult to raise the DC voltage to higher levels, usable by the
voltage-source converter.
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4.10.4 Superconducting Magnetic Energy Storage (SMES)

The interest on applying superconductors in electric power systems has
considerably increased following the discovery of high temperature
superconducting (HTS) materials. Among these applications, it can be mentioned
power cables, transformers, fault current limiters, and superconducting magnetic
energy storage systems (SMES) [88].

The core of these systems is a superconducting coil that carries large DC currents
with practically zero electrical resistance. These coils can have high values of
inductance and can consequently store energy in the MJ range.

Although a few SMES units have been used for ten years for improving power
quality regarding voltage interruptions and sags [89] - mostly using low
temperature superconductors - there are not many commercial installations
worldwide and most of them are located at individual large industrial customers
[90]. Recently, the use of six SMES units connected to distribution system
voltages for improving voltage stability of the adjacent transmission system has
been reported [91], showing a superior performance compared to a conventional
SVC. These units can supply up to 2 MW and only control reactive power at
normal operation, when energy is circulated between the three phases of the VSC
and the stored energy is not utilized. In the event of some faults that would make
the system unstable, the SMES unit injects rapidly real power, helping on the
fault recovery, making thus the system stable and faster. Even if this is
sometimes considered as distributed generation alternative (Distributed SMES,
D-SMES), it has to be observed that the power electronic converters are always
necessary to interface the energy storage element and the power system. The cost
of these six SMES units is estimated to US$4 millions.

The use of SMES systems is still very limited due to very high costs, especially
for the superconductor material. It is usually said that the price of the high
temperature superconductors should not exceed US$10/kA.m to be economically
viable, but the present cost is several times higher. On the other hand, SMES
units are the most efficient storage technology with long operating lifetime.
Besides, the energy can be available to the power system much faster than with
batteries. If the costs are reduced, especially with the development of high
temperature superconductors, it will be expected that the interest on applying
SMES units in power systems will considerably be increased [92,93].

4.10.5 Flywheel

In flywheel energy storage, the energy is stored as kinetic energy, which can be
easily transformed into electric energy. Its stored energy density (usually
expressed in W.hour/kg) is, however, relatively low. In addition to that, its
practical use has been limited due to excessive losses caused by the mechanical
bearing in contact between the stationary and rotating parts of the flywheel.
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Most commercial flywheels are made of metal and rotate at relatively low speeds
to maintain the tensile stresses in the flywheel within reasonable limits. Since the
stored energy is directly proportional to the mass of the flywheel, but
proportional to the square of the rotational speed, increases in rotational speed
would result in a large benefit to the energy density.

One alternative under investigation is the use magnetic bearings based on high
temperature superconductors. Reducing the frictional losses of the bearings, the
efficiency of the overall system becomes much higher and economically
accepted. It is expected that high-speed flywheels (higher than 10000 rpm) could
thus be used for storing large amount of kinetic energy that could be released for
longer periods. These units could be used to start-up an attached motor-generator
set in the event of a sustained voltage interruption. Although not commercially
available yet, 10 kW.h units will be tested on field in a near future [94].

The commercial use of flywheels for storing larger amounts of energy will be
dependent on the reduction on the costs of superconductor material or any other
material with very low frictional losses. Installation costs of such flywheels will
be high and some maintenance will be required, but they are expected to have a
long lifetime.

The discussion in this section can be summarized in Table 4-2, where the major
advantages and disadvantages of each technique are presented. It should be
observed that the table tries to reflect today’s situation. The figures in the table
are taken from [95].

4.11 SUMMARY

The chapter described theoretically the main applications of shunt and series
connected forced-commutated voltage-source converters, i.e. using
semiconductor devices with turn-off capability, in transmission and distribution
systems. The use of these converters in transmission systems is still limited due
to a low ratio benefit-cost when compared to equivalent compensators based on
thyristors, e.g. Static Var Compensators and Thyristor Controlled Series
Capacitors. Nevertheless, it is also expected that cost reduction of compensators
based on voltage-source converters will make them very competitive with
thyristor-based compensators.

The use of VSCs in distribution systems may be justified in some cases, not only
from the technical point of view, but also due to the financial losses in the case of
non-planned shutdown of an industrial plant caused by voltage sags or
momentary interruptions.
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Table 4-2 Major pros and contras of some energy storage devices.

Energy Storage
Device

Storage
Mechanism

Major pros Major drawbacks

Battery chemical
low relative costs,
know-how, high

energy density (10
to 100 W.h/kg)

maintenance,
limited lifetime,

long access time to
the whole stored
energy, use of

environmentally
unfriendly materials

Conventional
Capacitor

electrical

know-how, fast
access time to

stored energy, high
power density
(< 100 kW/kg)

limited energy
density

(< 0.1 W.h/kg)

Supercapacitors electro-
chemical

high energy density
(1 to 10 W.h/kg)

slower access time
than conventional

capacitors, still
available only to

low voltage

Flywheel mechanical high power density

low energy storage
density, high losses
(using mechanical

bearings),
maintenance

SMES magnetic
fast access to the
whole available

energy, high
efficiency

too high costs

In general, it can be said that the shunt connected VSC in distribution systems is
suitable for mitigating power quality problems in distributions systems originated
at the load site, e.g. voltage fluctuation (including flicker), harmonics and
unbalanced load. These problems are thus not transferred to the supply and
adjacent customers. Basically, the shunt VSC can improve the load current seen
by the supply, by canceling harmonics of the load current as well as providing
reactive power compensation without the need of large capacitor and reactor
banks. Meanwhile, the series connected VSC in distribution systems is more
efficient on mitigating disturbances originated at the network side, especially
voltage sags of normal duration and magnitude.
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In order to exploit the full capability of the voltage-source converters, either
hybrid configurations or energy storage elements connected to the DC side of the
converters are required. In the second case, a shunt converter could be operated
as a back-up power supply, disconnecting the load from the main feeder in the
case of an interruption on the supply voltage, making this interruption almost
unnoticed to the load.

Advances in material or devices capable of not only storing large amounts of
energy, but also being able to release this energy as fast as possible, would be
very welcome for solving power quality problems related to voltage sags and
interruptions.

In the present chapter, some important features about the VSCs have not been
treated, e.g. control system, protection and harmonics generated by the
converters. They will be separately discussed for each type of converter in
Chapters 7-9, where mathematical models and simulation results will also be
presented.
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CHAPTER 5
SOLID-STATE BREAKERS AND CURRENT
LIMITING DEVICES
__________________________________________________________________________________________________________

5.1 INTRODUCTION

The previous chapter presented an overview of the applications of forced-
commutated voltage-source converters in transmission and distribution systems.
It was shown that the compensators in distribution systems are located as an
interface between the utility (supply voltage) and the customer (with critical
loads or processes).

At a general distribution system, power electronic switches, being denoted Solid-
State Breakers (SSB), can also be employed in order to rapidly limit and/or
interrupt fault currents. Even though the justification of investment costs for
installing these devices is still driven by the protection of a critical customer,
they can increase the lifetime of system equipment in a longer perspective, by
means of reducing stresses due to large fault currents.

As it was analyzed in Chapter 2, voltage drops due to fault currents is the main
cause of voltage sags in distribution systems. Since conventional protection with
electromechanical breakers and reclosers responsible for clearing the fault have
response time longer than 100 ms, the voltage sag would have similar duration.
Therefore, fast limitation or interruption of these currents at some nodes of the
system reduces the magnitude and duration of the voltage sag to critical loads or
customers. This is the main topic treated in this chapter.

Distribution systems are usually operated radially, even though they may have a
meshed configuration for increasing reliability. The main reasons for the radial
operation are lower operating costs and lower fault currents than for meshed
systems. However, the meshed operation reduces losses and it can increase the
reliability indexes. On the other hand, higher fault currents are expected, i.e.
problems related to stresses and voltage sags will be worsened. It can thus be
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concluded that rapid limitation or interruption of the fault currents could, in
principle, allow the meshed operation of a distribution system with improved
quality of the voltage regarding voltage sags. The interconnection of different
systems is of importance in areas where the electricity consumption increases
rapidly, but the built-up of new lines or cables is troublesome, e.g. the center of
big cities and in general densely populated areas.

The characteristics of an ideal current limiting device are zero impedance at
normal operation and sufficiently large impedance during fault conditions. Fast
fault detection and initiation of the limiting action and immediate recovery to the
pre-fault configuration after the fault clearing are also desired.

The previously described compensators in distribution systems, which are
classified as Custom Power devices, employ semiconductor devices with turn-off
capability. When high switching frequency is required, IGBTs are the natural
choice. However, in the operation as breakers, when the devices are normally
switched only once per cycle at normal operation, the IGCT might be the most
suitable candidate as they have lower on-state losses than a corresponding IGBT.
Depending on the application, the solid-state breakers presented in this chapter
can also employ conventional thyristors if limitation of the first overcurrent peak
occurring after a fault is not required. Losses and costs of solid-state breakers
based on different semiconductor devices are also estimated in this chapter.

Fast solid-state breakers can also be used to transfer the supply of sensitive loads
from a main feeder experiencing a disturbance to another feeder unaffected by
this disturbance. The configuration is known as Solid-State Transfer Switch
(SSTS) and it is also studied in this chapter.

Before starting the discussion about location and requirements of solid-state
breakers, the traditional techniques for limiting and interrupting fault currents in
distributions system are shortly described.

5.2 NON-SOLID-STATE DEVICES FOR CURRENT
LIMITATION/INTERRUPTION

The simplest and most well known device for interrupting overcurrents is the
fuse, not only largely employed in low voltage systems, but also applied at
medium-voltage levels, which is the focused voltage level in this chapter. Two
types of fuses are of common use in distribution systems, namely expulsion and
current limiting fuses. The first one interrupts the fault current at a zero-crossing,
while the second one - relatively more expensive – forces the current to zero by
rapidly increasing its resistance when the fuse element melts [96].

Although fuses can rapidly interrupt the fault current, they have the basic
disadvantage of requiring manual replacement after operation. Besides, it is not
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possible to change the overcurrent threshold level unless replacing the fuse by
another one. These drawbacks make the current limiting fuse not being a
candidate as an ideal current limiting device.

A normal overcurrent protection system is normally based on an overcurrent
relay and a circuit breaker, a reliable and well-proven technology. The relay
compares the instantaneous current with a predetermined value and if this
threshold level is exceeded, the circuit breaker will open after the relay time. On
overhead transmission systems, reclosing is also employed since most of the
faults are temporary, as described in Section 2.5. In underground networks, a
fault at the cable is often permanent and reclosing will not help. In this case,
current limiting fuses can alternatively be used because fast reconnection of the
system is not of importance as the cable has to be replaced.

The duration of the voltage sag resulting from the fault may be too long for
critical loads. Besides the time needed for the selective protection to generate a
tripping signal, the normal circuit breakers have an intrinsic delay caused by its
electromechanical parts and need to wait for a current zero-crossing for
interrupting the fault current. Faster breakers are commercially available for
medium voltage levels, with opening time around 15 ms. However, they are more
expensive and have limited lifetime.

As described above, fuses and circuit breakers are employed for interrupting an
overcurrent. In order to limit a fault current, a traditional method is the insertion
of series reactors at the outcoming feeders from a distribution substation [97].
They can increase the equivalent electrical distance between the fault and a node
of the power system at the expense of increasing the losses at normal operation.
Air core reactors are employed since iron core reactors could saturate at high
levels of the fault current. Current limiting reactors are mainly employed in cases
where the current must be limited for reduction of overcurrent stresses at the
other components of the system, like breakers, transformers, etc. They are
normally not installed for mitigating voltage sags.

A more sophisticated method for limiting fault currents is the superconducting
fault current limiting (SCFCL) device. As it has been stated in the end of
previous chapter, research on using superconductive material in power systems
was greatly motivated by the discovery of High Temperature Superconductor
(HTS) [98].

From the point of view of the electrical power system, the SCFCL works as
adding an equivalent series impedance to the feeder. At normal operation, this
impedance is very close to zero, not producing any losses. In the case of a fault,
current density is increased beyond its critical value and the material looses its
superconductivity property. This is equivalent to inserting a finite - mainly
resistive - impedance to the feeder. The transition between the two states depend
on the design and type (resistive or inductive) of SCFCL [99]. It is interesting to
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observe that the SCFCL limits the current without any special tripping signal
from a protection device. However, this is both an advantage as well as a
disadvantage, as the action is not directly controllable.

An interesting characteristic of a SCFCL that is desirable to be achieved is the
control of the fault current, by controlling the value of the added equivalent finite
impedance. In this case, the SCFCL could also operate as a circuit breaker with
much faster interrupting capability [100]. Nevertheless, the SCFCL is usually
combined with a conventional circuit breaker series connected in order to avoid
excessive heating of the material at the non-superconducting state. After the
circuit breaker opens, the SCFCL must be cooled down for the recovery of the
superconducting characteristics. This interval may take some seconds, excluding
thus the possibility of fast reclosing of the circuit breaker.

Although several prototypes have been designed and tested worldwide, only one
field installation of a SCFCL has been reported. It is a 1.2 MVA three-phase
SCFCL in a hydropower plant in Switzerland in a 10.5 kV system [99]. It is
observed that these ratings correspond to a normal operating current of only
70 A.

As in the application of superconducting coils for storing energy, superconductor
materials have still too high costs. Better material has to be developed for
tolerating the high current densities that can arise at the limitation of fault
currents. Cooling systems with more simple and lower maintenance costs are
also required. As stated above, the limitation in controllability as well as limited
reclosing time are also major drawbacks.

5.3 LOCATION OF SOLID-STATE BREAKERS IN
DISTRIBUTION SYSTEMS

Solid-state breakers can basically be employed in distributions systems for very
fast interruption or limitation of the fault current. In this section, locations and
requirements of solid-state breakers in distribution systems are discussed. These
devices are seen as “black-boxes” capable of interrupting or limiting a fault
current. The possible configurations of solid-state breakers are discussed in the
next section.

A traditional configuration of an underground distribution system, typical for
heavily loaded urban areas, is shown in Figure 5-1. In the figure, only circuit
breakers are represented although the protective devices in reality also may
include other devices. The supply to the medium-voltage system consists of two
main feeders connected in parallel. Lines or cables may connect the HV bus to
the transformer, but the main limitation of the short-circuit power seen from the
HV bus is given by the transformers leakage reactance. Depending on the short-
circuit capacity desired at the high voltage bus, the medium-voltage bus is
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sectionalized. It is assumed that a customer sensitive to voltage sags or
interruptions is supplied by one of the outcoming feeders. The possible
alternative locations of a single solid-state breaker are represented in Figure 5-1.

Figure 5-1 Typical configuration of an underground distribution network
including possible locations of solid-state breakers/current
limiting devices.

One important characteristic of the protection relays used in the system is the
selectivity, i.e. ability to distinguish between operating conditions requiring
immediate action from those requiring time-delayed operation. The relay time
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delays are usually set in order to provide fastest protection downstream, with
increasing time delay upstream. This is done for minimizing the number of
customers affected by a voltage interruption.

A fault at node A in Figure 5-1 and a solid-state breaker at location 1 or 3 would
result in that the solid-state breaker could interrupt the fault current faster than a
mechanical circuit breaker closer to the fault. The selectivity would thus not be
maintained. Therefore, if the solid-state breakers were employed for fast
interruption of the fault current, a complete redesign of the selectivity of the
other conventional protective downstream devices would be required.

Instead of interrupting the fault current, solid-state devices at location 3 could be
designed to only limit the fault current to levels that would reduce stresses in the
HV/MV transformer and the fault current downstream, which would avoid a too
deep voltage sag at the medium-voltage bus.

The most suitable location of a solid-state breaker is often at the bus-tie (location
2 in Figure 5-1). This location gives the lowest on-state losses and coordination
with other devices is not so critical, i.e. it can be applied into already existing
distribution systems.

After detecting a fault, the solid-state devices can immediately open,
sectionalizing the medium-voltage bus. Customers connected to the non-faulted
side will not be affected by voltage sags since the short-circuit power at the HV
bus is usually large. After the fault is cleared by a conventional circuit breaker,
the semiconductor devices would be turned on. It should be noted that any solid-
state breaker has an intrinsic reclosing capability, much faster than
electromechanical reclosers. This would be particularly interesting in the case of
a transformer failure. As transformers can usually be 30-50% overloaded during
some hours - depending on the type of cooling employed -, the remaining
transformer could supply the whole load for a couple of hours. The
semiconductor devices must then obviously be designed for that current.

A solid-state breaker replacing the customer circuit breaker (location 4) is useful
only in the case of a fault at this load site, as the fault current then can rapidly be
interrupted. For faults elsewhere in the system, a fast current interruption at
location 4 could only be useful if the customer had its own generation - or back-
up power supply - or an alternative feeding system that could be rapidly
connected. The later alternative forms the basis of a Solid-State Transfer Switch,
studied in Section 5.5.

A fast current limitation or interruption of the fault current might be desirable in
internal medium voltage systems of large industries, usually supplied by separate
feeders, as shown in Figure 5-2. In some situations, when special critical
processes are identified, a special feeder can be selected for supplying these
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processes. Mitigation equipment, e.g. the compensators studied in Chapter 4,
could thus be installed at that feeder.

Figure 5-2 Internal medium voltage system of a large industry.

If some processes are sensitive to voltage sags or momentary interruptions, a
fault in the high voltage system, e.g. caused by lightning on transmission line,
could shutdown some processes, as described in previous chapters. Solid-state
breakers installed at the incoming feeders (location 1 in Figure 5-2) would
disconnect the plant from the high-voltage system and the plant would only be
supplied by its internal generation (if available). Assuming power levels in the
range of MVA, conventional Uninterruptible Power Supplies are not alternatives
for providing this generation. An internal generator is often found at large
industries, as represented in Figure 5-2. However, in this case, problems may
arise if internal faults are originated inside the plant. This might create extremely
high currents especially if the overcurrent from the generator is superimposed
with overcurrents from the HV bus. The overcurrent must thus be rapidly limited
for avoiding too high thermal and mechanical stresses at the busbar [101].
Explosion fuses or current limiting reactors could be used for this purpose, but
they have the drawbacks presented in the previous section. On the other hand, a
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solid-state breaker at location 2 in Figure 5-2 can provide a fast current
interruption, providing protection to the busbar [102].

This section described that the replacement of circuit breakers by solid-state
breakers can be performed at some locations of existing distribution systems,
without the need of changing the setting of other protective devices. At other
locations, however, it is not possible to achieve coordination with conventional
devices at the occurrence of downstream faults. Solid-state devices at these
locations must be able to limit the fault current instead of interrupting it.

5.4 POSSIBLE CONFIGURATIONS OF A SOLID-STATE
BREAKER

It has been assumed that the discussed solid-state switch will make it possible to
rapidly interrupt and limit fault currents. Initial concepts of solid-state current
limiting devices described in the literature in the beginning of the nineties were
based on the use of series connected GTOs for achieving the desired blocking
voltage capability. In order to limit the current, a parallel branch with a current
limiting reactor or resistor was proposed [103,104]. Surge-arresters must also be
employed to clamp the voltage across the GTOs. One phase of such
configuration is shown in Figure 5-3a, where the single GTO represents a series
connection of these devices.

Figure 5-3 Configurations of a solid-state current limiting device.
(a) Without capability of fast current interruption.
(b) Including possibility of fast current interruption.

It is assumed that the GTOs conduct at normal operation, requiring cooling due
to the produced on-state losses. The principle of operation is very simple: as soon
as the fault is detected through measurements of the instantaneous magnitude and
derivative of the current, a turn-off signal is generated to the GTOs. The
detection system should be able to distinguish between fault and inrush currents
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because in some cases they have the same initial magnitude. When the GTO
turns off, the energy is transiently dissipated in the surge-arrester making it to
conduct, avoiding a destructive overvoltage across the GTOs. As the arrester
clamps the voltage, the fault current is deviated to the parallel reactance.

With the arrangement shown in Figure 5-3a, the fault current is limited, but it
cannot be interrupted. A mechanical breaker is usually connected in series with
the solid-state current limiter for interrupting the current in case of a permanent
fault. The configuration shown in Figure 5-3b, including thyristor switches in
series with the current limiting reactor, allows the interruption of the fault
current. The thyristor conducts the fault current after the GTO turn-off, making
the proper operation of downstream protective devices possible. In order to avoid
the demand of an extra cooling system for the thyristors, their conduction period
has to be limited. If the downstream protective devices isolate the fault, the
GTOs are turned on and the thyristors turned off, performing the auto-reclosing
function. On the other hand, if the fault current still persists downstream, the
thyristors are turned off, interrupting the fault current.

5.4.1 Comments about the Turn-Off Device

One characteristic of thyristors that can be exploited is the control of their firing
angle with the purposing of controlling the fault current to a preset or adaptative
value, depending on the location and severity of the fault. This firing angle
control of the thyristors will be analyzed and verified experimentally in
Section 10.3. Such control is largely employed in constant speed drives to reduce
induction motor voltages at the start-up and consequently limiting the starting
currents (“soft-start”). These starting currents (typically between 6 and 8 per-
unit) can originate voltage sags with long duration, as described in Section 2.3.2.

The control of the fault current can theoretically be implemented by the device
with turn-off capability, which means that the thyristor could be eliminated from
Figure 5-3. However, it should be taken into account that the GTO has a
maximum turn-off current. If this current is exceeded and a turn-off attempt is
done, the device will be destroyed. Therefore, the maximum fault current peak to
be controlled by a GTO (without parallel connection) is limited to about 6 kA
(today’s maximum turn-off current).

The main limitation of the configurations shown in Figure 5-3 is that the GTOs
conduct the current at normal operation, requiring thus a cooling system for
taking care of the on-state losses. This is valid for any type of semiconductor
device employed at high power and based on silicon because the maximum
internal junction temperature is around 150°C. This maximum temperature is
expected to increase up to 400°C in a future generation of silicon-carbide based
devices. In order to overcome the on-state losses, the parallel connection of a
circuit breaker that conducts at normal operation is the solution. For taking
advantage of a fast current limitation, the breaker contacts should be able to open
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very fast. The fastest mechanical breakers available nowadays have opening time
around 10-15 ms. Breakers with electromagnetic contacts have been used in
some installed solid-state breakers [105,106], with opening time around 1 ms.
With such breakers, the use of semiconductor devices may also be justified for
providing fast reclosing in the case of a wrong operation.

In the beginning of the nineties, GTOs were the only high power device with
turn-off capability. By that time, the bottleneck was the series connection of the
devices for achieving the requiring blocking voltage capability. The challenge
was to guarantee the uniform distribution of the total voltage across each
component. For instance, six GTOs – 4.5 kV/3 kA (peak values) – in series were
required in Figure 5-3a in a 13.8 kV system [107], i.e. twelve devices per phase.
As it will be shown later the number of devices with turn-off capability in a
current limiting device can be reduced by means of using alternative
configurations.

In the second half of the nineties, series connection of a large number of GTOs
was successfully implemented. Meanwhile, high power IGBTs were developed
and also applied to series connection. Due to considerably lower losses at turn-
off than GTOs, IGBTs started being used for high power applications when high
switching frequency (PWM) was desired, e.g. for some of the compensators
discussed in Chapter 4. However, the IGBT has higher on-state voltage than the
GTO.

Some of the drawbacks of the GTO have been reduced with the relatively new
Hard-Driven GTO or Integrated Gate Commutated Thyristor (IGCT)
[24,25,108], which is an improved design of a GTO. The IGCT is still a current
driven component, requiring only 10% of the gate current of a GTO for keeping
the device at conducting state. Although a large negative gate current is still
required for turn-off operation (in fact higher than GTOs), the IGCT turn-off
process is much faster than the GTO (around ten times). The size of the snubber
circuits of an IGCT can thus be considerably reduced as compared to a GTO. The
maximum switching frequency of high power IGCTs is still limited to the range
500-1000 Hz, which however represents a significant improvement compared to
GTOs. If higher switching frequencies are required in high power applications,
the IGBT is the suitable component.

For current limiting applications, the IGCT presents lower losses since the on-
state losses are dominant.

5.4.2 Interruption and/or Limitation of the Fault Current

One important question that can be raised is the real necessity of a very fast
interruption of the fault current. If this is not required, devices with turn-off
capability are not demanded and they can be replaced by thyristors. The fault
current would then be interrupted at its first zero crossing after the thyristor firing
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pulses have been removed. The costs of the solid-state current limiting device
could then be reduced.

The main problem of using thyristors is that the fault current may have a
transient decaying component, which can delay the zero-crossing of the current.
Simple calculations based on the circuit of Figure 5-4 may partly illustrate the
problem. Considering a solid short-circuit at the 11 kV bus and that the high
voltage bus has a much higher short-circuit capacity than the transformer rating,
the short circuit current at the secondary side of the transformer is given by:
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It is observed that the fault current has a decaying part and depending on the
angle when the fault occurs, the first peak value of the fault current usually is
higher than Î .

Figure 5-4 Simplified circuit for fault current calculation.

Assuming a transformer rated 40 MVA with the parameters XL = 10% and
R = 0.4%, Figure 5-5 shows the fault current behaviour at the 11 kV side,
obtained from Equation (5-1), for two different values of the fault angle (
). In
the analysis, it has been assumed that the pre-fault current is negligible compared
to the fault current.

Plots a and b correspond to 
 = 0 and 90�, i.e. the fault is applied at the zero-
crossing and at the top-value of the voltage waveform, respectively. It is
observed that plot b does not show any transient in the beginning of the fault. On
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the other hand, the initial peak of the fault current in plot a is almost two times
higher than the peak value after the exponential term decays. Plot a also shows
that the initial transient delays the first zero-crossing by 10 ms. Even if a fast
fault detection algorithm is applied, the fault current is interrupted by a thyristor
only one cycle after the fault occurrence, as shown in plot a.

It should also be noted that the first zero-crossing of the fault current can be
further delayed at faults outside a generator as the internal impedances of the
machine vary during the initial instants of the fault.

An aspect to be considered is the grounding of the three-phase system. If the
medium voltage system is grounded via high impedance, one phase will be
interrupted first and after that the current in the two other phases will be
symmetrical.

Although the peak value in Figure 5-5 is higher for plot a, the initial current
derivative is lower than in plot b. If GTOs or IGCTs are used for interrupting the
fault, they should interrupt the current before it rises to values above the
maximum turn-off current. For instance, the fault current reaches 5 kA in plot b
1 ms after its occurrence. However, the fast current rise is not a main concern for
IGBTs since the maximum turn-off current is not a critical parameter.
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Figure 5-5 Fault current after a solid fault at the 11 kV bus applied at t = 0.
(a) Fault applied at the zero-crossing of the voltage waveform.
(b) Fault applied at the peak of the voltage waveform.
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5.4.3 Possible Configurations

It is assumed in this section that the current limiting device consists primarily of
high power semiconductors with turn-off capability (IGBTs/IGCTs) capable of
rapidly limiting/interrupting the fault current. As these devices will be connected
to medium voltage systems, one concern is to minimize the number of series
connected IGBTs/IGCTs. Costs can thus be minimized. As the conventional
IGBTs and IGCTs do not have reverse blocking voltage capability, diodes have
to be added in series.

Two alternatives using IGCTs or IGBTs are presented in Figure 5-6, where only
one phase is represented. Configurations a and b employ IGCTs and the
corresponding configurations are repeated in c and d, but employing IGBTs
instead. The IGCT/IGBT in alternatives b and d are conducting during both half
cycles at normal operation. This gives a better utilization and lower costs for the
turn-off device, which can be useful at unbalanced conditions when the current
can be very unsymmetrical. The drawback of configurations b and d is the higher
number of diodes, which results in higher contribution by the diodes to the
conduction losses.

For cases where immediate turn-off is not required, the semiconductor switch can
be built up by thyristors, as shown in configuration e, here shown as based on the
recently developed bidirectional thyristor. Stresses in the surge-arrester are lower
since the current is naturally extinguished at a zero-crossing.

The on-state losses and costs for the alternatives presented in Figure 5-6 can be
estimated, based on the following assumptions:

� The current limiting device is assumed to be located in an 11 kV system, i.e.
phase-to-ground peak value equal to 9 kV. The surge arrester is dimensioned
for limiting the total voltage across the semiconductor components to a
maximal value of 9.5-10 kV. A reduction of the arrester rated voltage allows
a reduction in the number of semiconductor components, but on the other
hand, may increase the surge-arrester energy absorption during some
operating conditions.

� The rated current in the current limiting device at normal operation is equal
to 2 kA (RMS value).

� The on-state voltage across each device is current dependent and expressed
as IrUU TT0T �� , where UT0 is the threshold voltage and rT is the slope
resistance, both taken from the datasheet of a manufacturer.

� Losses in each component are thus calculated by the relationship:

2
rmsTavT0L IrIUP ��� (5-2)

where Iav and Irms are the mean and RMS values of the current over one cycle. If
a component conducts only during half cycle, its contribution to the losses will
be halved.
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Figure 5-6 Possible configurations for a solid-state current limiting device.

Based on the estimated prices obtained from a manufacturer for the
semiconductor devices, it is then possible to estimate total investment costs
(including all necessary equipment, control and protection) supposing that they
are two-three times higher than the costs of the semiconductor devices. These
figures are generally valid for high power applications, e.g. HVDC and SVC.

The evaluated costs for losses can vary according to the customer, but a
reasonable value is based on US$1000/kW [109].

Based on the calculations and the assumptions above, Table 5-1 is obtained. It
should be noted that all the figures are very approximate.

A survey among American utilities has indicated that “the power losses in a
current limiting device should not exceed 25% of a 10 MVA distribution
transformer” [109]. Transformers at such rating have losses around 0.4%, which
means that the current limiting device in the studied case should have no more
than 100 kW power losses. According to the performed calculations, this target is
achieved for configurations employing IGCTs and thyristors.
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Table 5-1 Cost estimation of some possible configurations for a
11 kV-38 MVA solid-state current limiting device.

Configuration
(based on

Figure 5-6)

Losses
[kW]

Semiconductor
costs

[US$1000]

Total costs
(installation +

losses)
[US$1000]

(a) – IGCT 45.3 41.4 128 – 170

(b) – IGCT 60.6 47.7 156 – 204

(c) – IGBT 126.9 63.0 253 – 316

(d) – IGBT 116.1 44.1 204 – 248

(e) – Thyristor 32.7 19.2 71.1 – 90.3

In Table 5-1, alternative (e) shows the lowest costs and it is the natural choice if
the first peak of the fault current can be tolerated. Moreover, the thyristors
technology and knowledge are well mature in high power applications.
Alternatives based on components with turn-off capability have to be used in
applications in which the fault current rises rapidly to high magnitudes that can
jeopardize equipment, busbars and personal safety [102], as it may happen during
a fault at the medium voltage bus in Figure 5-2.

5.5 SOLID-STATE TRANSFER-SWITCH (SSTS)

Placing a single current limiting device close to a critical load or customer can
completely mitigate voltage sags and interruption problems only if there exists
internal generation or back-up supply facilities. If this is not the case, the solution
is transferring the supply to a “healthy” feeder by means of a transfer switch.
Mechanical switches are often used for this purpose, but the transfer time is
intentionally made longer than one second in order to prevent inadvertent
interconnection of the feeders and to insure that all arcing is extinguished before
connection to the incoming source. The conventional transfer-switch offers thus
benefits to the system reliability, but not to the power quality regarding voltage
sags and momentary interruptions. For that purpose, solid-state transfer-switches
are a suitable solution.

Solid-state transfer switches are the most popular Custom Power solution, with
installations reported in distribution systems feeding different industries, e.g.
chemical, plastic film and automobile manufacturing plants. In the majority of
these cases, the transfer switches are employed for mitigating disturbances in
production due to voltage sags and momentary interruptions in the distribution
network.
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The idea behind the transfer-switch is to change automatically the feeding system
to the load from a preferred source to an alternative source, as shown in
Figure 5-7. This switching has to be quickly performed and therefore switches
based on power electronics are mostly employed to accomplish the transfer. The
transfer-switch can thus be seen as the combination of two solid-state breakers,
where only one of them conducts at normal operation. Thyristors have been
employed in all commercially available SSTS [110-112] due to economical
reasons (as verified in Table 5-1) and their capability of tolerating surge voltages
and currents. The recently developed bidirectional thyristor, shown in
Figure 5-6e, is also attractive to this application.

Figure 5-7 Single-phase representation of a solid-state transfer switch scheme.

The main reason for activating the power supply transfer is an upstream fault at
the preferred feeder, which would normally cause a voltage sag or interruption at
the load terminal. After the operation of the SSTS, the load supply is switched to
another feeder and consequently the problems associated to the fault recovery,
e.g. overvoltages and inrush current in transformers, at the faulted feeder does
not influence the protected load. This characteristic is desirable since the SSTS
does not need coordination with the upstream protection system. In the case of
faults at the load site, the SSTS can work as a solid-state breaker, interrupting
rapidly the fault current and the transfer to the alternative feeder should
obviously not be performed. The detection algorithm must be able to quickly and
accurately identify the faulted feeder.

One of the main question marks about the SSTS application is how independent
both feeders are. If both preferred and alternative feeders are supplied from a
common transmission system, it is probable that faults in the transmission
systems will originate voltage sags at both feeders and the SSTS becomes less
effective.

Although the operating principle of the transfer-switch seems straightforward,
some details must be taken into account:
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- The transfer algorithm must be able to distinguish between a disturbance at
the preferred feeder that demands the switching to the alternative feeder from
transients caused by normal operation of the system, e.g. connection of
capacitor banks.

- A large phase-shift between the preferred and alternative feeder voltages can
make the transfer not recommended if the load is sensitive to phase-angle
variations, e.g. large synchronous motors, cycloconverters and thyristor
rectifiers.

- The transfer switch must be able to operate between specified ranges of
power factor, load current magnitude and subjected to harmonics in the load
voltage and current. These factors impose some difficulties to the firing
control and the current measurement units.

The normal transfer strategy is to firstly remove the gate pulses for the
conducting thyristors of the preferred feeder and wait for the current interruption
in all three-phases. The thyristors of the alternative are fired afterwards. This is
usually called “break-before-make” strategy. In some cases, there may be a delay
of almost half cycle, if the gate pulse is removed just after a thyristor starts
conducting.

Another strategy consists of forcing the thyristor turn-off of the preferred feeder
by firing the corresponding thyristor of the alternative feeder at a favourable
instant. Referring to Figure 5-7, suppose that thyristor T1 is conducting when an
order is given to transfer to the alternative feeder. The firing pulses to the
thyristors of the primary feeder are removed. Thyristor T4 can be fired, but it
only starts conducting if the voltage across it (Us-Up) is positive. When this
happens, the voltage across thyristor T1 becomes negative, making this thyristor
to turn off. The turn-off does not occur immediately, but circulating current
between the two feeders is avoided, which would not be allowed by the utility.
This strategy is known as “make-before-break”. The achieved reduction of the
transfer interval depends on the phase-shift between the voltage of the two
feeders and the power factor of the load.

The same analysis is valid if T2 leads at normal operation and the load current
shall be switched to the alternative feeder, via T3. The necessary recovery time
of the thyristors has not been taken into account in the above analysis, but it is
also a limiting factor for achieving a very fast transfer.

With the purpose of verifying the transfer between the two feeders, a simple
system is simulated. Both preferred and alternative feeders are represented by
generators behind an equivalent impedance that resulted in high short-circuit
capacities. The voltages of the preferred and alternative feeders are phase-shifted
by 10° and the load is represented by passive components with power factor
equal to 0.9.
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At time instant 120 ms, the three-phase voltages of the preferred feeder decrease
to 0.7, 0.8 and 0.9 p.u. as seen in plot a in Figure 5-8. It is assumed that the
control algorithm takes 2 ms for starting the transfer. Before that, the current in
phase A reaches a zero-crossing (plot b), but the antiparallel thyristor is not fired
since its voltage is negative. The load current in phase A is equal to zero during
this short interval, as seen on plot d, disturbing transiently the load voltage
(plot e). When the transfer is started, the thyristor in phase B of the alternative
feeder is the one that satisfies the condition for firing and forcing the turn-off of
the corresponding thyristor of the alternative feeder. However, as the system is
assumed not to be directly grounded, the start of the current in phase B of the
alternative feeder makes thyristor in phase A also to fire, as seen in plot c. The
thyristor in phase C of the alternative feeder is only fired after the current has
been extinguished at the preferred feeder.

As it can be observed, the disturbance in the load voltage, shown in plot e lasts
one-quarter of a cycle plus the detection time for starting the transfer, while it
could take 10 ms if a “break-before-make” strategy was adopted. However, this
later strategy might be preferred between the utilities [110,111,113], since an
error in the control strategy in Figure 5-8, e.g. simultaneous conduction of T2
and T4 in Figure 5-7, would cause a circulating current between the two feeders.
Moreover, an individual control for each phase is more difficult to accomplish in
non-directly grounded systems.

The total installation cost of a 480 V, 2.5 MVA solid-state transfer-switch,
including system reconfiguration, has been reported reaching US$400000 [114].
This figure is almost twice the costs of two solid-state breakers based on
thyristors shown in Table 5-1. However, more than 25% of the figure given
above consisted of reconfiguration of the utility feeders. It is interesting to point
out that the protected customer estimated that voltage sags and momentary
interruptions caused economical losses around US$240000 per year. As any
other Custom Power device, only a small group of customers experiencing high
financial losses due to network disturbances can economically justify the
installation of a SSTS.

Besides the high investment costs, another disadvantage of the solid-state transfer
switches described so far is that the thyristors conduct at normal operation. This
leads to conduction losses and need for cooling systems, increasing costs and the
required physical installation area. An alternative to replace pure mechanical
breakers with solid-state transfer-switches seems to be the combination of
mechanical (or electromagnetic) switches with lower losses than thyristors and
solid-state switches. However, these mechanical or electromagnetic switches
have a much faster opening time (around one millisecond for the electromagnetic
switch) than conventional mechanical breakers. They conduct at normal
conditions and it is parallel connected with the anti-parallel thyristors in a
configuration usually called hybrid switch [105,106,115,116], where the cooling
equipment is eliminated. When a disconnection from the preferred feeder is
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required, the mechanical switch is opened and the thyristors are fired
simultaneously. The current is commutated to the thyristors and the firing pulses
are removed. The current is extinguished at the following zero crossing and the
thyristors of the alternative feeder can thus be fired. It should be observed that
the closing time of the electromagnetic switch is not an important parameter as
the thyristors of the alternative can conduct during some cycles without requiring
artificial cooling. Longer lifetime for the parallel switches may be expected due
to the low arc voltage during their opening operation, as the total current is not
immediately interrupted, being transferred to the thyristors.
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Figure 5-8 Example of performance of a solid-state transfer switch.
“Make-before-break” transfer principle.
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In order to achieve a fast and safe transfer, as also minimizing voltage transients
in the load, a fast fault detection algorithm should be used. The fault detection
algorithm should also be able to detect a downstream fault and consequently
inhibit an unnecessary transfer.

5.6 SUMMARY

The chapter presented a general discussion about the use and location of solid-
state devices for fast fault current limitation or interruption, as well as fast
transfer of power from a preferred to an alternative feeder.

The use of very fast current interrupting devices in distribution substations may
be problematic since coordination with downstream protective systems may be
lost, as the power electronics devices operate much faster than an
electromechanical equivalent. The exception is the placement of a solid-state
breaker at the bus-tie, providing sectionalization of a busbar in the event of a
fault and a posterior interconnection after the fault is cleared by conventional
devices. In this case, selectivity of the conventional relays is not lost.

Instead of interrupting the fault current, selectivity can be maintained if the solid-
state breaker is employed for limiting the fault current. This can be achieved by
either inserting a series impedance or by phase control of the firing instant of the
power electronics switches.

The ideal location of a solid-state current limiting/interrupting device is at the
customer site. It is expected that the application of these devices become more
spread when local generator facilities are applied into some plants. In the case of
faults close to this generator, the fault current can reach too high values that may
cause safety concerns to equipment and personal.

Losses and installation costs of different configurations of a solid-state current
limiting device were estimated. Although the losses are within a reasonable
range, probably accepted by the utilities and customers, the installation costs are
still high (between US$100000 and US$200000). Nevertheless, while the costs
of the semiconductor devices are expected to decrease, the costs of an unplanned
shutdown of a factory originated by voltage sags or interruptions are expected to
increase. The pay-back period of a solid-state current limiting device will thus be
reduced.

While the solid-state breakers provide control of the fault current, they do not
protect the load against voltage sags and interruptions electrically close to the
load site. However, two solid-state breakers connected to two different feeders
can be combined, forming the solid-state transfer switch configuration. These
devices are based on conventional thyristors and can protect the load against
voltage sags/swells and interruptions (momentary and sustained) by means of a
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fast switching to a healthy system. Some requirements and control strategies for
this device were discussed.

The simulations performed for the power electronics compensators and switches
treated in Chapters 4 and 5 will be presented in the following chapters.
Chapter 10 will present simulation results for the techniques described along the
present chapter applied to some distribution systems. In the next chapter, the
main simulation tool employed in these studies, namely the analog real-time
simulator, will be presented.
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CHAPTER 6
THE ANALOG REAL-TIME SIMULATOR
__________________________________________________________________________________________________________

6.1 INTRODUCTION

In order to study the cooperation between the AC network and the devices based
on power electronics studied in this thesis - especially under disturbances - good
simulation tools are essential. Computer simulation programs of general use, e.g.
EMTDC and EMTP, have proved to be very useful as both the main or primary
circuits and the control systems can accurately be simulated. The computer
simulation is usually the initial step for developments in both circuit
configurations, for instance new type of compensators, and control strategy.
However, as very short time-steps are required for the models of power
electronics compensators, such simulations can be time consuming, despite using
powerful computers. It has thus turned out to be favorable to combine digital
computer simulations with studies on a real-time simulator. Simulations in real-
time produce a stronger physical understanding of the studied system when
compared to computer simulations. Another benefit is that prototypes of real
control systems can be used. On the other hand, the size of a real-time model is
usually limited and a considerable time is required for the system set-up, for
building up the desired circuit and put it into operation.

Until the nineties, AC Transient Network Analyzers (TNA) and analog
simulators were the only tools for evaluating the performance of power systems
in real-time [117]. With the development of faster and cheaper microprocessors,
the control system of these simulation tools has now been based on digital
control.

During the last years, the development of real-time digital simulators has
strongly been enforced by advances in hardware for computing purposes, e.g.
digital signal processing technology and parallel processing techniques, and in
the modeling of power system components [118,119]. Complex power systems
can be represented in a full digital real-time model, where many digital signal
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processors are used for solving the circuit equations and execute control
algorithms with a time step in the order of 50 �s. Special algorithms have been
developed for a more accurate representation of the firing control and current
extinction of power electronics components. Nevertheless, an existing limitation
is still the simulation of forced-commutated converters operating with switching
frequencies higher than 1 kHz. In such digital simulations, much smaller time-
steps are required and consequently, it is not possible to achieve a simulation in
real-time as the total computation time is thus larger than one time-step. In order
to overcome this obstacle, hybrid simulators have been successfully employed at
real-time studies [120]. The hybrid solution is also employed in the simulation of
large systems including converter bridges with the purpose of minimizing the
hardware and computational requirements of the digital simulator. Large and
complex AC networks are digitally represented, without any size limitation,
while converter transformers and bridges are implemented with analog elements
scaled to low power. Important cases e.g. valve faults in an HVDC converter
bridge, can be studied without the risk of numerical oscillations.

In this thesis, the studies have mostly been performed at an analog real-time
model, which has been an extension of the original model of a High Voltage
Direct Current (HVDC) transmission system. During the nineties, new cubicles
with two- and three-level forced-commutated voltage-source converters were
built, allowing the simulation of these converters at different applications:
� Advanced Static Var Compensator (or STATCOM), including Thyristor

Switched Capacitors [28,29].
� Unified Power Flow Controller (UPFC) [30,121].
� Flicker mitigation [31,39].
� HVDC back-to-back transmission [32].

The main circuits, e.g. the AC power system and the converters, are mainly
represented by scaled analog models. Digital control is adopted for the control of
the voltage-source converters, as also control of opening/closing of breakers and
switches. The digital control boards have been obtained in cooperation with ABB
Power Systems AB in Ludvika, Sweden.

The main components of the real-time model are commonly used for simulation
of transmission and distribution three-phase systems since they are scaled to low
power levels, in the range of some watts. The nominal AC voltage is scaled to

310 �  V (phase-to-phase RMS value), which allows the use of conventional
operational amplifiers and current measurement modules for measurement
purposes and for loss compensation. The loss compensation units are essential
components of low power simulators as the relative losses are considerably
increased when the system is scaled. If these losses are not properly
compensated, too optimistic results and conclusions can be drawn, since the
system would have a high damping. This is particularly critical for the simulation
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of high voltage systems because they have lower damping than medium voltage
systems.

The AC system is usually represented by AC generation, network and loads. The
generators can either be represented by infinite sources or by a complete
representation of synchronous machines, implementing the machines differential
equations in the d-q plane with the help of operational amplifiers.

The AC network and passive loads are represented by reactor units consisting of
four reconnectable reactors, one for each phase and one to represent the earth
return. Resistors and capacitors can also be connected on the rear of each unit or
using other proper arrangements for obtaining a more accurate representation of
cables and transmission lines by means of �-links.

Relays are available at the AC network cubicle, being especially useful at
transient simulations, e.g. applying faults and load connection. These relays are
also employed in this work to simulate the mechanical breakers and they are
commanded by the digital outputs of the control boards.

Another facility available at the AC network cubicles is the existence of anti-
parallel thyristors that can work as circuit breakers. This feature is highly used in
this work when solid-state breakers are simulated in distribution systems.

In the following, the simulated circuit and hardware employed for the digital
control of the shunt and series Voltage-Source Converters (VSC) are described.

6.2 MODEL OF THE SHUNT AND SERIES VOLTAGE-
SOURCE CONVERTERS

The connection in the analog real-time model of the shunt and series forced-
commutated voltage-source converters through a common DC link is shown in
Figure 6-1. The twelve-pulse shunt connected VSC will be studied in detail in the
at next chapter. Seen from the DC side, the twelve-pulse converter consists of
two six-pulse bridges parallel connected. Seen from the AC network side, the
converter transformers are series connected and they are connected in wye and

delta at the valve side. The transformer ratios are 1:1  and 3:1 , respectively. It
is interesting to observe that this configuration is the dual circuit of a twelve-
pulse line-commutated current-source converter (traditionally used in HVDC
systems), where the bridges are series connected, seen from the DC side, and the
converter transformers are parallel connected, seen from the AC bus.

An extra reactance is connected on the secondary side of all transformers (LT in
Figure 6-1) in order to achieve the desired value of the leakage reactance of a real
high power transformer (0.1 and 0.2 p.u.). The saturation of the transformers is
not represented in this study.
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For the shunt converter, the loss compensator unit is installed between the
primary side of the lower transformer and ground (-Rs in Figure 6-1). The final
value of the transformer resistance, seen from the AC network side, is set equal
to 0.5%.

For the series converter, the loss compensator is installed at the line side (-RL in
Figure 6-1) because it will also help on reducing the losses on modeling the AC
network, especially in the case of the simulation of a long transmission line.
Cables taken from the AC network cubicle to the shunt and series converter
cubicles increase further the relative losses that should also be compensated.

Two alternative series transformers have been used:

� A transformer with ratio 1:5.14 is used at the initial cases when a Unified
Power Flow Controller (UPFC) in transmission systems is studied – the rated
series voltage inserted along the line is equal to 0.1 p.u.

� A transformer with ratio 1:1 is used when the Dynamic Voltage Restorer
(DVR) in distribution systems is studied - the rated series voltage inserted
along the feeder is increased to 0.5 p.u.

The values mentioned above have been obtained based on the same nominal DC
link voltage for both applications. Details about the performed calculations for
obtaining these transformer ratios are presented in Appendix B.

A low-pass filter is installed at the series converter output (Lf-Cf-Rf) in order to
reduce the high frequency switching ripple at the transformer primary side.

Each leg of the converter bridges is built up by one circuit board. The devices
with turn-off capability are represented by HEXFET transistors (MOSFETs),
which provide low on-state losses, and a simple snubber circuit to protect the
HEXFET against overvoltages. Since the relative voltage drop across the valve at
the simulator model is larger than in a real valve and the snubber circuit is not
exactly scaled, it is not possible to accurately investigate the
switching/conduction losses. The HEXFET device has an integrated anti-parallel
diode, but another diode (faster) was connected in anti-parallel.

A zener diode is connected between the poles of the DC link to protect the valves
against excessive overvoltages. Several capacitance values are available on the
DC side and they can be parallel connected by inserting jumper links. In this
way, the range for the capacitor size is between 9 and 381 �F.

During non-symmetrical conditions, e.g. at unbalanced faults, a negative-
sequence component at the fundamental frequency on the AC side may produce
high second harmonic oscillations on the DC side. A second harmonic filter can
optionally be connected in parallel with the DC side capacitor, as shown in
Figure 6-1, in order to damp these oscillations. The design of the filter should
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consider factors such as cost, maximum permitted voltage fluctuations and the
additional resonance frequency introduced by the filter. The criteria will not be
discussed in this thesis, as they were described in a previous work [122].
Depending on the choice of the size of the DC capacitor and filter components,
oscillations caused by the interaction between the AC and DC sides of the
converters might occur at critical frequencies [123,124]. This is particularly
noticeable for the shunt converter because it is commutated at fundamental
frequency in the thesis and in this case, this interaction is stronger than in the
case of a converter commutated at higher switching frequency.

Figure 6-1 Model of shunt and series converters at the analog real-time model.

6.2.1 Implementation of the Control System for the Converters

Nowadays, power system installations adopt digital control due to its high
reliability even when fast and complex functions are required. Therefore, the
implementation of real-time digital control systems in scaled models of high
power networks is a powerful tool to evaluate the performance of the equipment
based on power electronics studied in the thesis. In the case of digital control,
there is a great flexibility on updating the control system and changing
parameters, as well as cheaper and easier maintenance, compared to an analog
control. However, factors such as sampling frequency, resolution of A/D
converters, execution time of the control program, accuracy of the firing pulses
and delays should always be considered.

A picture of the shunt and series converter cubicles is shown in Figure 6-2.
Transformers and loss compensation circuits are placed inside the cubicles.
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As shown in Figure 6-2, the control of each converter contains the following
parts:

� Voltage and current measurement analog boards, based on operational
amplifiers, used as interface between the main circuit and the A/D converters
in the DSP boards. The A/D converters have a resolution of 5 mV/bit.

� Firing pulse generation unit to the MOSFETs.

� Control boards, containing Digital Signal Processors (DSPs) and a host
computer.

One drawback that has to be considered in this configuration is the impossibility
of a direct communication between the DSPs, i.e. they cannot exchange data
directly. The data transfer between the DSPs in the same cubicle is achieved
through Double Port Memories (DPM) - Random Access Memories (RAM) -
which sends/reads data to/from a host computer. When the host computer reads
data from a DPM, it can send them back to any DSP, with the whole process
taking approximately 50 �s (corresponding to almost one electrical degree). This
interval and the execution time of the control program limit the maximum
sampling frequency that can be achieved.

The host computer is based on an 80386/87 32-bit microprocessor and is
programmed in a high-level language (PLM). At the start-up of the system, the
host processor is also responsible for loading the correct programs to each DSP.
A RS232 interface for communicating with a terminal is available in order that
important actions to the DSP programs and in the study of transient cases can be
commanded via terminal, such as:
� Start-up of the synchronization system.
� Blocking and deblocking of the firing pulses.
� Change of the control parameters/gains and reference values.
� Setting the closing and opening time of the relays available at the AC

network cubicles.

Simplified block diagrams of the signal flow between the DSPs and the other
units are shown in Figures 6-3 and 6-4 for the series and shunt converters,
respectively. Based on these figures, the tasks of each DSP will be described with
more details on the following.

It can be seen from the block diagrams that the DSP responsible for
synchronization has a similar task to both series and shunt converters, which is
basically the generation of interruption pulses synchronized with the AC network
frequency (at the simulator) to all DSPs. The voltage at the shunt converter bus
(u1) is used for this task. The implementation of the digital synchronization
system will thus be first described before some differences between the
configuration for the series and shunt converters are pointed out.
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Figure 6-2 Shunt and series converter cubicles at the analog real-time simulator.
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6.2.2 Synchronization DSP – Phase-Locked-Loop (PLL)

At computer simulations, the nominal value of the network fundamental
frequency is determined by the user and it is usually kept constant. However, a
correct representation of the PLL is necessary when comparing the results from
digital simulations with simulations at analog real-time models, especially under
disturbances e.g. faults [125].

At analog simulations, if the voltage supply does not include the complete
representation of a synchronous generator, the fundamental frequency of the
model is given either by the supplied network or by a crystal oscillator, as in the
present model. In either case, the PLL must be synchronized with the frequency
of the simulated network.

As it can be seen from Figures 6-3 and 6-4, a DSP is dedicated to perform the
synchronization tasks to the real-time model. This DSP is in fact the “heart” of
the control system because it determines the sampling period of the control
system and the argument (�0) used in the d-q transformation necessary to the
control algorithms. Moreover, it is responsible for calculating the interruption
instants to all DSPs, inclusive itself. The adopted scheme is a modified version of
a PLL already used at conventional SVCs [126,127], usually called “Transvector
PLL”, and it is based on Figure 6-5, where the analysis is done in the ���
reference frame (see Appendix C).

The PLL voltage DE

refu  has to synchronize with the normalized positive-sequence

voltage at bus 1 ( DE

pu ,1 ). A discussion about the algorithm for detecting the

positive-sequence component at fundamental frequency is presented in
Appendix C. In principle, the argument �0 is obtained from the rated network
frequency (50 Hz). An error signal is produced when the network frequency is
not exactly equal to 50 Hz or when there is a phase change in the voltage vector
DE

pu ,1 . This error signal (�e) can be defined as:
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The implementation of the arc-tangent function can be tricky using digital
control. An approximation of this error, valid in reasonable and practical
intervals of the angle deviation, is given by:

� � � � ���������������� 000 sincoscossinsinsin ee
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As soon as the voltage vector DE

pu ,1  is normalized, i.e. its magnitude is set equal to

1.0 p.u., the previous equation can be written as:

� � 0,10,1 sincossin ��������� DE pp uuee (6-3)

Figure 6-5 PLL and line voltage vectors in the �-� plane.

The PLL block diagram is shown in Figure 6-6. The error signal described by the
previous equation is sent to a PI regulator, resulting in an extra contribution
(�Ts) to the final sampling period (Ts) of the system, which will thus follow the

real network cycle time. In this way, 
int

s Nf
T

�
�

1
, where f is the real

fundamental frequency of the network and Nint is the number of interruptions per
cycle of the network voltage.

The error signal (�e) will at steady-state be equal to zero and the PLL vector is
said to be “locked” with the line voltage vector (reference vector). The value of
the initial sampling period (Ts0) is given by the nominal fundamental period
(20 ms) divided by the number of interruptions per cycle (Nint) of the DSPs.

It is shown in Appendix D that the sampling frequency of the digitally
implemented Sinusoidal Pulse-Width Modulation (SPWM) in this thesis is
related to the switching frequency of the series converter, taking into account
that:

� Each DSP interruption causes a sampling and execution of the control
algorithm.
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Figure 6-6 PLL block diagram.

� A commutation in each leg of the series converter will always occur between
two samples.

As a consequence, the switching frequency will be equal to half of the sampling
frequency. Choosing 42 interruptions per cycle, i.e. a sampling frequency equal
to 2100 Hz, the switching frequency of the series converter is equal to 1050 Hz,
which has been adopted for this study.

From this analysis, it can be concluded that the final sampling period (Ts) of the
control system will be changed in order to track changes at the voltage reference
vector caused by changes in phase and/or frequency of the line voltage. The PI
regulator is thus tuned not to be slow, as it might be desirable to rapidly affect the
interruptions to the DSPs. On the other hand, too high gains will make the PLL
unstable.

The PLL argument �0, according to Figure 6-6, is also used by the main control
DSPs as the control algorithms for both series and shunt converters is
implemented in the same d-q reference frame, explained in Appendix C.

The effect of a change of the sampling period Ts is illustrated in Figure 6-7. As
soon as an interruption occurs, the argument is added by a factor equal to
2.�/Nint. In this way, in the next sampling instant (k+1), the previous argument is
always added by the same amount. Suppose that at sampling instant k, a
disturbance makes the output of the PI regulator to increase transiently the
sampling period, which means that the next interrupt will be delayed. The ramp
corresponding to the increased argument is shifted to the right compared to the
case without any disturbance (shown as a continuous dashed curve). During the
following samples, the sampling period will be varied until the output of the PI
regulator settles down to its final value. After the PLL is “locked” again with the
line voltage, the sampling period will be equal to the value before the
disturbance, unless the network frequency is changed.
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Figure 6-7 Effect of an increase of the sampling period on the PLL argument �0.

The performance of the PLL under disturbances on the line voltage (bus 1) is
shown in Figure 6-8. After 10 ms, due to a disturbance in the power system, the
three-phase line voltage becomes unbalanced, as seen in plot a. It can be pointed
out that such waveform is not common in transmission systems since the system
is usually directly grounded. However, in distribution systems, the connection of
large and unbalanced loads or the occurrence of unbalanced faults can produce
such disturbance at a medium voltage bus.

The error signal calculated by the DSP (signal �e in Figure 6-6) is affected by the
sudden voltage change, as shown in plot b. The error is negative during the initial
part of the disturbance, which means that the PLL reference vector is rotating
faster than the actual line voltage. In order to synchronize both vectors, the
sampling period (Ts) is thus transiently increased, resulting in a reduction of the
PLL frequency. It can be seen in plot c that the period of the argument signal,
calculated by the DSPs as previously described, is slightly extended, notably the
top values after 20 and 40 ms have an interval longer than 20 ms. The increase of
the sampling period, especially between 20 and 30 ms produce the phenomenon
described in Figure 6-7, i.e. a temporary increase of the period of the argument
signal. This results in a negative phase-shift of the reference voltage.

6.2.3 DSP Boards of the Series Converter

As it can be seen from Figure 6-3, apart from the DSP responsible for the
synchronization (PLL), four other DSPs are employed in the digital control of the
series converter. These are the main control DSP and three DSPs responsible for
sending to its respective Logic Cell Array (LCA) the correct time of the
generation of the next firing pulse for each converter leg, i.e. each DSP takes care
of the firing control of one leg. The LCA unit contains logical circuits, counters
and registers that can be read and loaded by each DSP.

As it is shown in Appendix D, the output variables of the control system of the
series converter using a Sinusoidal PWM (SPWM) switching scheme
implemented in the  digital  control are the time for the next commutation for each
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Figure 6-8 Effect of a voltage disturbance to the PLL.

leg of the converter. This does not depend on the application of the series
converter, i.e. if used as a Dynamic Voltage Restorer (DVR) or in the Unified
Power Flow Controller (UPFC) configuration. The time for next commutation for
each leg (phase) is immediately sent from the main control DSP to its Double
Port Memory (DPM). After that, an interruption is generated to the host
processor. The host computer reads the commutation times from the DPM and
transfer them to the respective DPM associated to each firing control DSP.

At the following interruption produced by the LCA associated to the
synchronization (PLL) DSP, the firing control DSP for each leg will read from its
respective DPM the value of the time for next commutation. This value is added
to the time read from a counter in the LCA containing the time instant of the
interruption. The counters in the LCA have a resolution of one bit equivalent to
100 ns (�0.0018�). The final value is thus loaded into the respective LCA and it
is continuously compared to a time counter, also clocked at 10 MHz. When the
values of the loaded time and the actual time are equal, a flip-flop is toggled,
indicating that the conducting MOSFET in a leg has to turn off while the non-
conducting MOSFET has to be prepared to conduct.

The output of each flip-flop is sent to the Firing Pulse Generator unit. A high
(low) logic level indicates that a firing pulse to the upper (lower) valve must be
generated. A short dead-time (around 2 �s) between the turn-off of one valve and
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the turn-on of the valve in the same leg is introduced. This dead-time avoids that
the DC side is short-circuited through the leg (if the current is close to a zero-
crossing). However, this causes non-linearities in the output of the converter
bridge, but as the dead-time is much shorter than the period corresponding to the
switching frequency, its effect is negligible.

The firing pulse to each valve is isolated by an optocoupler and an isolated power
supply (+15 V) feeds each gate drive circuit.

6.2.4 DSP Boards of the Shunt Converter

As described in the previous section, the tasks performed by the firing control
DSPs of the series converter are very simple, since the commutation time is
already calculated in the main control DSP.

However, in the case of the control boards of the twelve-pulse shunt converter,
for which PWM is not applied, the output of the main control DSP is the phase-
shift angle (�) between the AC voltage at bus 1 (u1) and the output voltage of the
twelve-pulse converter, as discussed in Section 4.4.1. This angle is transferred
from the main control DSP to the firing control DSPs in the same way as the
commutation time in the case of the series converter. The firing control DSPs
have thus to convert the phase-shift angle into a commutation time that can be
loaded into the LCA units. As it is observed in Figure 6-4, two DSPs are
responsible for this task, each one taking care of a six-pulse converter bridge.

The only difference between the firing control programs for the two DSPs is a
time delay corresponding to 30º in the program of the DSP that controls the firing
of the bridge associated to the transformer delta-connected on the secondary side,
as described later in Section 7.2.1. Therefore, the following description is valid
for both DSPs that control the firing instant of the valves.

Because each valve of the twelve-pulse converter is commutated at fundamental
frequency, a firing does not necessarily occur between every sampling. However,
the firing control must still be synchronized with the interruption pulses because
they are synchronized with the network frequency. Two signals are internally
produced by the firing control program:

� The argument (angle) for next commutation (�com). As soon as a firing
occurs, an internal interruption is generated and the value of this argument is
added by 60�. At each interruption generated by the synchronization DSP, the
phase-shift angle, transferred from the main control DSP to the firing control
DSPs, contributes to changes in the argument value. If the phase-shift angle
is maintained constant, a commutation occurs every 60�.

� The argument reference (�ref) for the synchronization pulses. Since there are
42 interruption pulses and 6 firing actions during one cycle, the argument
reference is changed only at every seventh interruption.
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The commutation time instant is calculated using the above signals according to
the expression:

� �
��

�����
�

���
�

21

T
t refcom

refcom
com (6-4)

The term corresponding to a half period of the fundamental frequency (T/2) is
calculated in the synchronization DSP, based on the LCA counter read when an
interruption pulse occurs. This signal is sent to the host computer, scaled (divided
by �) and finally read by the firing control DSPs, as seen in Figure 6-4.

The calculated time instant for commutation is added to the value of the time
counter read at the interruption occurrence and the final value is loaded to the
LCA. When the value of the LCA time counter, clocked at 10 MHz, is equal to
the loaded value for the next commutation, a commutation must occur and three
latches are clocked, one for each leg of the converter bridge. The output of each
latch is sent to the firing pulse generator unit, indicating which turn-off device in
a leg should be fired. A high (low) logical level indicates that the upper (lower)
turn-off device should be fired. The input of each latch depends on the converter
state loaded to the LCA by the firing control DSP. The converter state of a six-
pulse converter is sequentially changed after every commutation and only one leg
is altered between two successive commutations, as presented in Appendix D.

The outputs of the latches are sent to the Firing Pulse Generator unit, which has
identical characteristics to that one in the series converter cubicle.

6.3 MODEL OF MECHANICAL AND SOLID-STATE
BREAKERS

As previously mentioned, mechanical breakers are simulated by low power
relays with almost negligible opening/closing time, available at the AC network
cubicle. Loop counters in the control program of the series converter are used for
obtaining the desired opening/closing times, taking into account that the program
has still its execution frequency determined by the synchronization DSP.

The low power relays are also used for simulating the behavior of a solid-state
breaker based on devices with turn-off capability. In this case, a surge-arrester or
another energy absorption component has in a real application to be connected in
parallel with the “fast switch” in order to dissipate the energy excess after the
current interruption. A simple electronic model of the surge-arrester (for one-
phase) is shown in Figure 6-9.
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Figure 6-9 Electronic model of a surge-arrester.

After the diode bridge, the rated voltage of the arrester is determined by the
number of diodes connected in series, taking into account that the employed
diodes have a “knee-voltage” equal to 0.7 V.

Thyristors and firing control boards from the analog SVC model have been
employed for the simulation of solid-state breakers using thyristors.

6.4 SUMMARY

The chapter presented a brief description of the characteristics of the analog real-
time simulator and its main components. This real-time model has been the main
simulation tool in the studies presented in the following chapters.

The implementation of the hardware used in the digital control of the shunt and
series forced-commutated converters was discussed. The hardware for both
converters is exactly the same even though the switching schemes are different.
The digital control is implemented using Digital Signal Processors (DSP), a host
computer, Double Port Memories (DPM) and Logic Cell Array (LCA) units. The
DSPs can be split into three categories, namely:

� Synchronization DSP - performs the function of a Phase-Locked Loop (PLL),
synchronizing the interruptions to all DSPs with the network frequency.

� Main control DSP - implementation of the control algorithm.

� Firing control DSPs – converts the output of the main control DSP into a
commutation time that can be loaded to a LCA with resolution 1 bit � 100 ns.

Relays and thyristors available at the AC network cubicles simulate the
performance of mechanical breakers and solid-state breakers based on thyristors,
respectively. Due to the negligible opening time of these low power relays,
practical opening time is obtained by loop counters in the control program. In the
case of a solid-state breaker with turn-off capability, the same relays can be used,
adding a simple electronic model of a surge-arrester in parallel.
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CHAPTER 7
SHUNT CONNECTED VOLTAGE-SOURCE
CONVERTER
__________________________________________________________________________________________________________

7.1 INTRODUCTION

This chapter treats in detail the shunt connected voltage-source converter (VSC)
described in Section 4.4. In the present chapter, the shunt converter is only
considered for voltage/reactive power control both in transmission and
distribution systems. In this application, the VSC is usually denoted STATCOM
(sometimes D-STATCOM if applied to distribution systems). Other applications
in distribution systems, e.g. flicker mitigation, active filtering, and back-up
power supply are not treated in the thesis. Moreover, only a two-level converter
in a twelve-pulse configuration is studied at the real-time model.

Using the real-time model presented in the previous chapter as main tool,
equivalent circuits are built-up and a number of cases are studied. The
performance of the shunt converter is analyzed both at symmetrical and non-
symmetrical operation, based on a proposed control system.

7.2 FUNDAMENTAL FREQUENCY SWITCHING

In the past, the switching frequency of voltage-source converters in high power
applications was limited by the switching losses of the GTO, the semiconductor
device employed in such cases. For the shunt connected VSC installed in real
plants for reactive power control, each valve was commutated at fundamental
frequency, minimizing losses, resulting in the so-called square-wave operation.
In order to avoid the installation of large passive filters at low frequency orders,
e.g. 5th and 7th harmonics, several six-pulse bridges were appropriately connected
for harmonic cancellation of low frequency harmonics by using specially
designed transformers [71,128]. The connection of several bridges makes the
total number of commutations per cycle in the configuration equal to a pulse-
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width modulated (PWM) converter. For instance, eight converter bridges forming
a 48-pulse configuration have the same number of commutations per cycle as a
PWM single converter switched at 48 times the fundamental frequency.
However, the total switching losses of the PWM converter is higher than the 48-
pulse converter, if they have the same rating.

The other advantage of the fundamental frequency switching is the maximum
utilization of the DC voltage. For a certain DC voltage, the output voltage of a
PWM switched converter (without overmodulation) is always lower than the
output voltage of a converter switched at fundamental frequency.

The major disadvantage of the square-wave operation, besides the additional cost
for the transformer, is verified at the occurrence of non-symmetrical disturbances
in the network, where the unbalanced currents cannot be totally controlled, as
will be shown in Section 7.4.1.

At the performed studies at the real-time model, the shunt converter operates in
square-wave mode. Due to hardware limitations, only two six-pulse converters
are used, forming a twelve-pulse configuration, as shown in Section 6.3. In real
plants, more converters would be required for generating a total voltage with
negligible harmonic content, avoiding thus the use of passive filters. Although
there is no doubt that the PWM scheme is preferable from the control point of
view, the purpose of the performed studies has been to verify if the twelve-pulse
converter can satisfy the requirements of voltage/reactive power control.

In order to understand the operation of a VSC employed for voltage/reactive
power control, the relationships presented in Section 4.4.1 are useful. They are
based on the configuration repeated in Figure 7-1 and they do not depend on the
adopted switching scheme. Considering fundamental frequency components, the
active and reactive power measured at the AC bus bar are given as following:
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If there is no energy storage element connected to the DC side of the converter,
the active power at steady-state must be zero. In practice, some active power is
drawn from the AC network to compensate for the losses at the
transformer/reactor and valves, not considered in the equations above. The
phase-shift angle (�) is automatically adjusted by the feedback control to a small
positive value.
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Figure 7-1 Phasor representation of the VSC connected to the AC network.

For controlling the reactive power, it is thus necessary to change the amplitude of
the converter output voltage. From Equation (7-2), if the converter voltage is
higher than the AC network voltage, the AC network draws reactive power, i.e.
the VSC generates reactive power to the AC system. The opposite occurs when
the converter output voltage is lower than the AC voltage, i.e. the VSC absorbs
reactive power from the AC network.

At a converter switched at fundamental frequency, the ratio between the
amplitude of the converter output voltage (at fundamental frequency) and DC
link voltage is constant. It is thus necessary to change the DC voltage for
controlling the reactive power. This is achieved by transiently changing the
phase-shift angle so that some active power is transferred into/from the DC side,
charging/discharging the DC capacitor and consequently increasing/decreasing
the converter output voltage. After the desired operating point is achieved, the
phase-shift angle returns to its normal operating value, close to zero. In this
respect, the VSC operation is similar to that of a synchronous condenser.

Another characteristic of the converter, when employed as a var generator, is the
fact that the converter produces the desired reactive power by circulating the
energy among the three phases instantaneously. Therefore, energy storage
elements with the same size as capacitors and reactors of conventional Static Var
Compensators are not necessary for reactive power compensation. In practice,
due to harmonic generation and normal (small) unbalances in the AC system, the
instantaneous power is not zero at all instants and a small capacitor has to be
connected to the DC side.
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In order to illustrate the operation of the VSC switched at fundamental
frequency, Figure 7-2 shows the waveforms of the output voltage between phase
and neutral of the transformer superimposed to the AC network voltage in the
same phase. These waveforms are taken from the real-time model and it can be
observed that the phase-shift between them is practically zero. Assuming that the
AC voltage on the AC side is a cosinusoidal function and the DC voltage is stiff,
a Fourier analysis of the converter phase voltage results in:
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The ratio between the amplitude of the fundamental frequency component of the

VSC output voltage ( )1(
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fU ) and the DC link voltage is thus given by:
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No even harmonics are generated at normal operation and zero-sequence
harmonics are not transferred to the AC side. The amplitude of each component
of the harmonic voltage is inversely proportional to its order. As the converter is
of the voltage-source type, the harmonic currents are determined by the harmonic
voltage and the impedance between the converter bridge and the AC bus. This
reactance helps on reducing the amplitude of the harmonic currents.
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Figure 7-2 Converter output voltage and AC network voltage in same phase.
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7.2.1 Twelve-Pulse Configuration

Two six-pulse converters can be connected from a common DC source with
similar output voltages, forming a twelve-pulse configuration, as shown in
Figure 7-3. The converter transformers are series connected seen from the AC
network, while the six-pulse bridges are parallel connected, seen from the DC
side.

For the lower converter bridge in Figure 7-3, the delta-connected transformer
makes that the phase-to-phase voltage is transferred to the AC side as a phase-to-
ground voltage. Based on Equation (7-3), the phase-to-phase voltage can be
written as:
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If the firing of each phase in this bridge is delayed by 30°, the fundamental
component of this voltage will be in phase with the phase voltage of the upper
bridge. The fundamental frequency components generated by each bridge will
just be added. Moreover, the voltage harmonics of order 16 ��� mn  (m being an
odd number) generated by each bridge are cancelled on the AC side. The lowest
harmonics become thus the eleventh and thirteenth ones. The phase voltage seen
by the AC network can be obtained by adding Equations (7-3) and (7-5), taking

into account that the turn-ratio of the delta-connected transformer is 3  times
higher than the turn-ratio of the wye-connected transformer. This gives:
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where ....2,1,0,112 ���� mmn  and the positive (negative) sign applies to n

equal to � �112112 ��	� mm .

Figure 7-4 presents the steady-state voltage waveforms produced by the two
converters at three different operating points, measured at the real-time model.
The three operating points correspond to no-load operation (reactive power equal
to zero), maximum reactive power absorption and generation by the VSC. The
plots at the top show the phase-to-neutral voltage produced by the upper
converter in Figure 7-3. The second plots show the phase-to-phase voltage
produced by the other converter. The third plots represent the voltage seen by the
AC network, which have a twelve-pulse characteristic. They are obtained by
adding the first two curves, taking into account the ratio of the transformers, as
shown in Figure 7-3. The bottom curves show the phase current produced,
according to each operating point. The network voltage in the same phase is
superposed to all the plots.
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Figure 7-3 Twelve-pulse configuration of the voltage-source converter.
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Figure 7-4 Voltage and current waveforms of a twelve-pulse VSC
at three operating points.
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As observed from the plots, the amplitude of the square-wave is increased when
the VSC generates reactive power due to the increase of the DC voltage. This
also means that the amplitude of the harmonic currents generated at this
operating point is slightly higher than in the case of reactive power absorption.

7.2.2 Size of the DC Capacitor

As previously described, a very small DC capacitor could be used if the VSC is
applied to reactive power control and the AC voltage is totally symmetrical.
However, since the valves of the twelve-pulse bridge are commutated at
fundamental frequency, there are harmonic currents multiples of the 12th

harmonic on the DC side, producing power oscillations at these frequencies. A
very small capacitor would cause high ripple over the DC voltage. This voltage
ripple would be transferred back to the AC side as components at side bands
12�m r 1, changing the amplitude of the harmonic currents at these frequencies.
As an example, Figure 7-5 shows the equivalent waveforms of the plots most to
the right in Figure 7-4 (full reactive power generation by the VSC), but using a
DC capacitor nine times smaller than the one used in Figure 7-4.

As it is observed at the converter output voltages, the square-wave voltages are
not flat due to the 12th harmonic ripple on the DC voltage. It was also interesting
to find out that whilst the 11th harmonic currents in Figure 7-5 is 35% higher than
in Figure 7-4, the 13th harmonic current is reduced by approximately the same
ratio. Nevertheless, the amplitude of the 11th harmonic current is dominant,
which in the end leads to a higher total harmonic distortion.

Plot e in Figure 7-5 shows the comparison between the DC voltage for both
capacitor sizes. The solid curve represents the operation with the capacitor nine
times smaller than the dashed curve. As it is observed, the 12th harmonic ripple
becomes visible. In the dashed curve, the dominant ripple is caused by second
harmonic due to small negative-sequence component in the AC side at the
fundamental frequency, which is always unavoidable at analog models and real
plants, due to natural unbalances in the system.

At this work, the DC capacitor size is characterized as a time constant (
),
defined as the ratio between the stored energy at rated DC voltage (when the
VSC current is zero) and the nominal apparent power of the converter:
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For comparison purposes with a conventional SVC [29,129,130], it is assumed
that the nominal stored energy on the DC capacitor should be equal to the sum of
the maximum stored energies in the three-phases of a capacitor bank of a
Thyristor Switched Capacitor (TSC) having the same rating as the VSC.
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Figure 7-5 Voltage and current waveforms of a twelve-pulse VSC using
a small DC capacitor and generating full reactive power.

Considering that the TSC capacitors are charged with the peak AC voltage (Û),
the sum of the total stored energy at the TSC capacitors is given by:

2ˆ
2

1
3 UCW ���� (7-8)

The TSC rating is given by:

CUSN ����� 2ˆ
2

3
(7-9)

Substituting the previous two expressions in the expression for the time constant
(Equation (7-6)) gives:

�
�


1
(7-10)

Therefore, for a 50 Hz system, the corresponding time constant is equal to
3.18 ms. This value will be mainly employed in most of the simulated cases.
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For a two-level converter commutated at fundamental frequency, the control
system must alter the DC voltage in order to change the VSC operating point.
The DC capacitor represents thus the initial “inertia” seen by the control in order
to change the operating point. Smaller capacitors should theoretically result in
faster converter responses, but the voltage ripple over the DC capacitor may
become too large, especially the second harmonic ripple at unsymmetries in the
AC voltage. Besides, it is natural to realize that the transformer reactance and DC
capacitor form a resonant circuit. Previous studies have also shown that a suitable
design of the DC side (including possibly a second harmonic passive filter) can
avoid resonances at undesirable frequencies (usually integer multiples of the
fundamental frequency) that can cause system instability [123,124].

For a PWM switched converter, the interaction between the AC and DC sides of
the converter is weaker as soon as the PWM switching scheme employs the
measured DC voltage for building up the triangular carrier and determining thus
the switching instants, as shown in Appendix D.

7.3 CONTROL SYSTEM FOR THE TWELVE-PULSE
VSC

In this thesis, the shunt converter, used for voltage control at the connection bus,
is commutated at fundamental frequency. The same control system is applied to
both transmission and distribution networks. The control is based on an outer
voltage regulator plus an inner current controller, as shown in Figure 7-6. This
block diagram has been implemented in the control DSP, shown in the previous
chapter.

The three-phase voltages at the connection bus and the VSC currents are
transformed to �-� components and the positive-sequence components are
extracted according to the algorithm described in Appendix C. The amplitude of
the voltage vector is thus obtained and filtered, corresponding to the voltage
response at the connection bus (Uresp). For the current controller, a d-q
transformation is used for calculating the VSC reactive current. As the PLL
system is synchronized with the d-component of the AC bus voltage, the q-
component of the current corresponds to the reactive current (ivq). This
convention is adopted along this work.

The voltage response signal is compared with the reference voltage (Uref) plus a
voltage contribution to the desired slope of the voltage-current characteristics of
the converter. The error signal (Uerror) goes through a PI regulator that results in
the reactive current order (ivq-ref) to be generated by the converter. The voltage
regulator function resembles thus that one employed for a conventional SVC,
with control equation given by:

vqrefresp iSlopeUU ��� (7-11)
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where a positive value of ivq indicates reactive power generation by the VSC.

The current reference is compared to the calculated value (ivq) and another PI
regulator forms the reactive current controller. The output of this controller gives
the phase-shift angle order (�order), sent to the firing control DSPs.

It should be noted that the function of the current controller can be eliminated as
the output of the voltage regulator might directly be used to give the phase-shift
angle order. However, it should not be forgotten that the current through the
valves should be limited for protection purposes. This can usually be achieved by
limiting the reactive current reference value calculated by the voltage regulator,
as shown in Figure 7-6. Of course, if the voltage regulator orders a current
reference higher or lower than the limit values, the AC voltage error signal will
not return to zero. In this case, anti-windup techniques are applied to the
integrator part of the voltage regulator for avoid a continuous integration of the
voltage error.

Figure 7-6 Control system block diagram of the twelve-pulse shunt VSC.

7.4 STUDIED CONFIGURATION OF A TRANSMISSION
SYSTEM

The basic configuration of the studied transmission system is shown in
Figure 7-7. The shunt converter is connected close to the sending end of a
transmission line. The line is represented by its equivalent reactance and
resistance. The line capacitances and the zero-sequence impedance of the line are
not included although it is possible to set-up a more accurate model of
transmission lines using �/�sections. However, their influence can be neglected
because the control bandwidth is much lower than the frequencies where the line
capacitances become relevant.
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Traditional fixed series capacitor is also adopted, compensating for almost 80%
of the equivalent transmission line reactance. The inductances Ls and Lr
represent the leakage inductance of the high power transformers, connecting the
generators to the transmission system. The generator voltages are at their rated
values and phase-shifted by 15�.

The VSC current rating is approximately 24% of the transmission line rated
current. The converter and AC network ratings at the real-time model are equal
to 3 VA and 12.7 VA, respectively.

Figure 7-7 Main circuit configuration of the studied transmission system.

7.4.1 Simulation Cases

The dynamic performance of the shunt VSC connected to the system shown in
Figure 7-7 will be presented for two cases. In the first one, the AC voltage
reference is transiently increased from 0.95 to 1.05 p.u., causing a change of the
VSC operating point from reactive power absorption to generation. The
simulation results are shown in Figure 7-8. Such case is usually studied for
optimizing the gains of the regulators.

For an AC voltage reference equal to 0.95 p.u., the initial operating point of the
converter corresponds to a reactive current absorption equal to 0.85 p.u., as
shown in plot b. The slope adopted for the voltage-current characteristics is equal
to 3%. According to these values and Equation (7-11), the initial amplitude of the
AC voltage at the connection bus (shown in plot a) is equal to 0.975 p.u.
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The DC voltage (plot d) is initially lower than its nominal value - defined when
the VSC reactive current is equal to zero and the AC voltage is at its nominal
value - since the VSC absorbs reactive power. At steady-state, the phase-shift
angle (plot f) is very close to zero, as there is no active power circulating from
the converter.

As soon as the step change in the reference voltage is applied around 50 ms, the
AC voltage error signal, seen in plot e, is increased by the step size (10%) and
returns to zero after approximately 2 cycles. The positive voltage error makes the
voltage regulator order an increase of the reactive current reference to be
produced by the converter. In the present case, this reference is increased up to
+1.0 p.u. (plot b), i.e. the VSC should generate full reactive current in order to
raise the voltage at the connection bus. With the converter switched at
fundamental frequency, it is then necessary to increase the DC voltage, which is
achieved by the current control. The phase-shift angle becomes transiently
negative, charging the DC capacitor (note: the signal convention used here is
opposite to the one adopted in Figure 7-1). As the reactive current reference is
not abruptly increased, the capacitor is smoothly charged, without causing
oscillations in the control variables. The measured reactive current (ivq) is also
shown in plot b, where it is observed that the measured current follows the
reference value with a time delay of approximately half cycle. Plot c shows the
VSC current in one phase and it can be visualized that the current is displaced by
180° after the step change is applied. The current waveforms are similar to those
presented in Figure 7-4.

From the voltage control equation, the AC voltage magnitude is equal to
1.02 p.u. when the AC voltage reference is equal to 1.05 p.u. and the converter
generates 1.0 p.u. of reactive current, as the slope is equal to 3%.

The AC voltage reference returns to 0.95 p.u. around time instant 220 ms and a
similar behaviour is verified. In this case, the capacitor is discharged by
transiently increasing the phase-shift angle to more than 5 degrees, as shown in
plot f.

It can be realized that the voltage control range is restricted since the converter is
placed close to the sending generator, i.e. large VSC current variations due to
changes of the VSC operating point do not cause large voltage variations.

Another interesting point to be analyzed is the harmonic distortion at the AC
busbar, especially for the 11th and 13th harmonics. The FFT of the AC voltage
bus reveals that the 11th and 13th harmonic voltages are approximately 1%. As a
remark, The Swedish National Grid (“Svenska Kraftnät”) establishes the limit of
1% for these harmonic voltages when formulating new contracts [131].



7.4 Studied Configuration of a Transmission System
__________________________________________________________________________________________________________

125

−1

0

1

(a) Three−phase voltages at MV bus

[p
.u

.]

−1

0

1

(b) Reference (dashed) and measured values of the VSC reactive current

[p
.u

.]

−1

0

1

(c) VSC phase current

[p
.u

.]

0.5

1

1.5
(d) DC side voltage

[p
.u

.]

−0.2

0

0.2

(e) AC voltage error signal (U
error

)

[p
.u

.]

0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4
−10

0

10
(f) Phase−shift angle order

Time [s]

[d
eg

re
es

]

Figure 7-8 Step change in the AC voltage reference from 0.95 to 1.05 p.u.
applied at 50 ms and lasting 150 ms.

The second studied case treats the converter operation under unbalanced voltage
conditions at the busbar. Voltage-source converters commutated at fundamental
frequency generate equal fundamental frequency voltages in the three-phases,
with amplitude only dependent on the DC voltage. During unbalanced faults,
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overcurrents might occur on some phases of the converter and the converter
might have to be blocked in order to protect the valves [71]. This has been
considered a major disadvantage of voltage-source converters switched at
fundamental frequency compared with conventional SVCs.

As the conventional SVC consists of controllable passive impedances, the current
drops when the AC bus voltage is reduced. On the other hand, the VSC current in
each phase depends on the voltage difference between the AC bus voltage and
the output voltage of the converter bridges. This difference can be very large in
the faulted phase, resulting in an overcurrent. Due to the fundamental frequency
negative-sequence component on the AC side, a large second harmonic
oscillation will appear on the DC side due to the unbalanced current. For
avoiding this oscillation, a second harmonic passive filter is installed in parallel
with the DC capacitor. The total size of the capacitance still corresponds to the
time constant 3.18 ms given by Equation (7-10).

A single-phase fault is applied at bus 1 during 150 ms by means of temporarily
connecting an inductive impedance equal to 0.24 p.u. to phase B of the same bus.
Before applying the fault, the converter generates a small amount of reactive
power. The simulation results are presented in Figure 7-9. The three-phase
voltages are shown in plot a where the faulted phase drops to 0.7 p.u. during the
fault. In this simulation, the shunt converter valves are not blocked in order to
analyze the influence of the control system on the fault current.

The rapid decrease of the measured voltage makes the voltage error positive. The
voltage regulator reaches its maximum limit in less than half cycle, limiting the
reactive current reference of the current controller to +1.0 p.u., as shown in plot b
(dashed curve). Due to the fast rise-time of the reactive current reference, the
proportional gain of the current controller decreases the phase-shift angle to
approximately -5° (plot h) in order to charge the DC capacitor. A slowly damped
oscillation is verified during the fault period in the variables involved in the
current control, e.g. measured reactive current (plot b), DC side voltage (plot f)
and phase-shift angle order (plot h). The frequency of this oscillation is close to
80 Hz and it can theoretically be calculated, being mainly dependent on the
transformer leakage reactance and the DC side circuit [130,132]. After the fault
is cleared, the oscillations on the DC voltage correspond to the resonance
frequency of the DC side circuit (120 Hz), i.e. capacitor bank in parallel with
second harmonic filter.

The frequency of the oscillations on the DC side voltage are transferred to the
AC side as its side bands, for instance to the three-phase currents of the
converter, shown in plots c-e. Although the current regulator controls the VSC
reactive current to the limit value determined by the voltage regulator, the phase
current in the faulted phase (plot d) rises up to 2.0 p.u. In a real scheme, the
converter might be blocked to protect the valves.
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As the converter needed to generate more reactive power in order to increase the
positive-sequence component of the bus voltage according to the voltage
equation, but the reactive current reference is limited to +1.0 p.u., a constant AC
voltage error is observed during the fault period. After the fault is cleared, this
error returns to zero in 2 cycles.
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Figure 7-9 Single-phase remote fault applied at the converter bus
between 50 and 200 ms.
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The single-phase fault was also studied for the case that the current controller is
removed. In this case, the output of the voltage regulator gives directly the phase-
shift angle order of the twelve-pulse converter, i.e. the reactive current is not
controlled. The gains of the voltage regulator have thus to be changed. The
simulation results are presented in Figure 7-10.

The noticeable differences are in the variables related to the current control. As it
can be seen in plot b, the converter reactive current rises up to 2.0 p.u., but the
oscillations due to the current regulator are not observed in this case. The phase-
shift angle (plot h) becomes almost proportional to the voltage error signal since
the proportional gain of the voltage regulator is dominant in this case.
Nevertheless, the converter fault currents reach 2.0 p.u in all phases (plots c-e),
which did not occur in the previous case when the reactive current reference
signal was limited. Therefore, for the purpose of achieving some limitation of the
fault current, it is in principle better to have the current controller. This can be
useful only in the case of small unsymmetries in the AC voltage as the one
verified in the simulated results.

It can also be noted that the voltage regulator error signal (plot g) returns to zero
during the fault, which means that the positive sequence-component of the
voltage is controlled. This could be expected because there is no limitation for
the converter current in this case. As the reactive power given by the VSC during
the fault is higher than in the previous case, the DC capacitor is charged with a
higher value than previously (plot f), increasing the converter output voltage and
consequently the VSC current.

A PWM switched converter offers better possibility to control unsymmetries and
especially overcurrents during unbalanced faults. However, one drawback with
PWM is the higher switching losses. In order to achieve a compromise between
controllability during unbalanced disturbances and switching losses, an
interesting alternative is to switch the converter at fundamental frequency during
normal operation and change rapidly to PWM scheme during unbalanced
disturbances in the AC network [133]. In such case, the main task during faults is
to limit overcurrents by also generating negative-sequence components in the
converter output voltage.

It terms of voltage control during symmetrical disturbances, there is not any great
advantage on employing high switching frequencies unless feedforward control
is adopted for the current regulator. Despite the possibility of a very fast response
of the VSC current controller if PWM is employed, the total response would still
be limited by the voltage regulator dynamics, which usually gives the reactive
current reference value for the current controller. In order to minimize this
dynamics, a combination between feedback and feedforward control is required
[134].
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Figure 7-10 Single-phase remote fault applied at the converter bus
between 50 and 200 ms without reactive current control.
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7.5 STUDIED CONFIGURATION OF A SHUNT VSC
APPLIED IN A DISTRIBUTION SYSTEM

As it was described in Chapter 6, one of the main advantages of scaling the
models at the analog real-time simulator to low power is that the same model of
the forced-commutated voltage-source converters can be applied to simulate the
converter performance on different voltage levels. In this section, a very simple
model of a distribution network is represented in the real-time model, as shown
in Figure 7-11. The AC system is resistive grounded. However, this does not
affect the response of the simulated case since only a symmetrical case is studied.

The model consists of a Thevenin equivalent of the high voltage system,
assuming a short-circuit power equal to 100 MVA at the MV bus, where a
15 MVA passive load with power factor equal to 0.9 is connected. The shunt
converter is also connected to this busbar and it has an equivalent rating equal to
10 MVA.

The control system is primarily based on Figure 7-6, but the current control is not
activated. The PI regulator parameters are different than those previously used. In
order to increase the operating range of the shunt converter, the slope of the
voltage-current characteristics is increased to 5%. It is assumed that the utility
transiently allows such voltage variations at the MV bus.

Figure 7-11 Simplified distribution network with a shunt connected VSC.
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7.5.1 Simulation Case

The simulated case consists of the connection of a three-phase load at the MV
bus. The results are shown in Figure 7-12. The load is rated 27.3 MVA and it has
a power factor equal to 0.6. The AC voltage reference is equal to 1.0 p.u. and
before the connection of the extra load, the converter absorbs some reactive
power.

The load is connected around time instant 50 ms. This would cause a 20% drop
in the bus voltage without the shunt converter. Plot d shows the voltage response
signal employed in the voltage regulator, while the dashed line corresponds to the
0.9 p.u. limit, usually adopted for identifying a voltage sag. As it is observed, due
to the response time of the shunt converter, the voltage is below 0.9 p.u. during
one cycle, which is tolerated by the great majority of industrial processes.

Due to the transient voltage decrease of the AC voltage, the DC voltage is also
transiently decreased, as seen in plot c, until the voltage regulator decreases the
phase-shift angle (plot e) and the capacitor is charged. In the new operating point,
a small 12th harmonic ripple is observed on the DC side voltage. As it has been
discussed before, smaller capacitors would probably react faster, as they provide
less inertia for changing its voltage. On the other hand, the initial drop on the DC
voltage would be larger.

The connection of the load causes a small phase-jump (�9°) in the bus voltage,
but this is not critical to the simulation model because the synchronization circuit
(PLL) responds rapidly, as shown in Section 6.2.2. If the PLL dynamics is made
slower, the shunt converter response may be worsened by phase-jumps at the MV
bus [135], especially when the controlled variable is the phase-shift angle. On the
other hand, the PLL should not be made very fast due to the risks of easily
becoming unstable.

The connection of the new load requires a change of the converter operating
point to the capacitive mode. The final value of the reactive current is
around 1.25 p.u. (plot b) which means that the load connection required more
reactive power than the converter can normally provide, since its overload
capability is limited. Moreover, the initial operating point of the converter affects
its mitigation effect due to limitations of the current through the VSC valves. For
instance, if the converter generated reactive power before the load connection,
the final required value of the reactive current would be higher than 1.25 p.u.,
which may not be allowed.

One interesting observation from the performed simulations is that the voltage
distortion is much more visible than for the cases shown for the transmission
system. As it has been stated, the short-circuit capacity of the AC network for the
distribution system case is only ten times larger than the converter rating.
Therefore, the harmonic currents produced by the shunt converter meet a high
impedance path, contributing to an increase of the harmonic voltage. The voltage
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distortions for the 11th and 13th harmonics are around 3%, which lead to an
unacceptable total harmonic distortion (THD). Passive filters have to be
connected or the number of converters has to be increased (assuming that PWM
is not employed).
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Figure 7-12 Symmetrical load connected to the MV bus at 50 ms.
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7.6 SUMMARY

The operation of forced-commutated voltage source converters using
fundamental switching frequency has been described in this chapter and a control
scheme for the twelve-pulse converter has been proposed. Based on this control,
simulation cases have been performed for simplified equivalents of transmission
and distribution systems in order to verify the behaviour of the converter under
dynamic conditions.

At transmission systems, it has been verified that the response time of the shunt
converter, employed for reactive power control, is similar to a conventional SVC
(2-3 cycles). The advantage of the voltage-source converter is its capacity of
generating (or absorbing) full reactive current independently of the network
voltage. In practice, such feature becomes useful during large disturbances in the
network, especially at the fault recovery. In case of unbalanced faults, it has been
shown that the capability of current limitation of a converter switched at
fundamental frequency is very limited. This problem can be overcome if PWM is
used and the output voltage in each phase counteracts the unbalance in the
network voltage. For this task, feedforward control has to be employed if it is
necessary to make that the fault current never exceeds the maximum turn-off
current of the semiconductor device (more critical if GTOs or IGCTs are
employed).

Simulation results have also shown that the shunt converter applied to
distributions systems may have some effect on mitigating voltage sags, especially
to networks with low short-circuit capacity. However, in order to protect critical
loads from more severe voltage sags (as also swells) in the distribution network,
a series connected voltage-source converter is more suitable, as it will be
presented in the next chapter.

The shunt VSC can also be employed for power factor correction in distribution
systems, without the necessity of installing capacitor banks, avoiding thus the
risk of resonance at critical frequencies. In this case, only the current control
would be activated, with reference value given by the symmetrical of the
measured reactive current of the load. The reactive power support given by the
shunt converter may be useful for mitigating “post-fault” sags. This phenomenon
is verified at the reacceleration of induction motors after a fault is cleared, when
they draw considerable reactive power and cause a voltage sag with much longer
duration than the fault clearing time determined by the protection system.

As it was stated in Chapter 4, the shunt converter applied to distribution systems
is more useful for correcting power quality problems originated at the load than
in the supply network. Power factor correction and compensation of harmonic
currents, flicker and unbalanced loads (common in directly grounded MV
systems in the USA and Japan) can be mentioned as suitable tasks for the shunt
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converter. For the first application, the fundamental frequency switching is
satisfactory while PWM is required for the other applications.
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CHAPTER 8
SERIES CONNECTED VOLTAGE-SOURCE
CONVERTER
__________________________________________________________________________________________________________

8.1 INTRODUCTION

The chapter focuses on the series connected voltage-source converter (VSC),
initially described in Section 4.6. The control of the series converter will be
studied in more detail in the present chapter. As it has been discussed in
Section 4.6, the control systems in transmission and distribution systems have
usually different purposes and requirements. Despite of that, the same hardware
and switching frequency (1050 Hz) have been used at the real-time model in both
applications.

A mathematical model is developed for transmission system applications,
including a transmission line equivalent with series capacitor, and possible
control strategies are discussed. The main purpose is to find a stable and
relatively fast current control of the line current. The results obtained from the
mathematical model are compared with those obtained at the real-time model.
The studies serve mainly as basis for the hybrid converter – Unified Power Flow
Controller (UPFC) – presented in the next chapter.

The emphasis in distribution system applications lies on the mitigation of voltage
sags originated in the feeding network to critical loads. As it was discussed in
Chapter 3, voltage sags in the range of 20-30% with duration of one-two periods
may interrupt the normal functioning of vital processes in some industrial
facilities. The solution in the form of series connected VSC – denoted Dynamic
Voltage Restorer (DVR) – can provide protection to the majority of voltage sags
occurring in the medium voltage network. For that purpose, a control scheme is
also proposed and implemented at the real-time model.

In addition to the control system for each application, some practical aspects
have to be considered for the converter, as it is series connected along a
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transmission line or distribution feeder. Therefore, it is more exposed to
disturbances and overcurrents caused by faults. Moreover, since it is assumed
that PWM with moderate switching frequency is adopted, the series voltage
would introduce harmonic components in the main system, even at no-load
operation, i.e. when the required series voltage calculated by the control system
is equal to zero. Such aspects are also discussed in this chapter.

8.2 SERIES VSC IN TRANSMISSION SYSTEMS

As it was discussed in Chapter 4, the application of the series VSC without any
infeed of active power to the DC side is limited to the case that the inserted series
voltage is orthogonal to the line current. Active and reactive power cannot then
be independently controlled. There is no such compensator installed in real plants
and it is not foreseen any significant advantage compared to a more conventional
and less costly solution based on thyristors (Thyristor Controlled Series
Capacitor – TCSC), as series transformers are eliminated. A transformerless
configuration based on series connected voltage-source converters has also been
proposed in the literature [136].

In order to exploit the full capability of the series converter, a series voltage with
magnitude and angle independent of the line current has to be inserted. The
active power balance for transmission systems applications has to be provided by
a shunt converter, as the use of energy storage elements at such power levels is
unfeasible. The hybrid configuration, denoted Unified Power Flow Controller
(UPFC), will be presented in the next chapter, but the results about the current
control studies described in the present chapter will also be used for the UPFC. A
configuration consisting of a series connected VSC to each transmission line with
a common DC link has also been presented in the literature [137]. The active
power balance is done by transferring active power between the different lines.

8.2.1 Development of a Mathematical Model

A mathematical model for the series VSC is developed based on a vectorial
representation. The variables to be controlled are the d-q components of the line
current and the control output variables are the d-q components of the inserted
series voltage. It is assumed that variations on the DC link voltage are corrected
by the PWM switching scheme and therefore do not influence the series voltage
reference calculated by the control system.

The purpose of deriving the mathematical model is to find a suitable and simple
controller that can be used for the series converter, with a high switching
frequency, here assumed to be 1050 Hz. The rated voltage of the series converter
is equal to 10% of the system phase voltage. It should also be reminded that the
series voltage represents the voltage difference between two nodes of a
transmission line. This difference is normally below 10-15% of the rated voltage
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at normal operation. In a real application, the rated voltage has to be optimized
regarding the maximum voltage required and cost of the converter.

The base configuration of the system is shown in Figure 8-1 and it is identical to
that employed in Chapter 7 (Figure 7-7). The series converter is here assumed to
be connected close to the sending end of the series compensated transmission
line. It should be noted that the use of the assumed series compensation creates a
low frequency series resonance in the power system. Since the line current is the
variable to be controlled, it is expected that this resonance must be taken into
account in the design of a suitable control.

Two simplifications are considered for the analysis:

� The value of the leakage reactance of the series transformer is included in the
line reactance for the mathematical analysis. This leakage reactance is equal
to 0.1 p.u. at the series converter base. As the series converter is dimensioned
to 10% of the system voltage, the contribution of the transformer reactance
transferred to the system base impedance is very small.

� Passive filters for removing the high frequency components generated by the
PWM switching to the line are not included as they are assumed to not affect
the control bandwidth. In fact, the control bandwidth is limited by
measurement dynamics and mainly by the series resonance between the
series capacitor and the transmission line reactance.

The basic equation for the system can be written using a vector notation in the
�-� plane:

Figure 8-1 Main circuit configuration of the studied transmission system
including a series connected VSC.
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Applying Laplace transform to the equation above:
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where L=Ls+Lt+Lr.

Transforming the above equation using per-unit values for the impedance and
frequency gives:
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Considering small disturbances around the operating point of each vector -
denoted by ‘’ -, the sending and receiving voltage deviations can be neglected

� �0�� DEDE
rs uu  when studying the dynamics of the converter. The generator

dynamics are much slower than the dynamics of the series converter. Therefore,
the previous equation can be reduced to:
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It is convenient to transform the vectors from ��� to d-q plane, since the control
signals then become DC variables. From the d-q transformation in the time-
domain, it is possible to achieve the relationship to be used in the frequency
domain (for an arbitrary variable x):
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qd
dq (8-5)

where �0 is the fundamental angular frequency (�0 =1.0 using per-unit values).
The argument signal is generated by the PLL, using the voltage at the sending
bus as reference vector (described in Section 6.2.2).

The equation above uses the property that a multiplication in the time-domain
becomes a convolution operation in the frequency domain (and vice-versa). It
means that the vector equation in the d-q plane is obtained by replacing s by s+j
(using per-unit values) in Equation (8-4). This results in a complex transfer-
function:
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Simplifying this equation by removing the imaginary part from the denominator,
the following system is obtained:
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The above equation can be expressed in a matricial form:
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where:
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The obtained transfer-functions show how changes in the inserted series voltage
affect the line current around its operating point. The influence of the operating
point does not appear in the equations, but it affects the control range because the
inserted series voltage is limited.

As it is observed from Equation (8-12), the matrix transfer-function G(s) is
composed of only two transfer-functions (G11(s)= G22(s) and G21(s)= -G12(s)).
Therefore, a Bode diagram is sufficient to describe the direct coupling and the
cross-coupling between the d-q components of the line current and series voltage,
given by the diagonal and non-diagonal terms of G(s), respectively. The
following parameters have been considered as default values in the numerical
analysis:



Chapter 8. Series Connected Voltage-Source Converter
__________________________________________________________________________________________________________

140

� �

�
�
�

��
�

�

�

�

����

p.u.084.0

p.u.5.0

p.u.636.0;p.u.15.0p.u.936.0

t

C

trsL

r

X

XXXX

(8-13)

The magnitudes of the frequency response of both transfer-functions G1(s) and
G2(s) are shown by the solid and dashed curves, respectively, in Figure 8-2.
Equations (8-8) and (8-9) reveal that the poles of both transfer-functions are
equal and consequently the resonance peaks occur at the same frequencies. It can
be seen that for frequencies below the first pair of complex conjugate poles (at
0.28 p.u.), the non-diagonal term has a greater magnitude. This means that for
low frequencies (including the DC component, which corresponds to the
fundamental frequency in the ��� plane), changes in one component (d or q) of
the series converter voltage affects more the other component (q or d) of the line
current. The opposite occurs for frequencies between 0.28 and 1.0 p.u., as well as
for frequencies higher than the frequency of the second pair of complex
conjugate poles (at 1.72 p.u.), i.e. the diagonal term of the matrix transfer-
function in Equation (8-11) is dominant. It will be shown in the following how
the interaction between the different components of the series voltage and line
current influence the response of the current control.
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Figure 8-2 Magnitude of the frequency response of the diagonal and
non-diagonal transfer-functions.
Solid curve: diagonal transfer-function (G1(s)).
Dashed curve: non-diagonal transfer-function (G2(s)).
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8.2.2 Closed-Loop Theoretical Model

In order to achieve a better comparison between the mathematical model and the
analog real-time model, the closed-loop system of the mathematical model is
discretized using the same sampling frequency as adopted at the real-time model
(2.1 kHz = twice the switching frequency of the series converter). The resulting
system is shown in Figure 8-3. The discrete controller and the measurement
digital filters are represented by the blocks C(z) and M(z), respectively. The
measurement system eliminates the influence of negative-sequence component at
fundamental frequency on the AC line current to the d-q components (shown in
Appendix C.2). Higher order harmonics are eliminated by means of a third order
low-pass filter with cut-off frequency equal to 300 Hz.

In terms of the mathematical model, the simulation sees the discretization
process through the zero-order-hold (ZOH), which keeps the input signal
constant during the sampling time. With this approach, it is possible to use the
matrix transfer-function in the time-continuous domain. The switch introduced
after the last block represents the A/D converter. However, it does not introduce
any delay in the model as the conversion time is less than 10 �s. The delay block
(z-1.5) represents an average delay between the data acquisition and a switching
action according to the calculation of the series voltage reference vector, as
described in Appendix D.2.

Figure 8-3 Block diagram representation in the time-discrete domain.

8.2.3 Simplified Control System

In this section, two control schemes are studied, based only on two PI controllers

for controlling the line current ( dq
Li ).

In the first control scheme, the transfer-function G2(s) is not taken into account in
the design of the controller. Therefore, the controller C(s) assumes a direct
connection between d- and q-components of the input and output variables,
expressed as:
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Since the diagonal transfer-functions that describe the dynamics between the d-
(q-)component of the series voltage and d-(q-)component of the line current are
equal (see Equations (8-11) and (8-12)), it is natural that the parameters of both
PI regulators are made equal.

Results from computer simulation based on the mathematical model and the
controller described above are shown in Figure 8-4. The magnitudes of the step
changes in the line current reference were similar to those applied to a
corresponding test at the real-time model (shown in Figure 8-5). These

magnitudes were both equal to 0.1 p.u., i.e. � �p.u.1.01.0 ji dq
refL ��

�
, applied at

50 ms (d-component) and 300 ms (q-component), respectively. Although the rise
time of the current response is relatively fast - around one cycle -, there is a high
interaction between the controllers that increases the settling time. Variations
with amplitude up to 0.05 p.u. are clearly visible in the line currents (plot a)
between 50-100 ms and 300-350 ms, when one component of the reference
current is changed, but the measured value of the other component is also
disturbed.
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Figure 8-4 Response of the mathematical model to step changes in the
current reference components at 50 and 300 ms.
Control based on the direct coupling between the d-q components.
Regulator parameters: Kp = -0.5 p.u./p.u.; Ki = -30 s-1.
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Plot b shows the outputs of the PI regulators, which are the d-q components of
the voltage reference to be produced by the series converter. The proportional
part of the regulator makes that the step change in the d-component of the line
current at 50 ms produces instantaneous variations in the d-component of the
voltage reference. Nevertheless, the final value of the voltage reference is mainly
given by the q-component, as the non-diagonal transfer function G2(s) is
dominant at lower frequencies.

Slowly damped oscillations at the frequency close to 90 Hz (1.8 p.u.) can be seen
in both plots, corresponding to one of the complex conjugate poles found in the
open-loop transfer-functions. Increasing the regulator gains would make the
system unstable.

The corresponding simulation results from the analog real-time model employing
the same control are shown in Figure 8-5. The operating point was chosen in
such a way that the voltage reference for the series converter was low in the start
of the simulation, i.e. before the step changes are applied.

Plots a and b show the measured and reference values of the d-q components of
the line current while plot d shows the outputs of the PI regulators. The initial
fast rising time and the high degree of interaction between the controllers are also
verified. One clear difference is the higher damping of the oscillations
(90 Hz � 1.8 p.u.) at the real-time model. The higher damping is achieved despite
the loss compensation unit along the transmission line. One possible explanation
for the higher damping is a small increase of the losses for frequencies different
from the fundamental one, since capacitors and reactors are not ideal. A small
increase of the absolute value of any resistive part in the circuit might represent a
considerable increase of the relative losses, considering that the base impedance
is equal to 23.57 �. For instance, a change of 1% in the per-unit resistance
corresponds only to 0.24 �, but it is sufficient for significantly improving the
damping of the oscillations.

The outputs of the PI regulators are transferred to the abc-plane, resulting in the
voltage reference for phase A shown in plot e. This is the fundamental frequency
voltage reference to be produced by one of the legs of the series converter. The
zero-sequence component, added for increasing the maximum modulation index
of a sinusoidal PWM (described in Appendix D.2), is also observed in the plot.
The voltage inserted along the transmission line in phase A is shown in plot f
where the high frequency harmonics produced by the PWM switching are
considerably filtered by the passive filter at the converter output, shown in
Figure 8-1. Although the design of the filter was not optimized, the remaining
harmonics do not represent a concern in this case, as their magnitudes are very
small.

The effect of the inserted series voltage is that the line voltage after the series
converter is changed in order to produce the reference values of the line current



Chapter 8. Series Connected Voltage-Source Converter
__________________________________________________________________________________________________________

144

provided to the control system. The line current iL, seen in plot c (phase A), is
thus changed in both amplitude and phase.
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Figure 8-5 Response of the real-time model to step changes in the
current reference components at 50 and 300 ms.
Control based on the direct coupling between the d-q components.
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The simulation results have shown that a step change in one of the components
of the line current results in a final change of the other component of the series
voltage reference. Therefore, it is worthy trying to change the controller,
considering the non-diagonal transfer-function G2(s), which is responsible for the
interaction between the d-q components. As G21(s) = -G12(s) (see Equations
(8-12) and (8-13)), it is possible to express the controller as:
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The simulation results from the mathematical model using the control described
above are presented in Figure 8-6. Large oscillations at the frequency around
16 Hz - corresponding to the first pair of complex conjugate poles - are observed
in both curves due to the fact that the non-diagonal transfer-function G2(s) has a
larger gain for lower frequencies (see Figure 8-2) than the diagonal transfer-
function G1(s). Despite of using low regulator gains, the system response is very
slow and close to instability. It can thus be concluded that this control strategy is
not suitable for the series converter in transmission systems including large
amount of series compensation.
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Figure 8-6 Response of the mathematical model to step changes in the
current reference components at 50 and 300 ms.
Control based on the cross-coupling between the d-q components.
Regulator parameters: Kp = -0.1 p.u./p.u.; Ki = -3.5 s-1.
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Tests with this controller have also been performed at the analog real-time
model, which are presented in Figure 8-7. However, the amplitude of the low
frequency oscillations at the analog real-time model is not so high as in the
mathematical model.

Despite the higher damping, the control is still very slow and it can be seen in
plots d-e that the voltage reference is smoothly increased, which makes the total
response time of the current controller very slow, as seen in plots a and b. The
interaction between both controllers is now restricted to oscillations at low
frequency, which are excited by the small proportional part of the regulator.

Changing the regulator gains in order to make the response faster will increase
the amplitude of the low frequency oscillations and make the system unstable.

From the results obtained with the two discussed controllers, the transfer-
function G1(s) is responsible for producing fast changes on the d-q components
of the voltage reference. However, the final values of the d-q components of the
voltage reference are mainly determined by the transfer-function G2(s), creating
thus the interaction between the d-q components. It would thus be interesting to
design a controller that could take advantage of the faster response of G1(s) and
at the same time avoid or reduce the interaction between the d-q components. If
these goals are achieved, the current control response will be far improved. The
next section will treat a theoretical analysis of this controller, sometimes denoted
“decoupler”.

8.2.4 Control System Including Decoupling

Some methods have been proposed in literature for reducing the interaction
between the d-q components of the series converter. All the methods are based
on the assumption that the line parameters are known and most of them are
developed for transmission line equivalent without series compensation
[138-140]. This makes the design easier because the matrix transfer-function
G(s) is reduced to second order with open loop resonance frequency close to
50 Hz, i.e. the system bandwidth is larger.

The mathematical model showed that a PWM switched converter is part of a
multivariable system, with inputs corresponding to the amplitude and phase of
the converter output voltage (expressed by its d-q components). It is thus possible
to design more sophisticated control algorithms suitable to multivariable systems
that are more robust to variations in the network parameters [139,141,150]. The
main drawback is the high order of the controller. In this section, a decoupling
method is proposed, which is simpler to implement, but can offer similar
performance [30]. It should also be observed that variations in the system
parameters are restricted by the relatively low voltage rating of the series
converter. It is also reasonable to assume that the values of the transmission line
reactance and series capacitance can be at least estimated.
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Figure 8-7 Response of the real-time model to step changes in the
current reference components at 50 and 300 ms.
Control based on the cross-coupling between the d-q components.
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Independently of the adopted method, a perfect decoupling cannot be achieved in
practice due to the delay caused by the control (including filtering of the line
current), limited switching frequency and passive filter at the converter output.
Moreover, an integral controller is always required for eliminating steady-state
errors.

The simplest attempt to eliminate the interaction between the d-q components is
to introduce an extra controller in series with the primary regulator )(zC  in
Figure 8-3. However, it can be shown that the series controller is very sensitive
to small variations or errors in the network parameters. The reason is that the
decoupling is achieved by forcing zero-pole cancellations that only occur when
the system parameters are fixed and known with good accuracy, which does not
correspond to a real situation in power systems.

Another possibility is introducing the decoupling matrix D(z) in an inner closed-
loop, including the matrix transfer-function G(s), as seen in Figure 8-8. The main
problem of using this approach is that the inner loop dynamics is influenced by
any sort of delay. Therefore, the delay caused by the PWM switching and the
measurement filters have to be taken into account, making the design rather
complicated, requiring then a high order controller. Any attempt to neglect these
delays makes the system prone to instability.

Instead of using a dynamic decoupling term, a frequency-invariant term can be
applied. The value of this term can be directly obtained from a steady-state
analysis of the system shown in Figure 8-1 in the d-q plane. The following
equations can be written, where the index ‘0’ denotes steady-state values:
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Figure 8-8 Block diagram representation in the time-discrete domain
including a decoupling matrix in an inner feedback loop.
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From the previous equations, it is realized that the cross-coupling between the d-
q components of the line current and series voltage is given by the term
� �CL XX � . This term can thus be used as the non-diagonal element of the
matrix D(z):
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Neglecting the dynamics of the measurement system and delays due to

discretization and PWM switching, the new transfer-function vector )(' sG seen

by the controller )(zC  in Figure 8-8 is expressed as:
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where I is the 2x2 identity matrix.

Using Equations (8-7) to (8-9) and (8-18) results in:
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where:
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As it is observed, the transfer-function matrix is modified and zeros are
introduced to the non-diagonal term, which means that the influence of this
transfer-function at low frequencies is reduced. This can also be observed in the
plot of the frequency response magnitude of both real and imaginary transfer-

functions ( )('1 sG  and )('
2 sG , respectively) given by Equations (8-20) to (8-23).

These are the new transfer-functions seen by the controller )(zC  and the
magnitudes of the frequency response are shown in Figure 8-9. It is verified that
the previous pair of complex poles at 0.28 p.u. has moved to close to the origin
(not observed in the figure) and have a high damping.
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Figure 8-9 Magnitude of the frequency response of the real and imaginary
transfer-functions after introducing a static decoupling.

If the controller )(sC  given by Equation (8-14) is employed, the integral gain
can be made lower because the decoupling )(sD  has partially a similar function
of an integrator.

In order to have a general overview of the control system, a block diagram of the
control implemented at the real-time model is presented in Figure 8-10, where
the decoupling factor (XL-Xc) is expressed as Kd. One aspect that has not been
mentioned yet is the limiting block for the d-q components of the series converter
voltage reference. If the absolute value of the voltage reference vector is above a
maximum allowed value, related to the maximum allowed voltage across the
series transformer, the voltage reference to the converter must be limited. In this
case, it can be decided which component of the series voltage reference should
be prioritized [142]. This feature has not been employed in the present studies as
the performed case studies produce only reasonable values of the series voltage.

The performance of the control strategy including the static decoupling in the
mathematical model is shown in Figure 8-11, applying the same step changes in
the current references as the previous cases. It is verified that the system response
is considerably improved, with the rise time of the current approximately equal to
one cycle, being almost free of oscillations. Even using nominal values, the
decoupling is not ideal, as seen in plot a, but the interaction between the
controllers is much lower than in Figure 8-4, when only PI regulators are
employed. Changes in one component of the line current transiently affect both
d-q components of the series voltage: the same component via the PI regulators
(plot b) and the other one via the integral and decoupling actions (plot c).
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Figure 8-10 Implemented current control including static decoupling.

The satisfactory performance of the control is also verified at the real-time
model, applying the step changes in the d-q components of the line current
reference. The results are shown in Figure 8-12. Since the real-time model has
higher damping, a better response could be obtained, with a very low interaction
between the d-q components of the line current, as shown in plots a and b.

It is verified that the output of the PI regulator giving the initial value of the
q-component of the series voltage reference (plot c) is close to 0.25 p.u. in the
start of the simulation. It is however compensated by the factor Kd.iLd, resulting

thus in a small initial value for the total q-component � �'
vqu , as seen in plot d.

8.2.5 Power Flow Control

An effective current controller for the series converter was presented in the
previous section. Nevertheless, when the series converter is applied to a
transmission system, the variables of interest to be controlled are often the active
and reactive power and not magnitude and phase of the line current (expressed by
its d-q components).

The idea is thus to translate the reference values of active and reactive power into
reference values for the d-q components of the line current [30,142]. After that,
the control system previously proposed can be applied. It is required that the
voltage at the node of interest is available for measurement and can be sent to the
series converter station. In the studied system, it is assumed that the series
converter controls the power reaching the receiving bus, as shown in Figure 8-1.
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Figure 8-11 Response of the mathematical model to step changes in the
current reference components at 50 and 300 ms.
Control based on the direct-coupling between the d-q
components plus a static decoupling.
Regulator parameters: Kp = -0.5 p.u./p.u.; Ki = -20.0 s-1.

Kd = 0.436 p.u.
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The expressions for the current reference values in the d-q plane are obtained
considering positive-sequence fundamental frequency components and they are
given by Equation (8-24). The ��� components of the voltage at the receiving
bus (u2D and u2E) in this equation are obtained through the positive-sequence
detection algorithm described in Appendix C.2.
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(8-24)

where �0 is the argument employed in the d-q transformation, described in
Section 6.2.2.

In order to test the operation of the series converter as a power flow controller, a
test case has been performed at the real-time model, with results shown in
Figure 8-13. The initial reference values of active and reactive power are equal to
0.48 and -0.16 p.u., resulting in a series voltage close to zero, as seen in plot f.
Steps changes with amplitude equal to 0.15 and 0.1 p.u. are applied around 50 ms
and 300 ms in the active and reactive power reference values. The purpose is to
increase the transmission capacity of the line as well to reduce the reactive power
generation by the receiving bus.

The rise time of active and reactive power is similar as to the pure current
control, as observed in plots a and b. It should be pointed out that changes in the
power reference will affect both d and q components of the line current reference,
according to Equation (8-24). The response due to the step changes would be
considerably worsened if the decoupling function was not employed because the
interaction between the controllers would be stronger.

The final operating point of the series converter is different from the previous
cases because the positive step change in the reactive power makes the
q-component of the line current decrease, as shown in plot d. Both components
of the series voltage reference are now negative in the end of the simulation
interval, as verified in plot c.

After the step changes, there are changes in amplitude and angle of the line
current, by means of the insertion of the series voltage, shown in plot f. Looking
closer to plots e and f, it is observed that the reference voltage decreases after the
step change in the reactive power is applied. Nevertheless, the inserted series
voltage is slightly increased. The small difference is explained by the fact that the
measured series voltage includes also the loss compensation, which inserts a
negative voltage proportional to the line current. Once the current is reduced, the
amplitude of the negative voltage is also reduced and the measured voltage is
increased.
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Figure 8-13 Response of the real-time model to step changes in the
active and reactive power reference values.

A simple test has been performed at the real-time model, when additional three-
phase reactances equal to 0.036 p.u. are connected between the sending and
receiving buses (see Figure 8-1) at time instant 50 ms. The additional reactance is
only employed in this test case. This value was chosen experimentally in order to
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produce considerable change on the series converter operating point. Results are
shown in Figure 8-14. The power reference values and the control system
parameters were not changed during the simulated interval.

The introduction of the new line produces low frequency oscillations in the line
current and consequently to the control system (plot  b). However, these
oscillations are rapidly damped without causing any problem to the stability of
the current controller. The power reference values are almost not disturbed, as
seen in plot a. It is also observed from plots b and d that the operating point of
the series converter is altered due to changes in the sending and receiving bus
voltages, taking into account that the power reference values are maintained.

This simulation case shows that the proposed control system tolerates certain
changes in the network parameters, although being designed for nominal values
of the series link. It should not be forgotten that the rating of the series converter
is small and larger changes would make the inserted voltage reaching its limit.

The studies in the present chapter have not imposed any restriction on the phase-
angle between the inserted series voltage and the line current. A constant voltage
on the DC link has been assumed, with a separate DC power supply being
employed at the real-time model. In practice, such energy storage devices are not
feasible in transmission systems. Therefore, the active power balance across the
series transformer and DC link must be done by an extra converter. However, as
it will be seen in the next chapter, the performance of the series converter control
system will not be hardly affected and the analysis presented in the current
section will still be valid.

8.3 APPLICATION IN DISTRIBUTION SYSTEMS -
DYNAMIC VOLTAGE RESTORER (DVR)

Although series connected voltage-source converters in distribution systems have
been proposed for compensation of voltage harmonics and fluctuations due to the
load characteristics, their application has specially been advocated for mitigating
voltage sags and swells in the supply side, as shown in Figure 8-15. This
configuration has usually been referred in the literature as Dynamic Voltage
Restorer (DVR). Some units have been installed at real plants worldwide, e.g.
paper mill [4,48], semiconductor manufacturing facilities [79,143], food
processing plant [76] and yarn manufacturing [77]. The protected loads often
consist of DC and adjustable speed drives, induction motors and their contactors,
process controllers, instruments, etc. The rating of the DVRs in operation is
between 0.5-6 MVA. The DVR application becomes unjustifiable at lower
ratings since cheaper solutions are available - also based on power electronics -
that can also ride through short voltage interruptions [144].
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Figure 8-14 Response of the real-time model to the connection of a
small reactance between the sending and receiving buses.

In order to counteract disturbances in the supply side, the DVR must rapidly
react, introducing a suitable series voltage that results in an almost undisturbed
load voltage. The voltage is inserted via a series transformer (sometimes denoted
“booster transformer”). Both magnitude and angle of the series voltage can be
independently controlled by means of employing a high switching frequency for
the valves with turn-off capability (1050 Hz in this work). The DVR can also
counteract phase-jumps in the supply voltage to the protected load. This feature
can be useful to loads like thyristor rectifiers and cycloconverters connected to
the LV network.
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Figure 8-15 DVR configuration for mitigation of voltage sags
and swells in distribution systems.

In applications for voltage sag mitigation, the requirement of an energy storage
element becomes more evident since the series converter should supply part of
the active power drawn by the load during a voltage sag. However, the energy is
only required during the sag interval.

In the present chapter, it has been assumed that there is enough energy storage
capacity on the DC side of the series converter so that it is always possible to
generate the series voltage determined by the control algorithm. The maximum
voltage produced by the DVR is only limited by the series transformer rating.

The transformer turn-ratio and DC voltage are selected so that the converter can
still be able to produce its rated voltage with a minimum specified DC link
voltage. This depends also on the connection of the secondary winding (delta
connected in Figure 8-15) and the type of PWM adopted (see Appendix B).
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8.3.1 Practical Aspects

Before discussing a control system for the DVR, some practical aspects in the
design of the compensator are discussed in this section. Most of the discussions
are also valid for the application in transmission systems.

� Protection at Faults in the Load Side
The most critical disturbances to the DVR are faults in the load side (or along the
line in transmission systems), which normally creates overcurrents along the
feeder where the series transformer is connected. The fault current would
circulate through the valves, which might cause their thermal destruction. Even if
the turn-off devices are blocked, the fault current may circulate through the anti-
parallel diodes.

One possible alternative for protecting the valves against too high fault currents
in the load side is the connection of a fast solid-state switch in parallel with one
of the transformer windings, as shown in Figure 8-15. The switch closes very fast
if the feeder current passes a threshold level. Thyristors are suitable for this task
since they have a large short-time overload current capability and lower costs. If
the fault is permanent, the thyristors are blocked and a mechanical switchgear
disconnects the faulted feeder.

It is interesting to observe that the solid-state switch is used in this case for
conducting the fault current for a short period due to its fast closing capability.
The thyristor switch can also be used for limiting the fault current to the supply
side, as discussed in Chapter 5. This can be an interesting feature because the
spread of the fault current may cause voltage sags in the upstream network before
the fault is cleared in the load side.

� Switching losses
One clear disadvantage of the series connected VSC is the occurrence of
switching losses even when the supply voltage is at its rated value and the DVR
is at stand-by operating mode and the booster function is not required. This
means that the series voltage reference calculated by the control scheme is close
to zero. A possible solution for minimizing the switching losses during normal
operation is the introduction of extra turn-off devices and diodes to the series
converter bridge [143]. By properly commutating the extra switches, the
secondary winding is short-circuited and the only losses at normal operation are
the on-state losses of the components. This solution may be suitable at low load
currents when the conduction losses will be very low. The main drawback is the
requirement of extra components. It should be observed that rapid identification
of the correct moment for disabling the bypass circuit and enabling the PWM
switching is required for this solution.

� High frequency harmonics
A passive filter has to be connected for blocking the high frequency harmonics
produced by the PWM switching, as shown in Figures 8-1 and 8-15. The filter is



Chapter 8. Series Connected Voltage-Source Converter
__________________________________________________________________________________________________________

160

usually connected to the VSC output and an extra inductor must be employed for
each phase. The lowest characteristic harmonics have the order p 2, where ‘p’ is
the number of pulses per cycle (21 in the present studies).

Another possible location for the passive filter is in parallel with the primary
winding of the series transformers, according to Figure 8-16 [145]. This
connection is recommended in the case that the converter is not switched at high
frequency at normal operation [143,146]. Otherwise, the transformer windings
would be too stressed by the fast changes of the VSC output voltage even at
normal operation, when the DVR voltage booster function is not required. The
advantage is the elimination of the extra reactor at the converter output voltage.

Although the filter design seems not be difficult, especially when a high
switching frequency is employed, care should be taken because the filter
capacitance is in series with the feeder in an equivalent circuit, independent on
the filter configuration. The series resonance with the load and the supply
network can lie on an integer frequency and any small voltage at that frequency
in the system could cause high currents along the feeder.

� Energy storage and dissipation
As it was demonstrated in Section 4.6.2, energy is transferred from the voltage-
source converter to the load in most of the practical disturbances in the supply. If
only a small capacitor is connected to the DC link, as it was in the case of the
shunt converter, this capacitor will be totally discharged. Therefore, an energy
storage device has to be connected to the DC side for avoiding this discharge,
consisting of a large capacitor bank in existing systems or alternatively a separate
voltage supply has to be provided. The interface between the DC capacitor and
the capacitor bank usually consists of a chopper (DC/DC converter). The
switching of the chopper is controlled for maintaining the DC link voltage
constant.

Figure 8-16 Alternative connection of the passive filter (in parallel
with the transformer winding on the line side).
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In case of a voltage swell in the supply side, due to e.g. the connection of a
capacitor bank, the energy flows to the DC side of the inverter. This energy has
to be dissipated, otherwise the DC capacitor can be charged to high voltage
levels, causing the avalanche breakdown of the valves. A resistor series
connected to an electronic switch can be connected across the DC link for the
dissipation of the energy excess. The electronic switch is triggered when the DC
link voltage is above a threshold level.

In principle, the DVR could compensate for momentary three-phase voltage
interruptions. In this case the active power required by the load would
temporarily be supplied only by the DVR. The size of the energy storage element
would have thus to be increased and the series transformer dimensioned for the
rated phase voltage. The costs would considerably be increased. Since the
majority of statistically identified events reveal that the magnitude of the voltage
sags do not drop more than 50% [15,147], the series transformer is usually
designed for compensating three-phase voltage sags with this magnitude. The
size of the stored energy is usually in the order of 1 MJ and it represents a major
part of the installation physical area [77,79].

8.3.2 DVR Control System

The control system studied for the series converter applied in transmission
systems is based on the control of the d-q components of the line current.
Response times around 30 ms could be obtained at symmetrical operation, when
the reference values of the line current were changed. At non-symmetrical
operation, the expected response time will be even longer due to the delay
imposed by the positive-sequence detection algorithm. This may not be a major
concern in transmission systems, but if the same control scheme is applied to
distribution systems, voltage sags in the supply side will not be compensated
with the desired speed. A faster control is thus required for an effective
mitigation of voltage sags to sensitive loads.

Moreover, if a current controller is designed, it would be necessary to know the
behaviour of the load - not a simple task in industrial plants - in order to set the
current reference values to right levels. Therefore, it may be preferable to directly
control the voltage on the load side. It is assumed that a voltage reference to the
load is given as input to the control system ( refLU , ). Based on this reference and

the instantaneous values of the supply and load voltages ( )(1 tu  and )(tuL ,
respectively), the control algorithm produces three-phase reference voltages to
the series converter ( refvU , ) that tries to maintain the load voltage to its

reference value. Depending on the type of disturbance, both positive and
negative-sequence components will be inserted along the feeder.

Unbalanced sags in impedance grounded MV systems may produce zero-
sequence voltage. According to the employed converter configuration in the
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thesis, it is not possible to compensate for this voltage component. However, the
zero-sequence voltage usually disappears downstream to the low-voltage system
as one side of the MV/LV transformer is either connected in delta or grounded
wye, which eliminates the zero-sequence voltage.

An initial estimation of the voltage reference to each phase of the series converter
is given by the difference between the load voltage reference and the
instantaneous measured value of the supply voltage. If the series converter was
an ideal controllable voltage source, i.e. with infinite switching frequency, this
voltage reference could immediately be produced and an almost instantaneous
response to voltage disturbances could be obtained. In practice, however, this
open-loop control would not keep a constant load voltage due to the following
non-idealities:

� The switching frequency is limited. Moreover, the digital control imposes a
small delay between the calculation of the voltage reference and the
realization of this voltage by means of the PWM switching scheme (see
Appendix D.2).

� Voltage drop in the series transformer.

� Influence of the phase-shift and small damping due to the passive filter.

In order to compensate for these non-idealities, feedback control is also required.
A control system is suggested in the following, based on the variables shown in
Figure 8-15. It should be pointed out that the output of the control must be the
three-phase voltage reference to be produced by the PWM switching scheme of
each leg of the DVR. The control equation in the abc-plane can be simply written
as:

��������� ����� ��

feedback

abc
refv

dfeedforwar

abc
meas

abc
refL

abc
refv tutututu )()()()( 1 ����

��� (8-25)

The last term in the above equation corresponds to the feedback action. As it has
the purpose of eliminating steady-state errors, it is advisable to have the feedback
control implemented in the d-q plane, where conventional PI controllers can
eliminate the errors. A control system for calculating the three-phase signals

abc
refvu

�
  is presented in Figure 8-17.

The control is divided into two parts, related to the positive- and negative-
sequence components of the measured load voltage. Using the ��� components
of the load voltage as input quantities, the zero-sequence component is directly
eliminated to the control system. This approach is also employed for the
calculation of the feedforward part of the voltage reference in Equation (8-25),
where the measured ��� voltages are transformed back to the abc-plane.
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Two different rotations are used for the d-q transformation with the purpose of
obtaining DC components for the positive- and negative-sequence. The next
block consists of notch filters tuned to the second harmonic as the positive-
sequence components in the abc-plane become oscillating components at the
second harmonic when the transformation angle is equal to –�.t. The same is
valid for the negative-sequence components when the transformation angle �.t is
applied.

After the filtering, four signals are obtained, corresponding to the positive- and
negative-sequence d and q components of the load voltage. These signals are
compared to their reference values, which are equal to zero for the negative-
sequence. The resulting error signals pass through PI regulators with dominant
integral part. It can be observed that decoupling of the d-q components is not
required as in the case of transmission systems because the load usually has a
high power factor and consequently the cross-coupling between the d-q
components is not strong. The output of the regulator represents the extra
contribution of the positive- and negative-sequence components of the voltage
reference in the d-q plane. Finally, the components are transformed back to the
abc-plane and added, forming the extra three-phase reference voltages to be
added to the feedforward contribution.

If other harmonics occur in the load voltage, the series converter control can be
designed for blocking these harmonics to the supply side. A higher switching
frequency must then be used [40,148]. However, this feature is not covered in
this work.

Figure 8-17 Feedback part of the proposed control scheme for the DVR.
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One comment can be added about the synchronization system. If the control
system is synchronized with the supply voltage and a phase-shift occurs during a
disturbance, the control may also be affected by this phase-shift depending on the
response of the synchronization system. A fast synchronization system, as the
one used at the real-time model (see Figure 6-8), will synchronize with the new
voltage after 3 cycles and it will make the load also change its phase. This may
not be a significant problem, as the phase-shift in the argument does not take
place instantaneously. In some cases, the PLL may be frozen during disturbances
[146] and therefore, it is assumed that the DVR control system blocks the phase-
shift in the supply voltage to the load.

8.3.3 Simulated Cases

In order to test the performance of the proposed control, a simple equivalent of
an impedance grounded distribution network, shown in Figure 8-18, is
implemented at the real-time model. Voltage sags are simulated by the temporary
connection of different impedances at the MV bus. The series transformer is
dimensioned for inserting a maximum voltage equal to 50% of the phase-to-
ground system voltage.

Figure 8-18 Simulated network including a Dynamic Voltage Restorer (DVR).

The first simulated case presents a solid single-phase fault in the supply network
in phase B around 50 ms. The results are shown in Figure 8-19. Due to the
assumed high grounding impedance of the system, a zero-sequence voltage
appears during the fault and the voltages in the non-faulted phases rise almost to

3 p.u., as seen in plot a. However, plot b shows that the ��� components of the
three-phase voltages are not changed. As these voltages are used as input to the
DVR control system, the series converter do not change its operating point and
the inserted voltage remains constant during the fault, as seen in plot c. The load
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phase-to-ground voltages will be thus similar to those at the MV bus. However, if
the phase-to-phase voltages are measured at the load bus, it is shown that they are
not affected by the fault, as shown in plot d. Therefore, the voltage waveforms
shown in plot a would not affect any equipment connected to the low voltage
system because one side of the MV/LV transformer is usually delta-connected or
wye grounded. This case only illustrates the importance of removing the zero-
sequence component to the control.
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Figure 8-19 Solid single-phase fault at the MV bus applied
at 50 ms with 100 ms duration.
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A symmetrical sag is simulated by connecting a three-phase reactance to the MV
busbar. The results are shown in Figure 8-20. A 35% voltage sag is initiated
around 50 ms and it lasts 150 ms, as seen in plot a. The series converter
introduces rapidly the missing voltage – shown in plot b – so that the load is not
hardly affected by the voltage sag, as observed in plot c. At the fault recovery,
when the reactance is disconnected from the MV bus, rapidly damped
oscillations are verified in the series voltage due to an instantaneous reduction of
the voltage reference calculated by the feedforward part (shown in plot e).

The influence of the feedback part of the control (see Figure 8-17) is observed in
plot d, where the positive-sequence d-q components are changed during the fault
by the integral action of the control (the proportional gain is set to zero). It is
verified that the values were not equal to zero before the sag due to the non-
linearities of the DVR discussed in the previous section. These components are
transformed back to the abc-plane and phase A voltage is also seen in plot d. The
sum of this plot and the calculated voltage by the feedforward part (shown in
plot e) results in the total voltage reference to be produced by the series converter
(before the symmetrization of the sinusoidal PWM scheme), also shown in plot e.

If a faster response is desired, an obvious solution is the increase of the switching
frequency. Nevertheless, an increase of the sampling frequency of the digital
control may be enough for producing a faster response, making the control less
dependent on the feedback part.

The DVR response has also been tested in the case of an unbalanced voltage sag,
with results shown in Figure 8-21. A phase-to-phase fault was simulated by
connecting a reactance between phases B and C at the MV bus at 50 ms. There is
no-zero sequence in the phase-to-ground voltages during the sag.

The resulting phase voltages at the MV bus are shown in plot a, where it is
observed that the voltage in phase A is not affected by the fault while the other
two phases have their magnitudes reduced to 0.7 p.u. and they move towards
each other. During the sag, the voltages in phases B and C are almost 90° phase-
shifted.

The almost equal voltage reduction and the phase-shift (around 15° with opposite
directions) make that the series voltage in phases B and C are almost
symmetrical, as seen in plot b. The phasor diagram presented in Figure 8-22a,
based on measured values during the voltage sag, confirm that the theoretical
series voltage in the phases affected by the voltage sag are 180° phase-shifted
(uvb and uvc in Figure 8-22a). Although the reduction in magnitude of the phase
voltages is around 30%, the required magnitude of the series voltage is around
0.4 p.u. due to the compensation of the phase-jump of the voltages in phases B
and C.
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Figure 8-20 DVR response to a 150 ms balanced sag at the MV bus.

The phase voltages on the load side are presented in plot c, where the fast
response of the DVR is verified. It is important to observe that, without any type
of compensation, the sag at the MV bus would be transferred as a 40% voltage
reduction in one of the phases to the LV system if a delta-connection was used
for the MV/LV transformer. This can also be seen in Figure 8-22b which



Chapter 8. Series Connected Voltage-Source Converter
__________________________________________________________________________________________________________

168

presents the phase-to-phase voltages at the MV bus during the voltage sag. The
dashed curves in Figure 8-22b show the directions of the phase-to-phase voltages
at normal operation.

The contributions of the feedback part of the control are seen in plot d and e for
the positive- and negative-sequence components, respectively. The plots show
the d-q components given by the integral regulators and the voltage in one phase
after the inverse d-q transformation. It is observed that the regulators have a
response time around one cycle. The extra reference voltages calculated by the
feedback part of the control for each leg of the DVR are added to the initial value
given by the feedforward part, resulting in the total voltage reference to be
produced by the series converter, shown in plot f. The same plot shows also the
feedforward part for the same leg (phase A), which is very small because the MV
bus voltage is almost not affected by the unbalanced sag. Although the total
voltage reference shown for one leg in plot f has a considerable amplitude, the
series voltage is much lower. However, it should not be forgotten that the
converter side of the series transformer is delta-connected, i.e. the series voltages
seen in plot b are determined by the voltage produced by two legs of the
converter.

It can be concluded from this case that a DVR rated for a maximum voltage
equal to 0.5 p.u. compensates voltage sags of such magnitude if there are no
phase-shifts in the voltage. If the DVR also tries to eliminate phase-shifts in the
supply voltage to the load, the DVR mitigation capability regarding amplitude
variations of the supply voltage is reduced when it is accompanied by phase-
shifts [149]. However, the DVR may still be able to introduce its maximum
voltage and it may successfully avoid the load shutdown, depending on the load
sensitivity to voltage amplitude variations.

8.4 SUMMARY

The chapter has treated the use of series connected voltage-source converters.
Computer and analog real-time simulations for the VSC switched at 1050 Hz
employed in transmission and distributions systems have been presented.

A mathematical model has been developed for applying the converter to series
compensated transmission lines, with the main purpose of controlling the active
and reactive power flow. It has been found that the most suitable way to perform
such control is by means of control of the d-q components of the line current.
The control has shown a high interaction between the d-q components of the line
current and series voltage when only PI regulators are used. This has been
confirmed by computer simulations and at the real-time model. The interaction
makes the converter response slower and makes that changes in one component
of the line current disturb considerably the other component. A simple method
has been proposed for improving the converter response, by introducing a so-
called decoupling factor, dependent on the line parameters. Simulations at the
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real-time model have presented a stable and fast response even when a parallel
line is connected.
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Figure 8-21 DVR response to a 150 ms unbalanced sag at the MV bus.
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Figure 8-22 Phasor diagrams of the phase voltages during the voltage sag
and phase-to-phase voltages at the MV bus.

In the case of distributions systems, the series converter is assumed to be
connected to the medium voltage system. It is considered for voltage sag
mitigation to critical loads, typically caused by remote faults, being usually
denoted Dynamic Voltage Restorer (DVR). The variable to be controlled is the
load bus voltage. A control system has been proposed and implemented for the
series converter, consisting of both feedforward and feedback blocks. The
simulation results have shown a satisfactory response of the DVR, where it has
been pointed out that the zero-sequence voltages in impedance grounded systems
must be eliminated to the control.
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CHAPTER 9
HYBRID COMPENSATORS AND TOPOLOGIES
__________________________________________________________________________________________________________

9.1 INTRODUCTION

The previous chapter discussed the application of series connected voltage-
source converters to power flow control and voltage sag mitigation in
transmission in distribution systems, respectively. It was described that the major
drawback of the series converter is the requirement of energy storage elements if
the full control capability of the converter is utilized. In the present chapter, it is
described how this drawback is overcome by introducing hybrid compensators,
i.e. compensators consisting of both shunt and series elements. In these
configurations, there is no need of large storage energy elements and the shunt
and series voltage-source converters are connected via a common DC link,
consisting of a DC capacitor.

The hybrid compensators based on voltage-source converters are usually referred
as Unified Power Flow Controller (UPFC) and Power Line/Quality Conditioners
in transmission and distribution systems, respectively. However, the later is
usually associated to active filters, which is out of the scope of this thesis.

For the control of these converters, the same control systems as discussed in the
previous two chapters are primarily employed. Simulation results from the real-
time model are presented for the UPFC, under symmetrical operation and fault
conditions. The energy balance between shunt and series converters is also
discussed.

The use of hybrid compensators in distribution systems is theoretically analyzed,
where emphasis is given to the calculations of the required rating for the shunt
converter, assuming that the series converter is responsible for mitigating voltage
sags to critical loads.
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A simpler hybrid configuration is also proposed for the mitigation of voltage sags
in distribution systems. Although not being based on voltage-source converters,
the configuration requires shunt and series connected switches with turn-off
capability. The operational performance is demonstrated by means of computer
simulations using the program PSCAD/EMTDC.

9.2 UNIFIED POWER FLOW CONTROLLER (UPFC)

One of the so-called FACTS devices that have deserved a lot of attention in the
last years is the Unified Power Flow Controller (UPFC) �30,80,139�. Its ability to
achieve an independent and simultaneous control of both active and reactive
power in a transmission line without needing a large energy storage element has
been emphasized in the light of deregulation of transmission services.

The UPFC is composed of the previously described shunt and series forced-
commutated voltage-source converters connected to a common DC link, as seen
in Figure 9-1. The main purpose of the device is the independent control of active
and reactive power on a certain node of the transmission line (the receiving end
of the line in the studied system).

The power flow control is performed by the series converter, by introducing a
three-phase series voltage (uv) along the transmission line, with controllable
magnitude and phase. Since the phase angle between the series voltage and the
line current is not restricted, active power may flow in the series transformer and
consequently from/into the DC link. The primary task of the shunt converter is
then to compensate for this active power in order that the DC voltage is, in
principle, kept constant by either injecting to or extracting from the AC side. The
minimum rating of the shunt inverter is thus determined by the maximum active
power that flows through the series transformer. In principle, if it could be
guaranteed that the active power would always flow from the series converter to
the line at any operating point of the series voltage and line current, the shunt
converter could be replaced by a rectifier. However, the UPFC range of operation
would be limited in this case.

It was shown in Chapter 7 that the shunt voltage-source converter could control
the voltage at the AC bus where it is connected. This feature is exploited in the
UPFC studies along this chapter, where the shunt converter consists of a twelve-
pulse converter without PWM switching while the series converter has PWM
switching at 1050 Hz [30]. By using voltage-source converters, the reactive
power compensation can be performed without needing large energy elements
since energy is exchanged between the three phases.

It is observed that the second harmonic passive filter on the DC side is necessary
for the proposed configuration if the series converter control is designed to
compensate unbalances on the line current. With such compensation, an
oscillating power at the second harmonic will be generated, which is transferred
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to the DC side. If not filtered on the DC side, the second harmonic voltage is
transferred to the shunt converter AC side as a negative-sequence voltage (and
current) at the fundamental frequency, which is not desirable [151].

The UPFC can thus be seen as a compensator with multiple functions, providing
series compensation, phase-shifting control, and voltage regulation, as seen in
Figure 9-1. Although not being exploited in the thesis, TNA simulations
presented in the literature have shown that the UPFC is also capable of damping
power system oscillations at low frequency [142].

9.2.1 UPFC Control System

The control systems for the shunt and series converters have been described in
Chapters 7 and 8, respectively. For the series converter employing PWM
switching scheme, the generation of the desired voltage reference calculated by
the control is independent of the  DC voltage, as soon as the DC  voltage is above

Figure 9-1 Main circuit configuration of the studied transmission system
including the Unified Power Flow Controller (UPFC).
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a minimum value (see Appendix B). However, DC voltage variations play an
important role in the control of the shunt converter when it is switched at
fundamental frequency.

Fast transient variations of the operating point of the series converter will cause
transients on the DC voltage. The magnitude and duration of the DC voltage
variation depend on the size of the DC capacitor and the response time of the
shunt converter. For a shunt converter employing PWM switching, a possible
control strategy is shown in Figure 9-2 [134], where the active and reactive
components of the shunt converter current (ivd and ivq) can be independently
controlled. It is observed that DC voltage variations are related to the active
power, affecting thus the reference value of the active component of the current
(ivd-ref). Variations in the sending bus voltage (u1) are corrected by controlling
the reactive component of the current (ivq).

The current control of both components consists of PI regulators, a current
dependent decoupling factor, and a feedforward control of the sending bus
voltage (where the shunt converter is connected). The feedforward control makes
that the stability and performance of the converter control becomes less
dependent of the transmission network impedance (configuration). The control
scheme is based on the equations for the voltage-source converter in the d-q
plane (using per-unit values):

�����
couplingcross

vqLvdLvdLdfd iXi
dt

d
XiRuu

�

������� 1 (9-1)

�����

couplingcross

vdLvqLvqLqfq iXi
dt

d
XiRuu

�

������� 1 (9-2)

where uf is the output voltage of the shunt converter and RL and XL are
respectively the resistance and reactance of the shunt transformer.

It is also observed in Figure 9-2 that the decoupling factor is equal to the leakage
reactance of the converter transformer (XL) and it is multiplied by the average
value between measured and reference currents. In fact, the advantage of
employing either reference or measured values (or both) can be questioned. This
part of the control is thus similar to the one proposed to the series converter in
Section 8.2.4, but in that case, the measured value of the current was used in the
decoupling part. If faster responses are desired, the derivative of the currents in
Equations (9-1) and (9-2) may also be taken into account in the feedforward part
[152].
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Figure 9-2 Possible control system of a shunt converter employing PWM.

It has been shown that the response time of the inner current control can be less
than 10 ms [134]. However, when the inputs of the outer control loops (sending
bus voltage and DC voltage) are disturbed, the response of the shunt converter
becomes slower, in the range of 2-3 cycles. Due to this fact, the DC voltage will
be disturbed during this interval. Therefore, the DC capacitor must be designed
for releasing or absorbing the energy required by the series converter but, at the
same time, for limiting the transient drop of the DC voltage in order that the
series converter can still produce its maximum output voltage. The problem is
similar to the one described for Adjustable Speed Drives (ASD) in Section 3.4.3.

For the system studied in this thesis, the shunt converter studied in Chapter 7
employs fundamental frequency switching. The only controlled variable is then
the phase-shift angle between the converter output voltage and the sending bus
voltage. A simple controller for providing the active power balance could thus be
designed based only on the measured DC voltage, as shown in Figure 9-3a. The
DC voltage reference (Udc-ref) could be set to its nominal value, defined in
Section 7.2.3 as the DC voltage at no-load operation of the converter (iv = 0). In
this case, the AC voltage would not be controlled. However, previous studies
have shown that the control of the DC voltage might be tricky and at some
operating points were not possible without including extra filters [29]. This kind
of controller was thus discarded.
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The control variables in Figure 9-3 are obtained through the measurement block
diagrams shown in Figure 9-2. The control schemes shown in Figures 9-3b and
9-3c were discussed in Chapter 7 where they had the primary purpose of
controlling the AC voltage at the connection point. However, the control
provides indirectly active power balance at the expense of not controlling the DC
voltage. It should also be pointed out that the steady-state value of the phase-shift
angle is not necessarily equal to zero, as in the case of only reactive power
compensation. The phase-shift angle depends on the direction of active power
flow between the DC side and the series transformer.

The block diagram shown in Figure 9-3c includes the reactive current regulator,
which was proven in Section 7.4.1 to work satisfactorily for AC voltage control.
In that case, the DC voltage was transiently changed during disturbances in the
AC network. In the UPFC configuration, it has to be considered that the series
converter during transients responds faster than the shunt converter. Variations
on the DC voltage are thus primarily originated from fast changes in the
operating point of the series converter. They can only be avoided if the series
converter control is made very slow, which is not desired. In order to provide a
faster correction of the DC voltage, it is desirable to rapidly affect the phase-shift
angle and this can be achieved if only one regulator is employed. For that reason,
the control scheme shown in Figure 9-3b has been chosen for the shunt
converter. A transient voltage drop of the DC voltage reduces the output voltage
of the shunt converter (uf). This increases the reactive power absorption of the
shunt converter, reducing consequently the AC voltage. The phase-shift angle is
then changed for eliminating the AC voltage error (Uerror) by charging the DC
capacitor. The DC voltage value after the disturbance is not necessarily equal to
its initial value because the DC voltage is not directly controlled.

Figure 9-3 Possible control configurations for the UPFC shunt converter
employing fundamental frequency switching.
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The main drawback of this control scheme is that the shunt converter current is
not controlled. This current should however be monitored and if it exceeds a
preset level, protective actions must be taken. A possible control action is the
automatic increase of the slope of the voltage-current characteristics. It has been
experimentally verified that an increase of 1% of the slope can significantly
reduce the amplitude of the shunt current at the expense of increasing the
permissible operating range of the AC voltage.

For the series converter, the control strategy is basically the one studied in
Section 8.2.4, including a decoupling term for reducing the cross-coupling
between the d- and q-components of the line current and the voltage reference to
the series converter. The only addition to the control is a loop for eliminating
phase unbalances on the line current, as shown in Figure 9-4. Unbalanced line
currents are represented to the control system as negative-sequence components
in the d-q plane (iLd,n and iLq,n). These DC components are obtained by rotating
the ��� negative-sequence components (iLD,n and iLE,n in Figure 9-4) in the
opposite direction (transformation angle -	0 in Figure 9-4) of the normal d-q
transformation.

A similar type of control, i.e. PI regulator plus decoupling terms, is adopted in
order to force the measured negative-sequence components to zero. As the
positive- and negative-sequence circuit impedances are identical in the absence
of motor loads, the same decoupling factor (Kd) can be used for the power flow
control and unbalance elimination. The only difference is a change in the sign of
the contribution of the decoupling term because the d-q reference frame for the
negative-sequence rotates in the opposite direction of the positive-sequence
frame. In the end, the three-phase contributions from the power flow controller
and from the unbalance elimination are added, forming thus the total voltage
reference to be generated by the series converter [121].

It is known that the voltage and current overload capabilities of forced-
commutated converters are much lower than thyristor based compensators.
Therefore, some parameters should always be monitored so that the valves can be
protected and control decisions can be taken depending on the system priority,
which is usually active power control [153]. These parameters are namely the
shunt and line currents, series voltage, and maximum voltage on both sides of the
series transformer. In the case of the proposed controller shown in Figure 9-4,
priority can be given to the unbalance control as, in some cases, it may avoid the
bypass of the series converter. For more severe faults, especially those closer to
the series converter, the rating of the series converter has to be increased for
eliminating unbalanced currents. This will be further discussed in Section 9.2.3.
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Figure 9-4 Control system of the UPFC series converter.

9.2.2 Simulated Cases

For testing the UPFC behaviour and verifying the interaction between the two
converters, simulations have been performed at the real-time model, employing
the shunt and series converters described in the previous chapters. The initial
voltage rating of the series transformer is equal to 10% of the phase-to-ground
voltage.

The UPFC operates at steady-state with active and reactive power reference
values at the receiving bus set to 0.5 and –0.15 p.u., respectively. At time instant
50 ms, a step change equal to –0.15 p.u. is applied to the active power reference,
while the reactive power reference is maintained. The simulation results are
plotted in Figure 9-5. As it is observed in plot a, the measured active power is
rapidly changed to the new reference value in one cycle, while the reactive power
is scarcely affected. The fast change of the series converter operating voltage
causes a transient on the DC voltage (plot b) and on the AC network via the
shunt converter. The AC voltage error signal (Uerror), shown in plot c, is initially
increased due to the transient reduction of the AC network voltage. The phase-
shift angle is initially reduced in order to charge the DC capacitor, as seen in
plot d. However, an oscillation starts on the DC side voltage and in the control
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variables, with frequency equal to 125 Hz. This frequency corresponds to the
parallel resonance of the DC side circuit (pure DC capacitor plus second
harmonic filter) and it is excited by fast variations of the DC current caused by
the quick response of the series converter.

The oscillations are transferred to the AC system as sidebands, i.e. 75 Hz and
175 Hz, which were measured in the three-phase sending voltages (u1), shown in
plot e. It is also observed that the active power (plot a) starts to oscillate at
125 Hz because the AC line current will also present the oscillations at 75 Hz and
175 Hz due to the current injection by the shunt converter.

Changes of the regulator parameters of the shunt converter controller do not help
on damping the oscillations because they are caused by the fast change of the
series converter operating point. The simplest way of eliminating the high
oscillation without affecting the series converter response is increasing the size of
the DC capacitor. A larger capacitor will present lower voltage variations for the
same energy variations.

After doubling the capacitor values on the DC side circuit, the same step is
applied to the active power reference, with results shown in Figure 9-6. The
regulator parameters and the plotting scales have been maintained from the
previous case. As plot a shows, the response of the series converter is not altered.
Although the oscillation on the DC voltage is excited once more (plot b), it is
damped during the simulation time. The control variables of the voltage regulator
have also their previous oscillations damped. It is interesting to observe that in
the end of the simulation, the DC voltage and phase-shift angle (plot d) are
almost equal to their values before the step change, i.e. the initial and final
operating points of the shunt converter are almost identical. Nevertheless, the
simulations have shown how the fast changes of the series converter transiently
affect the DC link and consequently the shunt converter control. It demonstrates
thus the interaction between the two converters, which is more noticeable when
the shunt converter is switched at a lower frequency than the series converter.

The larger capacitor value (
 = 6.36 ms) will be employed in the subsequent
simulation cases.

In order to demonstrate the range of control capability of the UPFC, another case
has been simulated, with results presented in Figure 9-7. The initial active and
reactive power reference values at the receiving bus are equal to 0.35 and
-0.25 p.u., respectively. At time instant 50 ms, the active power reference is
steeply increased to 0.65 p.u. and at time instant 250 ms, the reactive power
reference becomes equal to zero. It is observed in plot c that the initial series
voltage is not equal to zero. After the occurrence of the step change in the active
power, it is verified that there are both a small increase of the series voltage
amplitude as also a phase change. When the step change in reactive power is
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applied, the series voltage is slightly decreased and a smaller phase-shift is
observed.
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Figure 9-5 Response to a step change (–0.15 p.u.) in the active power reference.
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Figure 9-6 Response to a step change (–0.15 p.u.) in the active power reference
with increased capacitance on the DC link.

Plot a shows that the active power response time was increased to 50 ms. The
main reason was a decrease of the proportional gain of the PI regulators of the
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series converter control (from 0.3 to 0.2 p.u./p.u.). It is observed that an
overshoot in the reactive power measurement (plot b) around 300 ms (in fact a
higher series voltage is also verified in this interval). If the regulator gain had
been maintained as in the previous case, the overshoot would be higher, although
a faster response for the active power would be achieved. It should not be
forgotten that there are minor voltage variations in the sending bus voltage when
larger step changes are applied. These variations affect the line current and
consequently the power flow in the receiving end. Therefore, the decoupling
becomes less ideal when the step size is increased, as shown in plots a and b,
although the deviations on the measured active and reactive powers are still
small.

The behaviour of the line current is smooth, as shown in plot d, being initially
increased by 0.25 p.u. and afterwards reduced when the reactive power becomes
equal to zero. Phase displacement of the line current is better visualized in plot e
when one phase current is plotted together with the receiving bus voltage (thinner
curve). The current is initially advanced to the voltage, making that the reactive
power is negative. When the active power is increased, the phase angle is
decreased and as expected, the line current becomes in phase with the receiving
bus voltage when the reactive power becomes equal to zero.

The analysis of the simulated case has so far been concentrated to the series
converter and power flow control. Regarding the shunt converter, the sign of the
phase-shift angle (plot i) indicates that energy is initially flowing into the series
converter and returning to the network via shunt converter. In the simulation
start, the converter is absorbing reactive power, which can be observed in plot k,
where the shunt current is delayed by almost 90° to the sending bus voltage.
When the active power reference is changed, there is a transient drop on the DC
side voltage (plot g) and the active power flow of the inverter is transiently
changed in order to eliminate the AC voltage error, shown in plot h. This is done
by decreasing the phase-shift angle (plot i) and as a consequence the DC voltage
reaches a new operating point. After the first step change, the shunt converter
absorbs less reactive power as the AC voltage initially dropped when the step is
applied.

At the occurrence of the step change in the reactive power reference, there is a
slight voltage drop in the sending bus voltage and the shunt converter starts
generating reactive power (current advanced to the voltage - see plot k). It is
verified in plot g that, when the step is applied, the fast change of the series
converter operating point does not considerably affect the DC voltage. However,
due to the necessity of generating reactive power, the DC voltage is indirectly
increased by the action of the AC voltage regulator of the shunt converter, which
makes the phase-shift angle (plot i) reaching -4° and returning to -2° in the end of
the simulated time. It is observed that the active power flows now from the shunt
to the series converter and then back to the line.
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This case illustrated the performance at an operating point close to the series
converter rated voltage. In order to increase the controllable power range, the
rating of the series converter needs to be increased. Since the shunt converter
rating is 2.4 times higher than the series one, there is enough capacity for reactive
power control by the shunt converter, in addition to its task of active power
balance between the two converters.
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Figure 9-7 Response to step changes in the active and reactive power
reference values at 50 ms and 250 ms.
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Figure 9-7 (cont.)

9.2.3 UPFC Under Unbalanced Conditions

The cases simulated so far have not taken into account the control loop that
eliminates unbalances on the line current, shown in Figure 9-4. In fact, this
control capability has not been deeply exploited in literature [121,122,154], as
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research efforts have mainly been concentrated on the control of the power flow.
In addition to that, for a significant reduction of the line current unbalance, the
rating of the series converter must be increased, which may become
economically prohibitive. The purpose of this section is to demonstrate at the
real-time model the performance of the control scheme shown in Figure 9-4 in
the event of a remote single-phase fault at the receiving bus. Therefore, the series
transformer employed in the DVR studies in the previous chapter replaces the
series transformer used so far in this chapter. The series converter voltage rating
is then increased to 0.5 p.u.

The initial operating point corresponds to a series voltage close to zero, achieved
by setting the active and reactive power reference values to 0.5 and –0.15 p.u.,
respectively. A single-phase fault is applied at 50 ms and it is simulated by
connecting phase B of the receiving bus (see Figure 9-1) to ground through a
reactive impedance equal to 0.1 p.u. Results from the real-time model are
presented in Figure 9-8.

The fault makes phase B voltage drop to 0.4 p.u., as seen in plot a. The control
system tries to maintain symmetrical currents along the line as well active and
reactive power at the receiving bus.

The inserted voltage by the series converter is shown in plot b. In order to
compensate for the voltage drop in phase B, the series voltage in this phase is
higher than in the other two phases. It is observed that the series voltages in
phases A and C are in phase, but they have slightly different amplitudes.

The line currents are seen in plot c and as the power flow control loop is
maintained during the fault (see plot f), the positive-sequence component of the
line current is increased for compensating the drop of the positive-sequence of
the receiving bus voltage. The measurement signals of active and reactive power
shown in plot f take into account only positive-sequence components. Due to the
dynamics of the measurement system - basically detection of positive- and
negative sequence components – and control algorithm, it takes more than three
cycles to obtain a symmetrical line current. Plot d shows the measured negative-
sequence d-q components of the line current (iLd,n and iLq,n in Figure 9-4), used
as inputs to the unbalance control. The outputs of this controller - the signals
uvd-ref,n and uvq-ref,n in Figure 9-4 - are presented in plot e. It can be calculated
that the series converter needs to insert a negative-sequence voltage
approximately equal to 0.2 p.u. for balancing the line current.

It is observed in plot g that the sending bus voltages are controlled according to
the voltage regulator of the shunt converter and they are not affected by the
unbalanced voltage in the end of the line. In fact, the AC voltage is increased in
the start of the fault, which can also be seen by the negative AC voltage error
(plot i) and a considerable increase of the DC voltage (plot h). It should not be
forgotten that the valves of both converters must be dimensioned for tolerating a
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forward blocking voltage equal to the DC voltage. The frequency of the transient
oscillation is once more 125 Hz, i.e. caused by the resonant circuit on the DC
link.

In order to eliminate the AC voltage error and indirectly provide the active power
balance between the two converters, the phase-shift angle becomes positive, as
shown in plot j, indicating energy extraction from the DC side to the AC network
through the shunt converter.

The high transient value of the DC voltage observed 20 ms after the beginning of
fault results in a high current injected by the shunt converter, as seen in plot k. It
is interesting to note that the DC voltage returns to its pre-fault value after the
initial transient, but that the shunt converter current is higher than its pre-fault
value. This is a clear indication that this converter is transporting the active
power flowing through the series transformer as there is no energy variation over
the DC capacitor after time instant 150 ms. This is also confirmed in plot k,
which shows that, in the end of the simulated interval, the shunt current becomes
almost 180° phase-shifted from the sending bus voltage.

The fault clearing has not been shown in Figure 9-8, but it has a settling time
around four cycles. It can be made faster if the unbalance control is disabled as
soon as the fault is cleared.

As it has been observed, the simulated fault requires the operation of one phase
of the series converter close to its maximum voltage capability, as seen in plot b.
In case of more severe faults, it can be advisable to disable the power flow
control, giving priority to the unbalance control.

One important factor that has been neglected so far is the zero-sequence
component of the line current during the fault. As the UPFC is primarily intended
to be applied in HV systems, which are directly grounded, zero-sequence current
will appear during unbalanced conditions. Moreover, a more accurate
representation of the transmission line by means of ��T-links, including the zero-
sequence parameters, would also affect the line current at the measurement point
(after the series transformer). However, it can be realized that the zero-sequence
is not transferred to the valves of the series converter due to the delta connection
of the transformer on the converter side. The zero-sequence current does not
affect either the control algorithm because the ��� transformation of the three-
phase line current eliminates the zero-sequence current. In the simulation
presented in Figure 9-8, the zero-sequence has been removed from the plot of the
line current (plot c).
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Figure 9-8 Single-phase fault applied at the receiving bus at 50 ms.
Series converter rated voltage increased to 0.5 p.u.
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Figure 9-8 (cont.)

In order to show the influence of the unbalance control during the fault, the same
case has been studied without activating it. The voltages produced by the series
converter will be thus symmetrical. The simulation results are shown in
Figure 9-9, where a similar fault is applied to phase B at 50 ms, as seen in plot a.
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As plot b shows, the active and reactive power – taking into account only
positive-sequence components -  are still controlled to their reference values,
despite the initial transient. The three-phase line currents, excluding the zero-
sequence current, are shown in plot c. The maximum amplitude of the line
current, including the zero-sequence component, is 1.8 p.u., but the maximum
current seen by the converter valves is equal to 1.5 p.u., as seen in plot c. This is
due to the introduction of the symmetrical series voltage with the purpose of
keeping the power reference values. After the end of the simulated interval, the
three-phase line current has not reached its steady-state value. It is also observed
that the unbalance is reflected to the sending bus voltage, as shown in plot d, and
the three-phase voltage is not symmetrical.

It can be concluded that the unbalance control can be useful in some cases, but it
requires the increase of the voltage rating of the series converter. Its main
advantage is to eliminate the unbalance to the other side of the series converter –
in the studied case, the shunt converter connection point. If a more severe fault
occurs, a fast switch needs to bypass the fault current from the series transformer.
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Figure 9-9 Single-phase fault applied at the receiving bus at 50 ms.
Unbalance control deactivated.
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9.2.4 UPFC Final Discussions

One question that might be raised is the requirement on the response time of
power flow control in transmission systems. The simulated cases in this thesis
have only indicated the fastest response that might be achieved. It is rather
unlikely that the active power is allowed to vary so fast in a real system. Field
tests from the commissioning of an installed UPFC have shown response times in
the range of seconds [84,155]. A slower controller for the series converter makes
that the shunt converter has sufficient time to respond to the active power
variation on the series transformer and there will be no fast transients of the DC
voltage. Therefore, smaller DC capacitors can be employed and the shunt
converter employing fundamental frequency switching definitely fulfills the task
of active power balance and voltage control at the connection point.

The above mentioned UPFC is installed on a 138 kV line, with equal ratings for
both shunt and series converters (160 MVA) [84,156]. Both converters consist of
three-level converters in a 48-pulse configuration (eight converter bridges) with
GTO valves commutated at fundamental switching frequency. Solid-state
switches are employed for rapidly protecting the valves against overcurrents
along the line, as discussed in Section 8.3.1.

Due to its high installation costs, estimated to US$30 millions [157], and the
required bypassing protection against severe faults in the neighborhood of the
UPFC, it is interesting to compare the costs and performance of a UPFC with
those of a back-to-back configuration based on voltage-source converters
[122,158]. The later has the advantage that the control of the transmitted power is
independent of the phase angle between sending and receiving ends as well
power can be controlled between non-synchronized networks. However, each
converter of a back-to-back configuration must be dimensioned for the maximum
transmitted power, while the UPFC converters are rated for only a fraction of the
line transmission capacity. It is preliminarily expected that the costs for the back-
to-back configuration are higher than for the UPFC for ratings of the series
voltage in transmission systems lower than 0.2 p.u. [158].

9.3 HYBRID COMPENSATORS IN DISTRIBUTION
SYSTEMS

The hybrid configuration based on voltage-source converters in distribution
systems is usually denoted Power Line/Quality Conditioner. However, they are
usually considered for harmonic filtering and sometimes power flow control, but
have not been considered for voltage sag mitigation. The rating of these
compensators are in the range of kVA and implemented in the low voltage
network.

In terms of voltage sag mitigation for critical loads, the series connected
Dynamic Voltage Restorer (DVR) was studied in Section 8.3, being effective for
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correcting the majority of the sags occurring in distribution systems. The energy
required by the series converter during the sag is extracted from an energy
storage element, usually a large capacitor bank.

It is possible to replace the energy storage element by a shunt converter
combined with a smaller capacitor, as shown in Figure 9-10a. However, the
required rating for the shunt converter will be higher than for the series
converter. This can be simply demonstrated as follows: consider that the series
converter is dimensioned for a balanced sag with remaining feeding voltage
equal to Usag, i.e. sagUU �1 . The voltage inserted by the series converter must

be equal to 1.0-Usag, neglecting a possible phase-angle jump in the supply
voltage ( = 0 in Figure 9-10), in order to keep the load voltage at 1.0 p.u. The
active power given by the series converter will depend on the load. The most
critical situation is taken into account in the analysis, which occurs when the load
is at its maximum ( p.u.0.1�LI ) and it has unity power factor (� = 0). Using

per-unit values, the active power given by the series converter is thus given by
1.0-Usag. This power has to be supplied by the shunt converter for keeping the
DC voltage constant. As the voltage at the shunt connection point drops to Usag,
if the shunt converter is connected to the supply terminal of the series converter
(as shown in Figure 9-10a), the required current for the shunt converter current
( vI ) is thus given by:
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�������
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���

(9-3)

Figure 9-10 Possible connections of the shunt voltage-source converter
as part of the hybrid configuration in distribution systems.
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As an example, if the series converter is dimensioned for compensating a
balanced voltage sag with remaining voltage equal to 0.5 p.u., the rating of the
shunt converter current (and power) is equal to 1.0 p.u., i.e. equal to the
maximum load.

This value corresponds to the rated power of the shunt converter, while the rated
power of the series converter is equal to 1.0-Usag (0.5 p.u. in the example). It can
be thus observed that the shunt converter rating will always be higher than the
series one. Lower load and power factor will decrease the active power given by
the series converter and consequently the shunt converter current. On the other
hand, it can be shown that voltage sags with negative phase-angle jumps will
require even higher shunt currents [78].

If the shunt converter is connected at the load terminal, as shown in
Figure 9-10b, its current rating can be calculated as:
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Although the same rating is obtained for the shunt converter, the major drawback
is that the series converter current rating is increased because it also includes the
shunt converter current. Therefore, such configuration is not suitable when the
series converter is employed as a Dynamic Voltage Restorer, i.e. with the
purpose of mitigating voltage sags originated in the supply network.

In terms of control tasks, it can be observed that the shunt converter is so far
“misused”, as the energy required by the series converter will be asked only in
the occurrence of a voltage sag. The analysis has assumed that the shunt
converter performs only active power balance (� = 0 or 180° in Figure 9-10). If
other functions are required, e.g. reactive power compensation and active power
filtering, it might be expected that the shunt converter current rating needs to be
increased. However, a power factor equal to one has been assumed in the
previous calculations, i.e. the load does not consume reactive power. As it has
been pointed out, the maximum operating power factor of the load has to be
considered for dimensioning the demanded active power provided by the series
converter during a voltage sag. At operation with lower power factors, the shunt
current can be employed for reactive power compensation at normal operation,
resulting in unity power factor in the supply network (current netI  in phase with

voltage 1U  in Figure 9-10). This does not necessarily imply a higher current
rating for the shunt converter because the converter is dimensioned for the
current obtained in Equation (9-3) and this current is only drawn during the most
critical voltage sag.
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If the protected load generates harmonic or fluctuating currents, the shunt
converter control can also be designed to draw these currents in order that they
do not flow to the supply network.

In order to provide the active power balance, the connection of the twelve-pulse
shunt converter commutated at fundamental frequency switching is not feasible,
as it was in the case of the Unified Power Flow Controller. The main reason is
that the shunt converter rating should be designed to take into account larger
voltage variations at its connection point than in the case of the UPFC
configuration.

As the ratio between the DC voltage and the converter output voltage cannot be
controlled for a two-level converter switched at fundamental frequency, the
magnitude of the output voltage of the shunt converter (Uf) will be equal to
1.0 p.u. if the DC voltage is at its nominal value. The phase-shift angle (-�)
would be calculated by the control according to the voltage sag in order to keep
the DC voltage at its nominal value, employing the regulator shown in
Figure 9-3a. The major problem is that the reactive current will not be controlled.
Based on the relationships below, it is possible to calculate the shunt current:
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Figure 9-11 shows the plot of the active and reactive parts of the shunt current
during a voltage sag, as function of the remaining voltage (Usag). The leakage
reactance of the shunt trafo is assumed equal to 0.2 p.u. If this voltage is equal to
0.5 p.u., the current magnitude will be higher than 2.5 p.u. It is also observed that
reductions in the voltage higher than 0.2 p.u. will produce a current higher than
1.0 p.u. In addition to that, the positive imaginary part of the shunt current
indicates reactive power absorption by the VSC, which may even aggravate the
voltage sag in the supply network. The obtained current values are too high and
the costs prohibitive.

It can thus be concluded that the output voltage of the shunt converter should be
controlled while the DC voltage is simultaneously controlled to its nominal
value. This can be achieved employing a PWM switched converter, with control
scheme shown in Figure 9-2. The only difference is that, in this case, the shunt
converter does not control the voltage at the connection point during large
voltage sags. Therefore, the reference value for the reactive current (ivq-ref in
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Figure 9-2) should be set to zero or equal to the symmetrical of the reactive part
of the current iL (see Figure 9-10a) in order to achieve unity power factor in the
supply network.

0 0.5 1 1.5 2 2.5
0

0.5

1

1.5

2

2.5

3

Real part of the shunt current (i
vd

) [p.u.]

Im
ag

in
ar

y 
pa

rt
 o

f t
he

 s
hu

nt
 c

ur
re

nt
 (

i vq
) 

[p
.u

.]

U
sag

= 0.5 p.u.

Shunt converter current as function of the remaining voltage (U
sag

)

U
sag

= 0.3 p.u.

U
sag

= 0.9 p.u.

U
sag

= 0.7 p.u.

Figure 9-11 Real and imaginary parts of the shunt converter current as function
of the remaining voltage (Usag) during a voltage sag. Magnitude of
the shunt converter output voltage (Uf) maintained at 1.0 p.u.

It should be pointed out that the response of the shunt converter is not
instantaneous and a voltage drop on the DC link will inevitably occur. The DC
capacitor must then be dimensioned according to the maximum permissible
reduction of the DC voltage [159]. A second harmonic oscillation superimposed
to the DC voltage, when the series converter mitigates unbalanced sags, must
also be considered in the DC capacitor design if a second harmonic filter is not
employed on the DC side.

From the analysis presented so far, the required rating of the shunt converter has
the same order of the series converter. It has thus to be evaluated if its cost is
higher than the energy storage element. It seems that the hybrid converter, with
primary function of voltage sag mitigation provided by the series converter, is
more suitable to lower power applications.
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A much cheaper alternative to the previous solution is the use of a diode or
thyristor rectifier, instead of a shunt connected voltage-source converter. As most
of the sags require active power from the series converter, there is no necessity of
reversing the polarity of the DC link current. Nevertheless, two factors must be
taken into account:

� In theory, the rectifier current is close to zero at normal operation, but
harmonics are injected into the supply network during the voltage sag, when
the series converter inserts the suitable voltage.

� The voltage sag in the supply will also cause a corresponding drop on the DC
voltage for an uncontrolled rectifier, which depends on the type of sag. The
series transformer turn-ratio must be designed for being able to insert its
maximum voltage at a certain minimum DC voltage. If a thyristor rectifier is
employed, the DC voltage drop can be minimized by means of reducing the
firing angle of the bridge. Phase-jumps in the supply voltage should also be
considered as they may affect the performance of the thyristor rectifier.

9.4 HYBRID CONFIGURATION WITHOUT VOLTAGE-
SOURCE CONVERTERS

This section presents a hybrid configuration based on devices with turn-off
capability, but without using the traditional voltage-source configuration. In this
case, transformers and large energy storage elements, which account for a
considerable fraction of the costs, are not demanded. The configuration combines
the function of solid-state breaker, described in Chapter 5, with the function of
voltage regulation at the load bus. It can thus be used for voltage sag mitigation
in the supply network of distribution systems.

The configuration is a three-phase AC-AC power converter and its simplified
configuration is shown in Figure 9-12. A similar configuration has been
presented in literature [160,161]. However, for that configuration, a high
switching frequency is employed even at normal operation, which is a
considerable drawback. For the proposed configuration shown in Figure 9-12, the
series switch is assumed to be always conducting during normal operation and
the shunt switch is blocked. A drawback is that voltage swells in the supply
network cannot be compensated because the configuration has the function of a
step-up (boost) converter. The breaker function, which can limit overcurrents and
quickly disconnect faults at the load side, was discussed in Chapter 5.

During voltage sags, the operation has the equivalent function of a continuously
controlled electronic tap-changer. The control algorithm starts to alternate the
switching between the series and shunt connected devices. If a sufficiently high
switching frequency (fsw) is employed, the sinusoidal input and output voltages
can be approximated as piecewise functions. Therefore, the converter is seen as a
chopper (DC/DC converter) and the control system can be designed as for such a
converter.
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Figure 9-12 Hybrid configuration with current limiting
and voltage regulation capabilities.

The output capacitor (Cf) does not have any major energy storage function. It is
mainly needed for filtering harmonics due to the high frequency switching of the
series switch during the voltage sag. The inductor Lf in Figure 9-12 limits the
current harmonic injection in the supply network during this interval.

At the occurrence of a voltage sag in the supply network, the ratio between the
input and output voltages (U1 and U2, respectively) is controlled by modifying
the conduction periods of the shunt and series elements (denoted here Tshunt and
Tseries). The sum of these intervals corresponds to the inverse of the switching
frequency of the devices (1/fsw).

Referring to Figure 9-13, the voltage Ucontrol is a signal calculated by the control
algorithm. The sawtooth waveform has constant amplitude (Ust) and it is
generated by a Phase-Locked-Loop, having the supply network as reference
voltage. The intersections of the control voltage with the sawtooth waveform
determine the instant for switching between the series and shunt conduction.

The relationship between the input and output voltages is given by DUU 12 � ,
where D is the duty cycle of the series switch, defined as:
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As the shunt element is only switched during disturbances, the use of IGBTs is
probably most suitable. On the other hand, as the series switch conducts during
normal operation – if not bypassed by a fast mechanical switch -, on-state losses
are more critical and IGCTs might be recommended.
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Figure 9-13 Comparator scheme for the switching of a chopper converter.

The proposed compensator acts as a very fast tap-changer. It does not have the
capability of controlling the phase angle of the output voltage, as the Dynamic
Voltage Restorer discussed in Section 8.3 or the hybrid configurations based on
voltage-source converters discussed in the present chapter. Regarding the voltage
rating of the valves in Figure 9-12, both shunt and series switches should be
dimensioned for forward and reverse blocking of the phase voltage. As the turn-
off high power devices are not usually designed for having reverse blocking
voltage capability, the implementation of the series and shunt switches should
take into account the discussions presented in Section 5.4.

As a comparison, it can be mentioned that for the hybrid converter shown in
Figure 9-10a, the valves must be dimensioned for supporting the DC voltage.
Each DC capacitor is initially charged to a higher value than the phase voltage
due to the conduction of the diodes of the shunt converter. On the other hand,
only forward blocking voltage capability is required by the switches of the
voltage-source converter.

9.4.1 Switching Control

The two main factors for the control of the switching instants of the series and
shunt switches are:
� Determination of the signal Ucontrol.
� Determining when the high switching frequency should be enabled, as the

series switch leads at normal operation.

If conduction losses are of concern, a fast vacuum breaker, with opening time
between 10-15 ms, can be connected in parallel with the series switch. In this
case, the load has to tolerate a voltage sag of such duration, before the breaker
opens and the voltage regulator actuates on the switching control. A similar
breaker can also be employed in series with the shunt switch in order to minimize
voltage stresses to the shunt surge-arrester. This alternative has not been
considered in the studied cases.



Chapter 9. Hybrid Compensators and Topologies
__________________________________________________________________________________________________________

198

A simple method for obtaining the control signal Ucontrol is presented in
Figure 9-14, based on feedback control. In principle, the signal Uload can simply
be calculated as the amplitude of the load voltage vector by means of measuring
the three-phase voltages. Notch filters tuned to the switching frequency and its
first multiple are employed for removing high frequency harmonics. The PI
regulator generates a common control signal to all phases, which is sufficient for
compensating balanced voltage sags.

However, two factors must be clarified in the presence of unbalanced sags, which
are more probable to occur in distribution systems. The signal Uload in
Figure 9-14 will have a second harmonic component, which must be filtered.
Moreover, the control will in fact only act on the positive-sequence component of
the input voltages, resulting thus in unbalanced voltages in the output [161].

For the total compensation of unbalanced sags, individual control for each phase
is demanded. The rms value of the load voltage in each phase can be separately
calculated and three regulators are employed. Therefore, one control signal is
generated to each phase. It should not be forgotten that the computation of the
rms value of a signal introduces a delay in the control algorithm, which limits the
correction time for keeping the load voltage at its nominal value. This will be
treated in the cases studied in the subsequent section.

9.4.2 Simulation Results

The cases presented in this section aim to demonstrate the performance of the
proposed hybrid configuration in the simulation program PSCAD/EMTDC. The
turn-off devices have been represented by ideal switches and snubber circuits and
surge-arresters have not been represented. The switching frequency of the turn-
off devices during the sag interval is set to 2 kHz.

It has been assumed in the simulations that the detection algorithm takes 5 ms to
transfer from the normal operation (series switch conduction) to the high
switching frequency operation, when the series and shunt switches conduct
alternately. This means that the load will initially be affected by the voltage sag
during the initial 5 ms. In the same  way, the same  interval (5 ms) is also consid-

Figure 9-14 Simple feedback control strategy based on
the amplitude of the load voltage.
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ered for detecting that the fault has been cleared upstream. After that, the
alternate conduction at high frequency is disabled and the series switch conducts
uninterruptedly.

The simulated three-phase system is presented in Figure 9-15. It consists of an
equivalent network for the 130 kV system, a 130/11 kV transformer - directly
grounded in the 130 kV side and grounded in the 11 kV side through an
impedance -, the series and shunt switches and a 20 MVA passive load. Voltage
sags are produced at the 130 kV bus by means of temporarily connecting three-
phase impedances to ground.

Figure 9-15 Studied network for the simulations of the hybrid configuration.

The initial case consists of a balanced sag initiated at 50 ms and lasting for
150 ms, with simulation results shown in Figure 9-16. In this case, the control
algorithm is exactly the one presented in Figure 9-14, when a common control
signal is generated to all three-phases.

During the sag, the voltage at the 130 kV bus drops 40%, as seen in plot a. The
control voltage (Ucontrol) starts to rise 5 ms after the sag is detected in order to
correct the load voltage and after one cycle it reaches the value of 0.45 p.u., as
shown in plot b. This means that the shunt valves lead during 45% of the interval
corresponding to one period of the sawtooth wave (200 �s). The resulting load
voltage is shown in plot c, where it is observed that the voltage sag is
compensated only 10 ms after the sag is initiated. The load voltage is not totally
free of harmonics during the sag interval and the total harmonic voltage
distortion is equal to 5%. The capacitor Cf must be dimensioned according to the
maximal load power factor and the maximum tolerated voltage distortion.

As the load is maintained, but the voltage at the 130 kV bus is reduced, energy is
taken from the network by increasing the current (iL), as seen in plot d. The trafo
leakage reactance (10%) introduces a high impedance to the harmonics generated
by the high frequency switching, working thus as a harmonic filter. If the high
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frequency harmonic voltage is of concern for the transformer, another reactor
must be introduced between the transformer and the switches. Nevertheless, this
extra inductance would result in higher losses at normal operation.
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Figure 9-16 Balanced voltage sag at the 130 kV bus between 50 and 200 ms.
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The current in both series and shunt switches in phase B are shown in plots
e and f, respectively. Although the amplitude of both curves is equal, the
fundamental frequency component is different, being a function of the duty cycle
of the switches. The sum of both currents results in the current shown in plot d. It
should be noted that the current rating of the semiconductor devices must take
into account the maximum load as well the most critical voltage sag, because the
amplitude of the current to be switched by the devices depends on these two
parameters.

When the fault is cleared at 200 ms, the control algorithm measures a transient
increase of the load voltage (plot c) and the control signal is rapidly decreased
(plot b). After 5 ms, the control signal is forced to zero and the firing for the
shunt valves is disabled. The load current is thus taken only by the series
converter. In a real application, the fault recovery would make the surge-arrester
of both devices actuate, limiting the voltage transients.

The alternate switching between series and shunt devices can be better visualized
in Figure 9-17, when only one phase during one cycle has been plotted. It can be
verified that the current on the 11 kV side of the transformer (plot c) is switched
alternately between the series and shunt devices, shown in plots d and e. The
current ripple around 2 kHz is also observed in plot c. These harmonics are also
verified at the 130 kV busbar (plot a), and their magnitude depends on the
network impedance at these frequencies. The load voltage, shown in plot b, has
also some harmonics superimposed to the fundamental frequency, but with lower
amplitude, which depends on the size of the capacitor Cf.

At the second case, an unbalanced voltage sag is simulated at the 130 kV bus
during 150 ms, with simulation results shown in Figure 9-18. An unbalanced
load is connected at the 130 kV bus at 50 ms, producing different voltage
variations at the 130 kV bus, as shown in plot a. It should be pointed out that
there is a zero-sequence voltage on the 130 kV and 11 kV sides during the
voltage sag, which normally disappears to the low voltage system due to the
connection of the MV/LV transformer.

In this simulation case, a control signal is calculated for each phase, based on the
measurement of the rms values of each phase voltage at the load busbar. Plot b
shows the control voltages and it is observed that the settling time of the signals
is longer than in Figure 9-16 due to the delay for calculating the rms voltages.
The delay affects the control loop and lower gains must be used for the PI
regulators in order to obtain a stable response.

After the initial transient, the three-phase load voltage is restored to its nominal
value, as observed in plot c. However, it is possible to visualize that the three-
phase voltage is not symmetrical because the high frequency switching corrects
deviations on the amplitude of the 130 kV bus voltages, but it does not correct
phase-shifts. Moreover, there is an important factor to be considered, which is the



Chapter 9. Hybrid Compensators and Topologies
__________________________________________________________________________________________________________

202

−0.5

0

0.5
[p

.u
.]

(a) Phase B voltage at 130 kV bus

−1

−0.5

0

0.5

1

[p
.u

.]

(b) Phase B voltage at load bus

−0.5

0

0.5

[p
.u

.]

(c) Phase B current at the 11 kV side of the trafo

−0.5

0

0.5

[p
.u

.]

(d) Phase B current through the series switch

0.15 0.152 0.154 0.156 0.158 0.16 0.162 0.164 0.166 0.168 0.17

−0.5

0

0.5

[p
.u

.]

Time [s]

(e) Phase B current through the shunt switch

Figure 9-17 One cycle detail for visualization of the high frequency switching.

grounding of the 11 kV system. The shunt switches, capacitor bank and load are
not grounded and the currents through the switches are not utilized on the
adopted control algorithm. At a certain instant during the high frequency
switching, only one shunt switch may be ordered to conduct, which is only
possible if there is a path for this current. In order to introduce this path, the
neutral of the shunt switch is connected to the neutral of the capacitor bank. This
can create a zero-sequence current circulating between the shunt switch,
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capacitor bank, and series switch. A zero-sequence voltage in the load voltage is
also created which also depends on the size of the capacitor bank.
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Figure 9-18 Unbalanced voltage sag at the 130 kV bus between 50 and 200 ms.
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The current in the series and shunt switches are shown in plots e and f only for
phase B. The recovery after disconnecting the unbalanced load at 200 ms is very
similar to the previous case.

From the simulation results, the hybrid configuration shows a satisfactory
performance for mitigating voltage sags in the supply network. More elaborated
control algorithms can be implemented measuring also the 130 kV bus voltage,
as well the circuit configuration can be optimized. Detecting the correct type of
disturbance is also imperious for the fast action of the switches or current
limitation in the case of a downstream fault.

9.4.3 Alternative Hybrid Configuration

Another transformerless configuration based on power electronics was recently
presented for applications in low-voltage networks, being commercially available
for protecting loads rated up to 300 kVA [144]. The configuration can be seen in
Figure 9-19 and it functions as a back-up power supply with limited storage
capability that depends on the size of the capacitors. Only one phase is shown in
the figure although it can be extended to all phases.

It is claimed that the configuration has ride-through capability for mitigating the
great majority of voltage sags and voltage interruptions of short duration, which
have been statically obtained from power quality surveys. These short
interruptions are usually related to the reclosing time of breakers, as described in
Section 2.5. Since the majority of the power quality disturbances are of short
duration (less than 300 ms), feasible capacitor values can be employed.

The series bypass switch is based on thyristors and leads during normal
operation. Each DC capacitor remains charged through the diodes with the phase
voltage of the supply network. When a disturbance is detected in the supply
network, the firing pulses to the thyristors are blocked and the IGBT bridge starts
operating at high switching frequency in order to keep the load voltage constant.
The energy is then extracted from the DC capacitors. It should be noted the total
available DC voltage is equal to twice the phase voltage and the turn-off device
should then be dimensioned for this voltage.

9.5 SUMMARY

The chapter has presented hybrid compensators based on series and shunt
voltage-source converters connected to a common DC link, as well hybrid
topologies based on semiconductor switches with turn-off capability.

The UPFC configuration has been discussed, emphasizing the interaction
between shunt and series converters, especially due to the fundamental frequency
switching of the shunt converter. Simulation results have also shown that this
interaction plays an important role for the design of the DC capacitor.



9.5 Summary
__________________________________________________________________________________________________________

205

Figure 9-19 Hybrid topology with little energy storage needs [144].

Despite the low initial rating of the series voltage (0.1 p.u.), active power on the
line could be controlled in a range of �0.15 p.u. with still some margin for
reactive power control on the line, as well as AC voltage control at the shunt
converter connection point. The active power balance between the converters is
indirectly achieved by means of the shunt converter voltage control.

It has been demonstrated that the UPFC can also be employed for eliminating
unbalance of the three-phase line current, mostly originated by faults electrically
close to the sending end of the line. The main purpose of this secondary control
is to isolate the unbalance to one side of the series transformer, while a balanced
voltage is verified on the other side. For this task, the rating of the series
converter has to be increased.

The application of hybrid configurations based on voltage-source converters in
distribution systems has also been discussed. Since the primary task of the shunt
converter is the active power balance between the converters, a higher rating for
the shunt converter than for the series converter is required, when the series
converter is employed for mitigating voltage sags. Moreover, it has been
theoretically shown that the shunt converter switched at fundamental frequency
would require non-feasible current ratings. Since the rating considers the
demanded current for active power balance during the voltage sag interval, a
PWM switched shunt converter can provide power factor correction and
harmonic filtering at normal operation.

Two transformerless hybrid configurations have also been presented. Both are
based on devices with turn-off capability, but high switching frequency is only
employed during the disturbance period, minimizing thus switching losses. Large
energy storage elements are not demanded. In addition to that, the configurations
have the capability of also actuating as solid-state breakers in case of a fault on
the load side.



Chapter 9. Hybrid Compensators and Topologies
__________________________________________________________________________________________________________

206

Simulation results using a simple control algorithm for the booster AC/AC
converter show its adequacy for mitigating voltage sags. Its main drawback is the
impossibility of eliminating phase-shifts in the supply network to the load and
not compensating for voltage swells.
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CHAPTER 10
FAULT STUDIES INCLUDING SOLID-STATE
CURRENT LIMITING DEVICES
__________________________________________________________________________________________________________

10.1 INTRODUCTION

The chapter presents fault studies in distribution systems including the solid-state
breakers previously discussed in Chapter 5. For this purpose, the distribution
substation of a typical feeding network is implemented at the real-time model, in
collaboration with Swedish utility Birka Energi AB (former Stockholm Energi).
Different fault cases are studied and the location of the devices is discussed,
where they are preliminarily employed as fast circuit breakers.

As it was discussed in Chapter 5, the downstream protective devices may require
the flow of the fault current for a certain time interval in order to perform the
necessary protective measurements. It is shown that the use of solid-state devices
may allow the reduction of the fault current by means of controlling the firing
instants of the semiconductor devices. Simulations at the real-time model using
solid-state breakers based on thyristors as current limiting devices demonstrate
this potential application.

The chapter is closed with the simulations of a Solid-State Transfer Switch
applied to the equivalent feeding system to the Swedish Broadcasting
Corporation (“Sveriges Radio”), a customer from Birka Energi AB. The
theoretical benefits of applying the technique for this particular case are analyzed
based on the simulation results.
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10.2 PERFORMANCE OF SOLID-STATE BREAKERS AT
THREE-PHASE FAULTS

This section deals with the simulations performed in a simplified distribution
network, when solid-state breakers are introduced, replacing conventional
mechanical breakers.

10.2.1 Studied Configuration

The original network suggested for initial studies is presented in Figure 10-1. It is
an equivalent of a typical distribution substation in Stockholm city. Parallel and
identical feeders supply, via 5-km long underground cables, the 30 MVA load
connected to the 11 kV bus.

The 33 kV system is part of a mostly radial system, typical of suburban areas in
Stockholm. Each substation has a high security of supply due to a mutual
function, which in practice means that one 33 kV cable can feed the whole
substation at any load situation. Reliability is increased with the possibility of
rapidly isolating the faulted section in the 33 kV network, where faults are
mainly due to failures on the underground cables or transformers.

The 11 kV system is mostly radial because the design of protection systems is
simpler, voltage control is easier, and fault currents are lower. The 11 kV busbar
is not sectionalized making the network stronger. An auxiliary busbar is
available, facilitating maintenance and repair in the case of a fault at the busbar.
However, the connection of the auxiliary busbar takes some hours and
consequently, it cannot be employed for solving problems related to voltage sags
and momentary interruptions.

Both 33 kV and 11 kV networks are grounded via zig-zag transformers with a
resistance to ground.

For overhead distribution lines, the majority of the faults are single-phase to
ground. Meanwhile, for systems based on underground cables, it is known from
field experience that single-phase faults often develop into three-phase faults
[162] and these faults are mostly permanent, requiring manual repair. It has also
been shown in Figure 2-1 that single-phase to ground faults in the 11 kV network
do not produce overcurrents in the 33 kV system due to the connection of the
transformer and type of grounding.

In the configuration shown in Figure 10-1, the investigated cases are [145]:

� Three-phase fault at the 11 kV busbar. Relay protection trips the fault
through the mechanical breakers within 100 ms. The customers fed through
the 11 kV feeders are without voltage and they have to rely on their own
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generation (if available) until the auxiliary bus is put into operation. Fault
currents to the 33 kV system are limited due to the leakage reactance of the
transformers (0.12 p.u.) and impedance of the underground cables.

� Transformer failure or faults on the 33 kV underground cables. The fault
currents are considerably higher, depending on the short-circuit power of the
33 kV bus. The fault currents are disconnected within 100 ms by opening the
breakers only on the faulted feeder. During this interval, a voltage sag is
observed in the network due to the high fault current. After the fault is
cleared, the remaining non-faulted feeder is able to supply the whole load
since it can operate with 50% overload for some hours with the help of forced
cooling of the transformers.

In the following, the solid-state breakers are introduced for minimizing the effect
of the fault at the 11 kV bus as well as providing a fast interruption of the fault
current.

Figure 10-1 Original configuration of the studied medium-voltage system.
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10.2.2 Comments about the Simulated Model

Some short comments about the model implemented at the real-time model can
be made:
� Each 5-km underground cable is simulated by one T-section with the real

parameters scaled to the low power model.
� The load is passive (R-L impedance) with power factor equal to 0.9.
� Due to practical reasons and for the sake of simplicity, the solid-state

breakers are applied only to one feeder.

� The mechanical breakers are simulated by using the low power relays with
opening time set by the control program, as described in Section 6.3.

� The algorithm and required measurements for fault detection are not under
investigation.

10.2.3 Solid-State Bus-Tie Breaker Based on Thyristors

It was stated in Section 5.3 that a favorable location of a solid-state breaker in a
medium-voltage network was on the bus-tie, as shown in Figure 10-2. This
makes it possible to sectionalize the busbar during a fault at the 11 kV busbar.
Anti-parallel thyristors (or bidirectional thyristors) are employed with this
purpose. Although a surge-arrester has been represented in Figure 10-2, the
simulations of the bus-tie breaker did not include it.

At normal operation, the thyristors are fired and the current through the bus-tie
(iT) depends on the amplitude and characteristics of the load connected to each
section of the 11 kV busbar. With equal load connected to each section of the
busbar, the bus-tie current is very close to zero.

� Three-phase fault at the 11 kV busbar

A fault at the 11 kV busbar can be detected by measuring a very low voltage at
the busbar and a high fault current on both feeders. In fact, any downstream
disturbance can also trigger the opening of the thyristors on the bus-tie.

The simulation plots for this case are shown in Figure 10-3. A three-phase fault
at the 11 kV busbar section connected to feeder 2 is initiated at 50 ms, as shown
in Figure 10-2. It is assumed that the firing pulses to the thyristors are removed
after 10 ms. Therefore, high currents can flow through the thyristors between
time 50 ms and the first zero-crossing of the current after the blocking of the
firing pulses, as seen in plot f. It is also observed in this plot that when one phase
current on the bus-tie is interrupted, the currents in the other two phases become
symmetrical as the system is grounded via a high impedance.

The 11 kV voltage on the faulted side directly connected to feeder 2 is shown in
plot b. The  blocking of the  thyristors  isolates  the two  feeders at the 11 kV bus.
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Figure 10-2 Modified configuration introducing a solid-state breaker
to the 11 kV bus-tie.

Therefore, fault currents with longer duration occur only on feeder 2, shown in
plot e. Plot d shows the three-phase currents on feeder 1, where the high fault
currents occur only during the interval when the thyristors are still conducting
(�20 ms). Since the current on feeder 1 returns to non-faulted values, the control
sends an opening order only to the mechanical breakers on feeder 2. After
feeder 2 is disconnected, assumed to occur around 150 ms, the current on feeder
1 returns to its pre-fault value.

The voltage on the non-faulted section of the 11 kV bus is shown in plot a. After
the thyristors stop conducting, this voltage is equal to 0.75 p.u. until the breakers
on feeder 2 are opened around 150 ms. Instead of a total voltage interruption
during the whole fault period, a balanced voltage sag of 25% occurs during
100 ms (corresponding to the opening time of the breakers). It can be concluded
that part of the load can still be fed without any interruption despite the
occurrence of a very close fault in the load neighborhood.
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After the blocking of the thyristors and disconnection of the faulted feeder, the
voltage on the non-faulted side of the 11 kV bus is increased to 1.03 p.u.
(11.33 kV). This would require the action of the transformer tap changer because
Birka Energi Elnät AB guarantees a voltage between 10.5 and 11.1 kV. This
action has a much slower dynamics, which has not been considered in this study.
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Figure 10-3 Three-phase fault at the 11 kV busbar including a
thyristor breaker on the bus-tie.
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At the disconnection of the faulted feeder, a transient overvoltage is verified at
the 33 kV bus, as shown in plot c, which is also reflected to the non-faulted side
of the 11 kV bus. The transients observed after the feeder disconnection can be
minimized by opening the breakers when the current waveform is close to a zero-
crossing.

If the control equipment is located on the 11 kV side of the transformers, a fast
communication between the control and the mechanical breaker located 5 km
away from the substation is required. In fact, this time in the existing real system
is in the order of 20 ms, which is still shorter than the breaker opening time.

� Three-phase fault in the 33 kV system

The fault is applied close to the transformer, in the end of the underground cable
on feeder 2, as shown in Figure 10-2. Simulation results are shown in
Figure 10-4, where it has also been assumed that the firing pulses to the thyristors
are disabled 10 ms after the beginning of the fault (50 ms). The thyristors
continue thus conducting during a short interval after the fault is applied, as seen
in plot e. During this short interval, feeder 1 conducts a fault current through the
bus-tie, as shown in plot d. This current returns to the fault location because the
load impedance is higher than the transformer reactance plus the bus-tie
impedance.

After time instant 70 ms, the thyristors have stopped conducting and
consequently the current magnitude through feeder 1 (plot d) becomes lower,
indicating that this is a non-faulted feeder. However, the current on the 33 kV
side of feeder 2, shown in plot c, is close to 15 p.u. (equivalent to 7.5 kA), while
the current on the 11 kV side (if2 in Figure 10-2, not shown in the plots) is much
lower. This would occur even if there were motors directly connected to the
11 kV busbar due to the transformer reactance, exception made to the case of a
transformer failure. Some noise is observed in plot c during steady-state
operation because the current was measured with a current probe adjusted for
high currents.

Due to the high fault current, seen in plot c, there is a deep voltage sag to 0.4 p.u.
at the 33 kV busbar, which is reflected to the 11 kV system (plots a and b).

The difference between the magnitude of the currents on both feeders in the
33 kV system indicates that only the mechanical breakers on feeder 2 should be
opened. The fault is cleared right before time instant 160 ms, as seen in plot c.

The firing pulses to the thyristors are enabled again after identifying the
interruption of the fault current on feeder 2 and a subsequent delay of 5 ms. This
guarantees that the transient on the 11 kV and 33 kV voltages caused by the
opening of feeder 2 breakers, - shown in plots a and b, respectively - are settled
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down. After that, it is observed that feeder 1 supplies the whole 30 MVA load
connected to the 11 kV busbar (plot d).
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Figure 10-4 Three-phase fault on the 33 kV cable adding a
thyristor breaker to the bus-tie.
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If the thyristors on the bus-tie are not blocked during the time interval 50-150 ms,
the performance will be identical to the existing configuration, where the 11 kV
bus is not sectionalized. The only advantage achieved by temporarily blocking
the thyristors is that the feeder 1 current does not supply a fault current through
the bus-tie. However, this does not represent any significant advantage.

The case clearly indicates that it is imperious to measure the feeder current on
both sides of the transformers in order to detect the type of fault or failure. In the
case of a fault at the 11 kV bus, overcurrent will tend to occur on both sides of
the transformers. At a three-phase to ground fault on the 33 kV side, the
overcurrent occurs only on the 33 kV side. Therefore, a large difference between
the currents measured along the cable and on the 11 kV side of the transformer
indicates a fault on the primary side of the transformer or along the underground
cable.

10.2.4 Solid-State Breakers Based on Thyristors on Bus-Tie
and on Main Feeders

An initial conclusion from the simulation results according to Figure 10-3 is that
the thyristor breaker located on the 11 kV bus-tie can improve the system
performance in the case of a fault at the 11 kV bus. The next step in the studies is
the simulation of the same fault cases, replacing the conventional mechanical
breakers on the main feeders by thyristor-based breakers and maintaining the
thyristor breaker on the 11 kV bus-tie.

The circuit at the real-time model was slightly modified, as shown in
Figure 10-5:

� The passive load is split into 20 and 10 MVA, instead of two identical loads
equal to 15 MVA.

� Extra cables were connected at the real-time model, causing an increase of the
losses along feeder 2.

Due to both modifications, the steady-state current on both feeders are not equal
anymore (if1 = 0.81 and if2 = 0.63 p.u.) and the bus-tie current is no longer equal to
zero (iT = 0.21 p.u.).

� Three-phase fault at the 11 kV busbar

A three-phase fault at the 11 kV busbar is applied at time instant 33 ms and the
simulation results are shown in Figure 10-6 (note: different time scales are
employed compared to the previous cases). It has been assumed that the time
interval between the fault identification and the order for blocking the firing
pulses of all thyristors is still equal to half a cycle. It should be noted that an
equal detection time to all thyristor breakers requires the fast identification of the
faulted section of the busbar. Only the firing pulses to the thyristors connected to
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the faulted side should be disabled, simultaneously to the blocking command to
the thyristors on the bus-tie. In practice, a more sophisticated detection algorithm
would be required.

Therefore, as some phases of the feeder 2 current might not be interrupted at their
first zero-crossing after the fault occurrence, as seen in plot d, it takes almost one
cycle in order to totally interrupt the fault current. During this interval, the fault
current peak is around 5.0 p.u., not only on feeder 2, but also on feeder 1 (shown
in plot c) due to the conduction of the bus-tie thyristors (plot e).

Figure 10-5 Modified configuration introducing solid-state breakers to
the 11 kV bus-tie and to the main feeders.
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The voltage waveforms on the non-faulted section of the 11 kV bus and at the
33 kV bus are shown in plots a and b, respectively. As the fault currents are
interrupted at a zero-crossing, the transients in the recovery voltages are
minimized. The voltages at the 33 kV and 11 kV buses are recovered 20 ms after
the fault occurrence, after feeder 2 is totally disconnected. The voltage sag to the
non-faulted feeder is minimized to one cycle, which is a significant improvement
compared to the results obtained in Figure 10-3.
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Figure 10-6 Three-phase fault at the 11 kV busbar adding thyristor
breakers to the bus-tie and to the main feeders.



Chapter 10. Fault Studies Including Solid-State Current Limiting Devices
__________________________________________________________________________________________________________

218

The three-phase currents on the bus-tie, shown in plot e, have also similar
behavior as that one in Figure 10-3. Nevertheless, the current peak is higher in
the present case because the load is not equally distributed between the two
sections of the 11 kV busbar. Higher values than 5.0 p.u. cause saturation of the
current measurement unit on the bus-tie, as verified for one phase after 40 ms.

The interruption of the current in one phase on the faulted feeder produces a
transient overvoltage close to 1.5 p.u. in one-phase on the non-faulted section of
the 11 kV busbar, as seen in plot a. Since the voltage on the other section of the
busbar is equal to zero, the voltage across the thyristors will be the same as that
one shown in plot a. In a real case, the parallel surge-arrester would take care of
this overvoltage.

� Three-phase fault in the 33 kV system

As it was shown in Figure 10-4, the three-phase fault in the 33 kV system
produced a fault current with peak value close to 15 p.u. If the fault detection
time is equal to half a cycle, the current through the thyristors in the 33 kV
system will reach the same magnitude as before. In fact, during the real-time
simulations, the power amplifiers of the AC generator model could not withstand
such high currents for a considerable interval. Therefore, the fault detection time
has been reduced to 3 ms.

The fault in the end of the 33 kV cable, as shown in Figure 10-5, is applied after
30 ms and the results are presented in Figure 10-7. In this case, the thyristors on
the bus-tie are not blocked during the fault because it is expected that the
thyristor breakers on the main feeder will rapidly interrupt the fault current.

In the beginning of the fault, the bus-tie current corresponds to a fault current
supplied by feeder 1 (plot e). Around 42 ms, feeder 2 is totally disconnected and
the bus-tie current supplies the 10 MVA load (0.5 p.u. as shown in plot e). Feeder
1 supplies thus both 20 and 10 MVA loads, as seen in plot d.

The fault current on the 33 kV side of feeder 2 is shown in plot c (for a single
phase), where high peak values close to 10 p.u. are still observed. This current
amplitude still produces some disturbances in the thyristor breaker models on the
33 kV side at the real-time model. Such disturbances cause non-realistic
distortions on the 11 kV and 33 kV bus voltages, seen in plots a and b, between
33 and 38 ms. These distortions are damped as soon as each phase of the
thyristor breaker located on feeder 2 is disconnected.

The case shows that the voltage to the customers connected to the 11 kV busbar
will be affected only during 10 ms, which might be acceptable by the majority of
loads and processes.
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Figure 10-7 Three-phase fault on the 33 kV cable adding thyristor
breakers to the bus-tie and to the main feeders.
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10.2.5 Solid-State Breakers Based on Devices with Turn-Off
Capability

It has been demonstrated by the previous simulations that it is possible to
interrupt the fault current in less than one cycle by using thyristors as circuit
breakers. However, it was not possible to avoid the initial current peak because
the current is naturally extinguished at a zero-crossing. In some applications,
where the initial peak of the fault current can be hazardous to a busbar (see
Figure 5-2), devices with turn-off capability are required [102].

In this section, a similar simulation is presented for the three-phase fault in the
33 kV network with the thyristor breakers on the main feeders substituted by a
simplified equivalent of a device with turn-off capability. The low power
conventional relays available at the real-time model are employed for that
purpose, with opening/closing time around 3 ms. Of course, such simplification
cannot be used for studying transient stresses for determining the valve
requirements. In parallel with the low power relay, the surge-arrester model
described in Section 6.3 is employed for absorbing the energy excess when the
fault current is rapidly interrupted.

A three-phase fault is applied on the 33 kV cable on feeder 2 at 30 ms, with
simulation plots shown in Figure 10-8. It is observed in plot c that the fault
current on the 33 kV side still rises up to 10 p.u. because the action of the breaker
is not fast enough to limit the current rise. In reality, this means that a very fast
fault detection is demanded for utilizing the turn-off capability of the
semiconductor device and consequently limit the fault current peak. It should be
pointed out that plot c includes the current contribution from both the equivalent
semiconductor device as well as from the surge-arrester.

After the relay contacts are opened, the voltage across the surge-arrester reaches
its rated voltage and the arrester goes transiently to a conducting state until the
current is ceased.

Plot b shows the three-phase voltages at the 33 kV bus. It is possible to observe
that the transients are minimized by the surge-arresters when the fault current is
forced to interrupt. The same phenomenon is observed for the three-phase
voltages at the 11 kV bus, as seen in plot a.

After the fault is applied, an abrupt change in feeder 2 current (on the 11 kV
side), shown in plot d, occurs before the current is totally interrupted. As it has
been discussed, this indicates that some fault current coming from feeder 1
through the bus-tie flows on the 11 kV side of feeder 2.

The voltage across the equivalent of the solid-state breaker on the 11 kV side is
shown in plot f. After the initial transient, this voltage presents a third harmonic
component because the transformer is �-connected on the 11 kV side and the
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phase voltages are floating, bearing in mind that the voltage on the 33 kV side of
the transformer is close to zero.
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Figure 10-8 Three-phase fault on the 33 kV cable adding a thyristor breaker
to the bus-tie and solid-state breakers based on turn-off devices
to the main feeders.
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After the energy is dissipated and the surge-arrester on the 33 kV side goes into a
non-conducting state, the voltage across it (shown in plot e) is determined by the
33 kV bus voltage.

One aspect that must be emphasized is the aim of the solid-state breakers in the
studies. The breaker on the bus-tie can be controlled independently of the
selectivity adopted for the other conventional breakers downstream to the 11 kV
bus because its function is only to sectionalize the busbar as fast as possible. It
also provides fast reclosing capability. However, the full capability of rapid fault
clearing of the solid-state breakers located on the main feeders can often be used
only in the case that the fault is very close to their location. Faults downstream to
the 11 kV system demand selectivity of the protection system, which must also
be considered. Selectivity is usually achieved by time grading of the overcurrent
relays, as discussed in Section 5.3. This means that the conventional circuit
breakers closer to the fault must usually operate before the solid-state breakers
upstream.

An alternative to this problem would be the use of solid-state devices for limiting
the fault current, instead of interrupting it. The configuration shown in
Figure 5-3a can be employed for this purpose, where a reactor is placed in
parallel with the semiconductor device. A more elegant way is to better utilize
the semiconductor devices, by means of controlling their firing instants. This
feature is investigated in the next section.

10.3 PHASE-CONTROLLED LIMITATION OF THE
FAULT CURRENT

This section discusses the application of the firing angle control of the thyristors,
well-known from Thyristor Controlled Reactors (TCR), for reducing the fault
current magnitude. The technique is also commonly used in the start-up of low-
slip induction motors (“soft-start”) in order to limit the start-up currents of the
motors. These currents may cause shallow voltage sags in the system (typical
remaining voltages between 0.7-0.8 p.u.), but with much longer duration, in the
time range of some seconds.

The studied configuration has been reduced, as shown in Figure 10-9, where only
one feeder is analyzed. Although the fault on the 33 kV cable produces a higher
fault current, only the three-phase fault at the 11 kV bus is simulated for not
stressing the thyristor breaker at the real-time model with too high currents.

For connection facilities at the real-time model, the phase-controlled thyristor
breaker is located in the 33 kV system while the thyristor breaker in the 11 kV
system is kept under conduction during the simulated interval. In fact, the
location of the phase-controlled thyristor in the 33 kV system can provide fault
current limitation to faults in both 33 kV and 11 kV systems. The breaker located
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on the 11 kV side could be of conventional type with opening time determined
by the selectivity of the protection system.

At normal operation, the thyristors conduct continuously. At the occurrence of
the fault, it has been assumed that the firing angle is controlled within 5 ms. In
the configuration shown in Figure 10-9, the fault at the 11 kV bus originates an
inductive fault current due to the transformer reactance. In the simulations, the
firing angle during the fault is set to a constant value. In practice, a control
algorithm should calculate the angle based on the desired reduction of the fault
current [163].

It is known from the SVC theory that the firing angle control of a conventional
TCR produces zero-sequence components at the third harmonic [9]. Therefore,
the TCR is usually delta-connected for not transferring this harmonic to the AC
system. In the present configuration, the thyristors are series connected along the
feeder. The grounding impedance, as well as the firing angle, will determine the
magnitude of the zero-sequence harmonic currents. In directly grounded systems,
these currents will not produce any voltage distortion at the 33 kV bus at these
harmonic frequencies (3.m, m being an odd number). On the other hand, in
systems grounded via high impedance (as the actual 33 kV network), the zero-
sequence harmonic currents, mainly the third harmonic, will be amplified
according to the grounding impedance. It will thus produce considerable third
harmonic distortion on the phase-to-ground voltages. Since this voltage is of
zero-sequence characteristics, the phase-to-phase voltages are not affected. As a
more important fact, the zero-sequence voltages on the phase-to-ground voltages
will not be transferred to the downstream adjacent feeders due to the connection
of the transformers.

Another aspect to be considered is the other characteristic harmonics generated
by the thyristors phase-angle control. Harmonic currents with order 6.m ± 1 (‘m’
integer) will be produced and the voltage distortion at the 33 kV busbar will
depend on the network impedance in the 33 kV system. In the present case,
where the network is simply represented by its short-circuit equivalent, high
harmonic distortions are expected.

Figure 10-9 Studied configuration including a phase-controlled
thyristor breaker.
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10.3.1 Simulation Results for Different Control Angles

The main purpose of the studies is to verify the influence of the firing angle and
type of grounding on the limitation of the fault current. Harmonic distortion at
the 33 kV busbar is also discussed along the simulations.

In order to better quantify the reduction of the fault current with the firing angle
control, a case without any control of the fault current is initially simulated. In
this case, the thyristors are kept conducting without any control of the firing
angle. Results from this case are shown in Figure 10-10.

The fault current has a initial peak value up to 7.0 p.u. that settles down to a
current with amplitude equal to 5.7 p.u., as seen in plot b. This current causes a
25% voltage sag at the 33 kV bus, as shown in plot a. As the studied fault is
symmetrical, it is enough to plot only one phase in the remaining cases.

Three different firing angles have been considered where the three-phase
voltages at the 33 kV bus are used for synchronization. The plots for the chosen
firing angles are shown for two types of system grounding.
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Figure 10-10  Three-phase fault at the 11 kV bus without fault current limitation.
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The first case consists of changing the firing angle to 100° when the fault is
detected. Results are shown in Figure 10-11. The first column shows the results
for a directly grounded system while the second column shows the results for a
high resistive grounded system.
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Figure 10-11 Phase control of the thyristor breaker with firing angle
equal to 100° during the fault



Chapter 10. Fault Studies Including Solid-State Current Limiting Devices
__________________________________________________________________________________________________________

226

It is observed in plots a1 and a2 that it is not possible to avoid the first current
peak because it is assumed that the firing angle can be altered only 5 ms after the
fault occurrence. The amplitude of the fault current has been reduced when
compared to Figure 10-10. A more significant reduction is achieved in the
impedance grounded system, which does not include high zero-sequence
currents. On the other hand, the voltage distortion of the phase voltages at the
33 kV bus of this system, shown in plot b2, is much higher due to the zero-
sequence voltage. Significant components have been measured for the 3rd, 9th and
15th harmonic voltages. The distortion is reduced when the phase-to-phase
voltages are measured, as shown in plot c2, as the zero-sequence components are
eliminated. However, the remaining harmonics are still present, especially the
25th harmonic in the resistive grounding system (20%). This harmonic is a
characteristic harmonic of the firing angle control and it is close to the resonance
frequency (cable capacitance + network inductances). The real system will
probably not present such high distortion because stray capacitances will help on
filtering the high frequency harmonics.

In the second simulated case, the firing angle is increased to 120° and the results
are presented in Figure 10-12. The amplitude of the fault current is further
reduced to 3.0 and 1.5 p.u., as observed in plots a1 and a2, respectively, in
Figure 10-12. Extracting only the fundamental frequency components, the fault
current magnitudes are 2.2 and 1.2 p.u. for the directly grounded and resistive
grounded systems, respectively. The bending of the current in plot a2 is due to
the fact that there must exist current in at least two phases in high impedance
grounded systems. In such conditions, the currents in the two conducting phases
are symmetric. It can also be demonstrated that firing angles higher than 150�
cannot be used.

A firing angle equal to 120° results in maximum generation of third harmonic
[9]. The third harmonic component of the current shown in plot a1 is
approximately one third of the fundamental frequency component. This creates
very high voltage distortions at the third harmonic for the resistive grounded
network, as shown in plot b2, also approximately one third of the fundamental
frequency component.

The phase-to-phase voltage shown in plot c2 has a much lower high frequency
distortion than in the previous case, mainly caused by the reduction of the 25th

harmonic.

The firing angle was further increased to 140°, with simulation results shown in
Figure 10-13, where only the case for directly grounded systems has been
presented. It was not possible to run the case for the resistive grounded system
because higher firing angles make the current bending towards zero during the
conduction interval, as it can be observed in plot a2 in Figure 10-12. For the
firing angle equal to 140°, the current reaches zero, but the same thyristor should
return to conduction, which demands a continuous firing pulse. However, the



10.3 Phase-Controlled Limitation of the Fault Current
__________________________________________________________________________________________________________

227

firing pulse system at the real-time model has originally been designed for TCR
applications where only a short pulse is given to the thyristors. In the present
application, when the  current reaches   zero, the   firing pulses  have already   been
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Figure 10-12 Phase control of the thyristor breaker with firing angle
equal to 120° during the fault
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removed and the current is thus extinguished. This creates transient
unsymmetries on the three-phase currents and the firing pulses are automatically
blocked by the control.

In the case of direct grounded systems - or in a TCR where the zero-sequence
current flows in the delta-connection -, this problem does not exist. The fault
current amplitude is reduced to 1.4 p.u., as seen in plot a of Figure 10-13, but
FFT measurements reveal that the fundamental frequency component is only
equal to 0.74 p.u. The third harmonic current is approximately two-thirds of the
fundamental frequency component while another significant component is the
fifth harmonic. The phase voltage seen in plot b has also high frequency
components superimposed to the fundamental frequency, but the voltage
distortion is not high. It should be reminded that the firing control is only
temporarily enabled in order to allow downstream protective devices to clear the
fault, but also to reduce the fault current that originates voltage sags in the
system.
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Figure 10-12 Phase control of the thyristor breaker with firing angle
equal to 140° during the fault. Directly grounded system.
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10.3.2 Reactor in Parallel with Phase-Controlled Thyristor
Breaker

A possible combined configuration for fault current limitation and reduction of
harmonics consists of including a reactance in parallel with the phase-controlled
thyristor. This can reduce the harmonic content of the current because the current
becomes continuous, as it will flow through the reactor when the thyristor is
blocked. However, the price to be paid is the increase of the fault current
compared to a case with the same firing angle, but not including the reactor.

In order to illustrate the influence of the reactance on the waveforms, the case
shown in Figure 10-12 (firing angle 120°) is repeated, but a reactance equal to
0.43 p.u. is connected in parallel with the thyristors. The results are presented in
Figure 10-14, where it should be reminded that this firing angle produced a
maximum third harmonic.

The amplitude of the fault currents are increased – compared to Figure 10-12 - to
3.8 and 2.6 p.u. in plots a1 and a2, respectively. However, the currents have a
more sinusoidal waveshape than in Figure 10-12 due to the reactor contribution
to the current when the thyristors are blocked. It was measured that the third
harmonic current and phase-to-ground voltage, respectively in the directly
grounded and resistive grounded systems, are approximately 20% of the
fundamental frequency component (one third without including the reactor).

It can be found in plot b2 of Figure 10-14 an improvement of the phase-voltage
due to the reduction of the harmonic distortion, mainly for the zero-sequence
components, fifth, and twenty-fifth harmonics.

It can be concluded that the optimal size of the reactance is a compromise
between the desired reduction of the fault current and the allowed temporary
harmonic distortion allowed by the utility.

In order to summarize the results achieved with the phase control of the thyristor
breaker, Table 10-1 shows the obtained peak values of the fault current -
disregarding the first current peak – for the different simulated cases. As it is
observed, the resistive grounded system presents a major reduction of the fault
current, but it produces high zero-sequence components on the phase-to-ground
voltages. Moreover, the firing angle is limited to a maximum of 150° because at
least two phases must always conduct. This problem can be alleviated by
connecting a reactance in parallel with the thyristors.

The clear drawback of the proposed control is the generation of harmonics during
the fault period. As soon as the thyristors are located on the main feeder, the
relay time for allowing the other protective devices to clear the fault in the case
of a fault downstream can be significant. This means that the phase angle control
is activated for a longer period and harmonics are being generated under this
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interval. It is also reasonable to assume that the noise due to high frequency
components in real systems will not be so critical as it has been presented in the
simulated results.
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Figure 10-14 Phase control of the thyristor breaker with firing angle equal
to 120°. Adding a reactance in parallel with the thyristors.
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Table 10-1   Comparison of the fault current amplitude for the studied cases.

Directly grounded
network

Resistive grounded
network

Without phase-angle
control (Figure 10-10) 5.7 p.u. 5.7 p.u.

Firing angle = 100°
(Figure 10-11) 4.5 p.u. 3.8 p.u.

Firing angle = 120°
(Figure 10-12) 3.0 p.u. 1.5 p.u.

Firing angle = 140°
(Figure 10-13) 1.4 p.u. -

With parallel reactance
and firing angle = 120°

(Figure 10-14)

3.8 p.u. 2.6 p.u.

10.4 APPLICATION OF A SOLID-STATE TRANSFER-
SWITCH

The studied cases so far have been restricted to the interruption and limitation of
fault currents. A normal procedure in distribution systems is to transfer the
supply to an alternative feeder in the case of a voltage disturbance in the
main/primary feeder. The current should not only be interrupted in the primary
feeder, but an alternative feeder must also be connected, minimizing the
disturbance seen by the load. Normal transfers utilizing mechanical breakers and
reclosers may take up some seconds. In order to minimize the transfer time,
breakers and reclosers based on solid-state devices can be used. Two solid-state
breakers placed close to a critical load or process and connected to two different
feeders form the configuration called Solid-State Transfer Switch (SSTS),
previously described in Section 5.5.

This section shows the possible application of a Solid-State Transfer Switch in a
more specific distribution system. It is a 33 kV cable system feeding the Swedish
Broadcasting Corporation (“Sveriges Radio”)(*) and the main configuration is
shown in Figure 10-15. At normal operation, the following conditions are
verified in the system:
� Both customers are fed via cable K1 (plus cable K3 to “Sveriges Radio”)

from station VS33. The primary feeder is thus formed by cables K1 and K3.
� The mechanical breakers B1, B3, B5, and B6 are normally closed (NC) while

breakers B2 and B4 are normally open (NO).

                                             
(*)The author would like to thank Birka Energi Elnät AB for supplying main data and permitting their use.
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Figure 10-15 Equivalent of the distribution network feeding the Swedish
Broadcasting Corporation (“Sveriges Radio”).

� As breaker B5 is closed, cable K4 is energized although it is not loaded.
� Anti-parallel thyristors T1 and T2 are not part of the actual system and they

are only included in the simulations.

The main case of interest consists of a three-phase fault along cable K1. In the
existing system, the fault is cleared upstream by opening breaker B6 within
100 ms while the loads are disconnected by the opening of breakers B1 and B3.
An automatic reconnection of the system occurs after about two seconds, when
breakers B2 and B4 are closed. During this interval, both customers are not fed
with any voltage. Regarding the main customer (“Sveriges Radio”), there is
back-up power supply in the form of UPS systems, but only for main equipment.
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Due to the voltage interruption, it takes between six and ten hours to restore the
pre-fault conditions at the plant. Moreover, the customer is also concerned with
the operational and maintenance costs of the UPS systems. Unfortunately, it was
not possible to obtain from the customer an estimation of the economical losses
caused by the interruption of its normal services especially because there is no
industrial process involved. The interruptions are normally accepted as soon as
they are not frequent. It has also been difficult to evaluate how sensitive the plant
equipment is regarding voltage sags because the voltage interruption is relatively
long, compared to the typical duration of voltage sags (100-300 ms).

It is important to notice that the automatic reconnection avoids reduction of the
supply reliability indexes, but in this case do not avoid disturbances to the
customer.

The basic disadvantage of the solid-state breaker presented in the previous
sections is that the semiconductor devices conduct the current during normal
operation, excepted the bus-tie solid-state breaker in Figure 10-2. This leads to
conduction losses and increased need for cooling systems, increasing further the
costs. The trend on the solid-state transfer-switch technology seems to be the use
of a switch that has lower losses than the thyristors and a faster opening time than
conventional mechanical breakers. This switch conducts at normal operation and
it is parallel connected to the anti-parallel thyristors in a configuration usually
called hybrid switch [105,106]. In the studies presented in the following, a hybrid
configuration is assumed, consisting of anti-parallel thyristors and a faster
mechanical breaker that can open its contacts within 10-15 ms. It can be pointed
out that such mechanical breaker is commercially available.

At the simulated cases, the 220 kV and 110 kV systems are not directly
represented. The 33 kV systems SK33 and VS33 are represented by infinite
sources behind the reactances corresponding to their equivalent short-circuit
capacities (800 MVA and 700 MVA, respectively).

The first simulated case is a three-phase fault in the end of cable K1, with results
shown in Figure 10-16. In order to better visualize the transfer between the two
cable systems, a fault impedance is introduced to each phase, reducing the fault
current level. The fault is applied at 30 ms, making the voltage at busbar SR33
approximately drop 35%, as shown in plot a. The fault current magnitude at the
33 kV busbar VS33 is around 7.0 p.u., as observed in plot f. According to the
short-circuit equivalent, this makes the voltage at the busbar VS33 drop 20%
(plot g). This voltage sag may be critical as the busbar VS33 is also feeding some
subway stations.

The deviation of the load voltage from its normal value triggers the transfer
process with an opening order to breaker B1 and simultaneously enabling the
firing pulses to thyristors T1. However, the current continues to flow through the
breaker (plot b) since it has lower losses. The breaker B1 opens within 15 ms.
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Only one phase is plotted, as there were not sufficient current measurement units
at the real-time model.

Around time instant 45 ms, breaker B1 opens its contacts (at all phases) and the
current is thus commutated to thyristors T1, as seen in plot c. As soon as the
thyristors start conducting, the firing pulses are blocked and the current to the
load is interrupted at the first zero-crossing. When the primary feeder is
completely disconnected, the voltage at busbar SR33 (plot a) becomes equal to
zero during a short time (around 55 ms), as the simulated load is totally passive.

After assuring that the primary feeder is totally disconnected, thyristors T2 can
be fired (plot d) and the load is immediately connected to the alternative feeder
(via cables K2 and K4). The voltage is thus restored just after time instant 55 ms,
i.e. 25 ms after the occurrence of the fault on the primary feeder. If the load
cannot withstand voltage interruptions and sags with such duration, only solid-
state devices must be employed. Based on contacts with utilities and their field
experience, the majority of processes should tolerate disturbances with one-cycle
duration. The CBEMA curve (see Figure 3-2) shows that a total voltage
interruption is tolerated during half cycle.

If the transfer is successful, an order for closing the contacts of breaker B2 is
generated. It is assumed that the breakers have a closing time around 15 ms
(plot e). Nevertheless, the closing time of the breakers is not of relevance in this
case because the thyristors can conduct during some cycles without any special
cooling requirement.

The next case consists of a more realistic fault on the cable, i.e. without any fault
impedance. Simulation results are shown in Figure 10-17, where the three-phase
fault is applied at 30 ms. Due to the proximity of the fault to the protected load,
the voltage drop at busbar SR33 is considered almost as a voltage interruption, as
shown in plot a.

The severe fault causes the discharge of cable K3 capacitances, as seen by the
load current carried by breaker B1 (plot b). As the simulated load is basically
resistive, the discharge has a low time constant. The mechanical breaker B1
opens at time instant 45 ms and the thyristor T1 takes over the conduction. As it
is observed in plot c, the thyristors conduct only a low current during a very short
interval. Just after time instant 50 ms, the load current is interrupted and the load
voltage is equal to zero. Thyristor T2 could start conducting at this point, but the
firing is delayed 5 ms for guaranteeing the complete discharge of the cable. The
load voltage is then restored around time instant 57 ms when thyristor T2 starts
conducting (plot d). A closing command is also sent to the mechanical breaker
B2. Assuming a closing time equal to 15 ms for this breaker, it takes over the
load current via the alternative feeder after time instant 70 ms, as shown in plot e.
Once more, the closing time of breaker B2 is not a relevant parameter. In fact,
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the order for closing breaker B2 should wait until a signal from the transfer
algorithm is generated, indicating a successful transfer to the alternative feeder.
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Figure 10-16 Three-phase fault along the primary feeder
including a symmetrical fault impedance.
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In this case, it can be argued that the conduction of thyristor T1 was not
necessary because the load current is rapidly discharged and the breaker B1
could be opened without any major stresses. However, a more realistic load
would probably slow down the discharge and the current would not be decreased
so rapidly.

Another factor that should not be forgotten is the phase-angle between the
incoming and outcoming voltages. There is a phase displacement close to 30°
between the voltages of both feeders, which can be verified on the load voltage
before and after the transfer (plot a). If the load is sensitive to phase-jumps, this
may inhibit the transfer. This shows once more the importance of knowing the
load behavior regarding variations in magnitude and phase-jumps during the
occurrence of voltage sags, before the installation of any Custom Power device.

Looking into the 33 kV faulted system (VS33 busbar), the fault current shown in
plot f reaches almost 15 p.u. (equivalent to 7.5 kA) and causes a voltage sag at
the 33 kV busbar VS33, as seen in plot g. It is assumed that mechanical
breaker B6 clears the fault within 100 ms, which lies outside the simulated
interval. The fault on the cable can be cleared faster or limited (as described in
Section 10.3) using an identical hybrid switch.

There are two main advantages of also using thyristors during the energy transfer
instead of only using the fast mechanical breakers:

� Soft interruption of the current without causing transients which affect the
cable insulation.

� Possibility of rapidly switching back to the main feeder if a disturbance on
the alternative feeder occurs during the transfer.

The transfer switch has been studied in the case of a fault on the cable that
directly feeds the protected load. However, faults on feeders electrically close to
the 33 kV busbar VS33 will cause voltage sags at this busbar. In principle, the
transfer switch can also operate during these disturbances. However, the effect of
this sag upstream to the 220 kV network should be better evaluated because the
alternative feeder (busbar SK33) is also connected to the same 220 kV system.
The feeders are not completely independent in the high voltage network.
Nevertheless, it has to be considered that the presence of two transformers
between the 220 kV system and the 33 kV busbar VS33 can considerably reduce
the fault current seen by the 220 kV system. This reduces the severity of the
voltage sag in the 220 kV system. On the other hand, the transfer-switch
configuration will not help in case of faults in the 220 kV system.
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Figure 10-17 Three-phase solid fault in the end of cable K1.

10.5 SUMMARY

The chapter has presented simulation results of possible applications of solid-
state switches for rapidly interruption of fault currents, theoretically discussed in
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Chapter 5. For these simulations, a basic distribution network was chosen in
cooperation with Birka Energi Elnät AB.

It seems that thyristors are the suitable semiconductor device to the majority of
solid-state breaker applications. The first fault current peak and its associated
voltage sag is usually tolerated by equipment and by the utilities. In addition to
that, high power thyristors are a mature device and there is considerable expertise
on series and parallel connections. However, the use of devices with turn-off
capability is justified in cases where the initial fault current can reach values that
can damage equipment, requiring thus fast interruption or limitation.

It has been shown that the utilization of the solid-state breakers can considerably
reduce duration of voltage sags and interruptions. However, in order to utilize the
fast opening capability of the solid-state devices at faults in all possible locations
of the distribution network, it is necessary to change the selectivity of the
protection systems downstream. If this is unfeasible, it has been verified that the
firing angle control of the semiconductor devices can instead provide limitation
of the fault current. The major drawback is the generation of harmonics at several
frequencies.

A hybrid switch, consisting of a mechanical transfer switch connected in parallel
with a thyristor switch, has also been simulated, connected to a particular
customer in an underground cable system. Faults on the cable required the
transfer to an alternative feeder, which in the existing system takes between 2 to
4 seconds. It has been demonstrated that it is possible to reduce this interval to
30 ms, utilizing commercially available fast mechanical breakers with opening
time around 10-15 ms and parallel thyristors. In this case, there is no need for
cooling systems for the thyristors, reducing thus investment and maintenance
costs.

All the applications discussed in the chapter require a fast and accurate detection
of the fault in order that the rapid control of the semiconductor switches can be
optimally utilized.
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CHAPTER 11
CONCLUSIONS AND RECOMMENDATIONS
__________________________________________________________________________________________________________

11.1 GENERAL

The thesis has presented an overview of some power electronics compensators
and switches applied in transmission and distributions systems. The studied
compensators are based on forced-commutated voltage-source converters (VSC).
Shunt and series connected VSCs have been studied, with special emphasis at the
control systems. The shunt converter employs fundamental frequency switching
on a twelve-pulse configuration while the series converters employs Pulse-Width
Modulation (PWM) with switching frequency equal to 1050 Hz.

In the thesis, the main objectives for the utilization of the studied equipment have
been the improved control of active and reactive power in transmission systems
as well the mitigation of voltage sags and fault current interruption/limitation in
distribution systems.

For validation of the equipment described in the thesis, scaled models to low
power have been developed at an analog real-time simulator. The simulator gives
a stronger physical understanding of the studied systems when compared to
computer simulations, as prototypes of the same digital control systems as to be
used in real plants can be used. The drawback is the size limitation of the
simulated network.

The fundamental frequency switching for the studied shunt converter gives lower
switching losses and maximum utilization of the DC voltage, which reduces the
voltage rating of the valves. The main disadvantage is the occurrence of
overcurrents at faults electrically close to the shunt converter and harmonics
generated at low frequencies. The VSC current control still provides some
limitation of the fault current, which can be useful at remote faults. A second
harmonic filter connected in parallel to the DC capacitor is also recommended
for the shunt converter in order to attenuate the second harmonic ripple on the
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DC voltage during unbalanced conditions. This second harmonic ripple on the
DC voltage is especially critical for the VSC switched at fundamental frequency.

In order to eliminate the above-mentioned overcurrents, the shunt converter is
blocked or PWM switching is required. An interesting alternative might be the
use of fundamental frequency switching at normal and symmetrical operation
and PWM switching at unbalanced faults.

As the applications described in the thesis have focused on both distribution and
transmission systems, the conclusions for each part are separately presented.

11.2 DISTRIBUTION SYSTEMS

The power electronics controllers and switches applied to utility distribution
systems and/or in the supply to industrial plants have usually been denoted
Custom Power Devices.

It has been shown in the thesis that the most problematic disturbance affecting
distribution systems is the occurrence of faults and associated voltage
interruptions and sags. It is verified that these phenomena are intrinsically related
to the occurrence of fault currents and the slow action of traditional protection
systems. Critical loads or equipment can be very sensitive to relatively small
voltage variations with duration of only 100 ms or even shorter. The mitigation
devices studied in the thesis will avoid or minimize the amplitude and/or duration
of these voltage deviations.

Field measurements of a voltage sag at an industrial plant have demonstrated that
information about the voltage sag can be extracted from the positive- and
negative-sequence components of the three-phase voltages during the voltage
sag. In addition to variations on the voltage magnitude, some loads like DC
motor drives or cycloconverters can be sensitive to phase-jumps on the voltage
waveforms.

Before adopting the solutions based on power electronics presented in the thesis
for mitigating voltage sags, studies should be performed on the system level,
where some cheaper, but sometimes more efficient measures, can be taken.
Among these measures, installation of surge-arrester on overhead lines subject to
lightning, reconfiguration of the feeders, and modifying the coordination of
existing protection devices are worthy to be mentioned. At power levels lower
than one MVA, UPS systems are widely used. However, these devices become
very costly and less feasible in high power applications due to the batteries used
as energy storage elements. Although UPS systems based on other types of
energy storage have been under development, their price is often still not
competitive.
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It has been shown that the connection of a shunt voltage-source converter to a
distribution system may have some effect on mitigating voltage sags, especially
to networks with low short-circuit capacity. The reactive power support that can
be given by the shunt converter may be useful at the connection of loads that
transiently draw considerable reactive power and can consequently cause internal
voltage sags at an industrial plant. The shunt VSC can also be employed for
power factor correction in distribution systems, without needing the installation
of large capacitor banks.

In order to protect critical loads from more severe voltage sags (as also swells) in
the distribution network, the series connected voltage-source converter is more
suitable, usually denoted Dynamic Voltage Restorer (DVR). The studied DVR in
the thesis is assumed to be located in medium-voltage systems and it can
compensate sags up to 50% of the nominal voltage, covering thus the great
majority of disturbances found in distribution systems. The controlled variable is
the load bus voltage and a control scheme has been proposed based on both
feedforward and feedback blocks. The control has been validated at the real-time
model during both balanced and unbalanced sags and a response time around one
cycle has been achieved, which should be satisfactory for most of the critical
loads. It has also been pointed out that the zero-sequence component of the
voltage in impedance grounded systems must be eliminated to the control
system. The studied DVR is not capable of compensating zero-sequence voltage
in the supply network. However, this voltage component is often eliminated to
the load due to the connection of the MV/LV transformers.

One major drawback of the DVR configuration is the need of an energy storage
device that can be rapidly accessed. Conventional capacitors are still the mostly
employed alternative although other types of energy storage devices have been
under research worldwide. In the DVR application, it is imperious that the stored
energy can be rapidly accessed, i.e. high power densities are required.

It has been theoretically analyzed that the combination of shunt and series
voltage-source converters for voltage sag mitigation usually requires a shunt
converter with higher rating than the series one. The shunt converter rating
should be dimensioned for the active power balance between both converters.
This makes the use of this hybrid configuration more expensive than the series
converter plus energy storage element connected to the DC side. If the hybrid
converter is employed, the shunt converter can be utilized for other tasks at
normal operation, e.g. power factor correction, as the active power balance
function is only employed during the voltage sag period.

A transformerless hybrid configuration based on shunt and series devices with
controllable turn-off capability has also been proposed. Computer simulations
have demonstrated that the configuration is suitable for mitigation of voltage sags
(not swells), where high switching frequency is only used during the voltage sag.
Moreover, large energy storage elements are not required. In addition to the
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voltage sag correction, the configuration has also the capability of acting as a
solid-state breaker in case of faults on the load side. One drawback is the
impossibility of eliminating phase-jumps in the supply network to the load,
which can be accomplished by the DVR.

The use of solid-state devices for fast fault current interruption has proved to be
very useful for reducing the duration of voltage sags/interruptions in distribution
systems, forming the solid-state breaker configuration. The studies have mostly
been concentrated on three-phase faults on underground cable systems. The
simulations have shown that the solid-state breakers can provide fast
sectionalization of a MV busbar, as well as isolation of the faulted cable from the
remaining system.

It has been demonstrated that the solid-state breaker can also be used for control
and limitation of the fault current if the protection system demands the flow of
the fault current during a certain interval. The fault current limitation can be
achieved by controlling the firing instant of the power electronics switches. The
main drawback is the generation of harmonics during the interval when the firing
angle is controlled.

The ideal location of a solid-state current limiting/interrupting device is on the
customer site. It is expected that these devices will first be employed at plants
having local generators. In the case of faults close to the local generation, the
fault current can reach too high values that may cause safety concerns to
equipment and personal.

Although the conduction losses of a solid-state breaker connected to a
distribution feeder can be probably accepted by the utilities and customers, the
installation costs are probably still high (between US$100000 and US$200000).

A hybrid mechanical/solid-state transfer switch has also been simulated,
hypothetically connected to a particular commercial installation on an
underground cable system. Faults on the cable require the transfer to an
alternative feeder, which in the existing system takes place within 2-4 seconds. It
has been demonstrated that it is possible to reduce the transfer time to 30 ms,
utilizing commercially available fast mechanical breakers with opening time
between 10 and 15 ms and thyristors in parallel. In this case, there is no need of
cooling systems to the thyristors, reducing thus investment and maintenance
costs.

It can be generally stated that nowadays only a very small group of customers
that are severely affected by voltage sags and disturbances can economically
justify the investment on Custom Power Devices. For instance, costs of
equipment like the Dynamic Voltage Restorer (DVR) are estimated at
US$150-250/kVA of the protected load, while the costs for Solid-State Breakers
amount to US$30-80/kVA of the protected load. Nevertheless, while the costs of
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the semiconductor devices are expected to decrease, the costs of an unplanned
shutdown of a factory caused by voltage sags or interruptions in the power
system are expected to increase. The payback period of a Custom Power Device
will thus be reduced.

11.3 TRANSMISSION SYSTEMS

The FACTS (Flexible AC Transmission Systems) devices studied in the thesis
have been the Static Synchronous Compensator (STATCOM) and Unified Power
Flow Controller (UPFC). The studied transmission line equivalent have also
included fixed series compensation, making the design of the control system of
these devices more challenging due to the risk of resonance in the series link.

The simulations have shown that the response time of the shunt VSC voltage
control in transmission systems is approximately the same as a conventional
Static Var Compensator (SVC) (2-3 cycles). The advantage of the voltage-source
converter is its capacity of generating and absorbing full reactive current
independently of the AC network voltage, which may be useful at recovery of
faults. Although the current controller can be made very fast, the voltage
regulator imposes some limitations on the converter response, which is more
dependent on the strength of the AC network. Therefore, it is expected that the
use of the shunt VSC only for voltage control is still restricted because a
conventional SVC can perform the same task with a lower price.

The control system of the PWM switched series connected VSC for active and
reactive power control on a transmission line has been theoretically analyzed by
means of transfer-functions. The transfer-functions relating the d-q components
of the line current and the inserted series voltage have been employed on the
design of the control system. The theoretical results have been compared to the
simulations at the real-time model. The analysis has shown that a fast controller
based on feedback and feedforward control of the line current can be designed.
This control gives also small interaction between the individual controllers for
active and reactive power. Although the feedforward part of the control employs
the values of some network parameters as the control gain, the connection of
other lines seems to not considerably affect the control performance.

As the size of energy storage devices becomes unfeasible at high voltage
applications, the use of pure series connected VSC is limited to the operating
points where the inserted series voltage is in quadrature with the line current.
Nevertheless, the active and reactive power cannot be independently controlled.
As a Thyristor Controlled Series Capacitor (TCSC) has a similar function, but
with lower costs, the use of pure series VSC in transmission systems for power
flow control becomes restricted. The advantage of the series VSC as compared
with the TCSC is that the series voltage can be controlled independently of the
line current.
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In order to utilize the full control capability of the series VSC, a hybrid
configuration has been studied - the Unified Power Flow Controller (UPFC) –
where shunt and series connected VSCs are connected to the same DC capacitor.
The series VSC is used for the power flow control while the shunt VSC provides
the active power balance between the two converters as well as voltage control of
the AC bus.

The interaction between the two converters has been studied. During changes on
the series converter operating point, variations on the DC voltage are initially
observed before the shunt converter provides the active power balance.

The UPFC can also be used for eliminating unbalances on the line current,
mostly originated by faults on the line. The main purpose of this secondary
controller is to isolate the unbalance to one side of the series transformer, while a
balanced voltage is verified on the other side.

There is no doubt about the technical benefits introduced by FACTS devices at
transmission systems. Nevertheless, the costs for the high power (in the order of
100 MVA) voltage-source converters are still considerably higher than for
thyristor based compensators (SVC and TCSC), although the difference in costs
is being reduced.

11.4 SUGGESTIONS FOR FUTURE WORK

Fault detection, advanced monitoring, and communication facilities play a very
important role for the optimal functioning of the equipment presented in this
work. Fast and accurate algorithms for fault detection applied to the control of
the solid-state breakers are necessary. It should not be forgotten that the
algorithms must be implemented in real-time, increasing the demands of fast
signal processing and communication.

The proposed control system of the DVR should be better evaluated by
connecting it into a more realistic network where voltage sags can be more
accurately simulated and the influence of motor loads can be evaluated. Circuit
configurations and techniques can be proposed for minimizing switching losses
at normal operation, when the voltage restoring capability of the DVR is not
required.

For the transformerless configuration consisting of shunt and series solid-state
switches with turn-off capability, the employed control strategy for voltage
regulation at the load busbar was rather simple. An improved control can be
studied as well as simulations in more realistic networks can be performed in
order to better evaluate the configuration.

For the phase-controlled thyristor breaker employed to fault current limitation,
the firing angle of the thyristors was set to a constant value during the fault. A
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control strategy can be developed for controlling the firing angle according to the
desired value of the limited fault current.

A more detailed comparison, including costs, between the series voltage-source
converter and the Thyristor Controlled Series Capacitor is also an interesting
topic for further studies.

The essential point to the increased utilization of the described compensators and
electronic switches studied in the thesis is the continued development of the
power semiconductor technology. In a longer perspective, semiconductor devices
based on new materials, e.g. Silicon Carbide (SiC), will reduce the overall losses
of the devices. At the same time, operation at higher temperatures will be
allowed, reducing the needs of cooling equipment and consequently the costs.
Elimination of cooling systems increases also the overall reliability of the
equipment.

At voltage-source converters applications, the utilization of silicon-carbide (SiC)
diodes – which have better characteristics (mainly reverse recovery) than
conventional silicon (Si) diodes - in anti-parallel with conventional Si turn-off
devices is expected to reduce the switching losses of the converters by 30%.
Research on finding optimal converter configuration regarding losses and costs is
a continuous challenge in the power electronics area, especially in high power
applications.
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APPENDIX A
Current Rating of the Shunt Voltage-Source Converter
for Voltage Sag Mitigation
__________________________________________________________________________________________________________

Suppose that the shunt VSC is connected to a distribution system represented by
a simplified equivalent network shown in Figure A-1. The converter is assumed
to be current controlled without any large energy storage element connected to
the DC side, which means that the converter can only generate or absorb reactive
power. It is shown in the following that the shunt converter capability is thus
limited for correcting severe voltage sags in the supply network.

The equivalent of the supply network is assumed to be a voltage source ( GU )
behind a short-circuit reactance (Xk). The load is assumed to be passive and
constant ( LZ ). The shunt converter is controlled to keep the voltage at the load
busbar equal to 1.0 p.u., independent of variations on the supply voltage.

At normal operating conditions, using the load bus as reference phasor, the
following relationship is valid:

� �vNLNkG IjIZIXjU �������� p.u.0.1 (A-1)

Assuming a voltage sag in the supply network ( '
GU ), the equations are modified

according to Equation (A-2), assuming that the load voltage is not changed
neither in amplitude nor in phase:
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Subtracting the two equations results in:
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Figure A-1 Shunt voltage-source converter in a simplified distribution system.

As the load voltage is not changed and the load impedance is constant, the
current LI  is also constant. This results in:
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Substituting (A-4) in (A-3) gives:
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Using per-unit values, with the load impedance as base value, the short-circuit
impedance (Xk) can be written as function of the short-circuit capacity of the
network (Sk):

Gkv USI ���� (A-6)

From the above equation, it is observed that the shunt converter current can only
correct the variations on the real part of the supply voltage. In fact, if the active
power supplied to the load is maintained during the sag, the phase-shift between
the supply and load bus voltages will increase but this is neglected in the
calculations.

Equation (A-6) shows that the required rating of the shunt converter current
during voltage sags is proportional to the short-circuit capacity of the network.
This also gives that the required rating of the converter for mitigating severe sags
will be too large. For instance, if the short-circuit capacity of the supply network
is ten times larger than the load, the required shunt current for compensating a
balanced voltage sag with 0.7 p.u. remaining voltage ( p.u.3.0�� GU ) is

estimated as 3.0 p.u. (10.0.3 p.u.). The shunt VSC may thus be only feasible for
application in weaker networks, i.e. with lower short-circuit capacity.
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APPENDIX B
Calculation of the Turn-Ratio of the Series Transformer
at the Real-Time Simulator
__________________________________________________________________________________________________________

The analysis is based on the configuration of the hybrid converter, shown in
Figure B-1. Peak values of the phase quantities are used as basis. In the
preliminary studies, only the twelve-pulse shunt converter was available. For this
converter, the following base values have been used:

V210,1 ��baseU VA3A1.0 ,, ��� shuntbasebasev SI

Due to the type of connection and turn-ratio of the shunt transformers (see
Figure B-1), the nominal DC voltage (UdcN), defined at no-load operation, is
given by:

V1.11
4

210
�

�

�
�dcNU

As the shunt converter is switched at fundamental frequency, the voltage on the
DC link has to be varied in order to change the operating point of the shunt
converter. Reactive power absorption implies on a lower DC voltage. When the
shunt converter absorbs 1.0 p.u. reactive current, the DC voltage is equal to
0.8.UdcN (8.89 V), as the leakage reactance of the shunt transformers is equal to
0.2 p.u.

Regarding that Pulse-Width-Modulation (PWM) is employed to the series
converter, the lowest DC voltage should be considered for dimensioning the
series converter transformer. Assuming an operation at the above value of the DC
voltage (Udc = 8.89V), the series converter should still be able to insert its
maximum voltage on the line side of the transformer without requiring
overmodulation of the PWM switching.
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Figure B-1 Hybrid configuration at the real-time model.

As a symmetrical sinusoidal PWM has been adopted, the maximum output
voltage (fundamental frequency component) of the series converter - measured
on the converter side - is given by:

3
ˆ

,
dc

VSCv
U

U � (B-1)

Considering the minimum DC voltage given previously (8.89 V) and using a
factor equal to 0.9 in order to be able to still achieve an small increase of the
modulation index, the series converter output voltage would be equal to:

V62.49.0
3

89.8ˆ
, ���VSCvU (B-2)

With this voltage, the series converter has still to be able to generate the rated
series voltage on the line side of the transformer, according to the following
expression:

NU
N

I
X basev

baseL
t ���� ,

,V62.4 (B-3)

where:
� Xt is the leakage reactance (in ohms) of the series transformer (10%), as seen

from the converter bridge.
� IL,base is the base current on the line side (0.6 A).

� Uv,base is the rated series voltage on the line side.
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� N is the transformer turn-ratio (1:N).

The worst operational case is assumed here, i.e. when the series converter
absorbs rated reactive current (iLq=-1.0 p.u.). In reality, this will seldom occur.

Transferring the leakage reactance of the transformer to an ohmic impedance on
the converter side of the transformer gives:

�
NU

N

I
N

I

U
basev

baseL

baseL

basev

X upt

������ ,
,2

,

,

..,

1.0V62.4 (B-4)

Simplifying this equation results in the following transformer turn-ratio:

basevU
N

,

V2.4
� (B-5)

The calculations have assumed a wye connection of the transformer on the
converter side. However, a delta connection is employed and consequently the

winding ratio obtained in Equation (B-5) should be multiplied by 3 :

3
V2.4

,
��

basevU
N (B-6)

The base for the series voltage on the line side depends on the application. In the
UPFC configuration, the inserted series voltage is rated 10% of the system

voltage, i.e. V20.1, ��basevU . For the DVR applied to distribution systems,

the rated series voltage is 0.5 p.u., i.e. V20.5, ��basevU . This results in the

following turn-ratios given in Section 6.2:

� UPFC: 1:5.14

� DVR: 1:1

The base values of the series voltage give also the ratings for the two applications
of the series VSC:

� UPFC: VA1.27A6.0V20.1
2

3
, �����seriesbaseS

� DVR: VA36.6A6.0V20.5
2

3
, �����seriesbaseS

Meanwhile, the base values of the AC system are equal to:

� VA12.7A6.0V20.10
2

3
, �����networkbaseS
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� ��
�

� .5732
A6.0

V20.10
,networkbaseZ



253

APPENDIX C
Coordinate Transformations
__________________________________________________________________________________________________________

C.1 The �-� and d-q Transformations

For mathematical analysis and control purposes, the original three-phase system
can be transformed into an orthogonal two-phase system represented by real and
imaginary axes (neglecting the zero-sequence or homopolar component), either
into ��� or d-q coordinates. While the former is a scalar transformation, the later
is a transformation synchronized with the line voltage, i.e. a frequency dependent
transformation. Voltage and current invariant transformations can be described
by the relationships below (where ‘x’ may represent any physical three-phase
quantity).

� �3232 )()()(
3

2 S��S�
ED

DE ��������� j
c

j
ba etxetxtxxjxx (C-1)

0[��DE ����� j
qd

dq exxjxx (C-2)

The transformation angle in the equation above (�0) is synchronized with the
fundamental frequency component of the line voltage through the Phase-Locked-
Loop, as described in Section 6.2.2. Therefore, the d-q frame rotates with the
angular speed 	0 ( t�	�� 00 ).

The fixed ��� and the rotating d-q planes are shown in Figure C-1.

It is interesting to analyze the transformation of the time derivative of a complex
vector (for instance current on a reactor or voltage on a capacitor) from the �-�
plane to the d-q plane:

� � � � � �





�

�




�

�
�	������ DE

DE
�Z���Z��DE xj

dt

xd
eex

dt

d

dt

xd tjtj
dq

0
00 (C-3)
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Figure C-1 The fixed ��� plane and the rotating d-q plane.

The second term is related to the cross-coupling between the d-q components,
described in Chapters 7 and 8.

C.2 Algorithm for Calculating Positive- and Negative-
Sequence Components

The purpose of the algorithm is the separation of the positive- and negative-
sequence components at fundamental frequency in order to be used by the
control algorithms. The negative-sequence component is transferred as second
harmonic component to the d-q components, according to Equation (C-2). A
notch filter (band-rejection) tuned to the second harmonic can alternatively be
employed for removing this component, as in Figure 8-17. However, another
method is employed in the majority of the voltage and current measurements in
the thesis [C1]. The method can be described as a rough approximation of a
phasor measurement considering the size of the window equal to one fourth of
one-cycle period. Computational efforts are reduced as the algorithm is
implemented in the ��� plane. The block diagram of the measurement system is
shown in Figure C-2. The equations implemented in the digital control system for
obtaining the negative- and positive-sequence ��� components can be expressed
as:
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Figure C-2 Algorithm for separating positive- and negative-sequence
components at the fundamental frequency.
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where:
� xD,p (xD,n) and xE,p (xE,n) are the projections of the positive-

(negative-)sequence components on the � and � axis, respectively.
� T corresponds to one-cycle period of the network fundamental frequency.
� Ts is the sampling period of the control system.

Both T and Ts are values obtained from the PLL.

After calculating the positive-sequence components xD,p and xE,p, the d-q
components are obtained by applying Equation (C-2). If the control system also
employs the negative-sequence components as control variables, as in Figure 9-4,
DC components are obtained by defining another d-q reference, rotating the

negative-sequence vector in the opposite direction 0[�DE �� j
n

dq
n exx .

In order to illustrate the performance of the detection algorithm, a simple
computer simulation is presented in Figure C-3. It is equivalent to the algorithm
implemented at the real-time model. The three-phase quantities are shown in
plot a. After time instant 30 ms, a negative-sequence component with amplitude
equal to 0.2 p.u. is superimposed to the positive-sequence component. Plots c and
d correspond to the positive- (xD,p and xE,p) and negative-sequence (xD,n and
xE,n) components in the ��� plane. Plots d and e correspond to the same
components transferred to the d-q plane (with opposite rotation). The d-q
transformation angle is synchronized with the d-axis and therefore, the positive
sequence component on the d-axis is equal to 1.0 p.u. while the q-component is
equal to zero (plot d). It is observed that it takes approximately 5 ms for
calculating the d-q components to be used in the control algorithms.
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Figure C-3 Negative-sequence with amplitude equal to 0.2 p.u.
superimposed after time instant 30 ms.

[C1] T.-N. Lê, “Kompensation schnell veränderlicher Blindströme eines
Drehstromverbrauchers,” etzArchiv, Bd. 11, H. 8, pp. 249-253, 1989 (in
German).
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APPENDIX D
Square-Wave and PWM Operation of a Two-Level
Voltage-Source Converter
__________________________________________________________________________________________________________

D.1 State Representation of a Two-Level Voltage-
Source Converter

As described in Section 4.4, a two-level voltage-source converter (shown in
Figure D-1) is operated in such a way that the AC side terminal in each phase is
always connected to either the positive or the negative DC terminal. The states of
each switch (ka, kb and kc) may be either denoted +1 when the AC terminal is
connected to the positive pole of the DC terminal or -1 when it is connected to
the negative pole on the DC side. Figure D-2 illustrates the states of the bridge
for a voltage-source converter switched at fundamental frequency (square-wave
operation mode). In addition to the six states illustrated in this figure, two more
possible states have to be added, namely the states (+++) and (---), when all
phases are connected to the positive and negative terminals of the DC side,
respectively. It can be observed in Figure D-2 that the states of a six-pulse
converter are sequentially changed on every commutation and the state of only
one leg is altered between two successive commutations.

Figure D-1 Switching representation of a two-level voltage-source converter.
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Figure D-2 Phase voltages and phase-to-phase voltages of a two-level
voltage-source converter at square-wave operation.



D.1 State-Space Representation of a Two-Level Voltage-Source Converter
__________________________________________________________________________________________________________

259

The phase to DC midpoint voltages (uam, ubm and ucm), the phase to neutral
voltages (uan, ubn and ucn) and the phase-to-phase voltages (uab, ubc and uca) for
the eight possible states are illustrated in Table D-1.

The three-phase quantities can be replaced by a complex vector according to
Equation (C-1), i.e. applying a transformation to the ��� reference frame.

The values of the complex vector DEu  divided by the DC voltage for the
different states of the two-level voltage-source converter are given in the last
column to the right of Table D-1. The different states of the converter can further
be illustrated as shown in Figure D-3. This representation is often referred as a
space vector representation.

It might also be of interest to represent the fundamental frequency component of
the phase voltages in Figure D-3. According to Equations (7-3) and (7-4), they
can be represented as:

� � �
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2
)( 000 tttUtu dc
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where � is the phase-shift angle between the AC network voltage and the
converter output voltage.

Table D-1 Possible states of the two-level voltage-source converter

ka , kb , kc uam , ubm , ucm , unm

÷Ud

uab , ubc , uca

÷Ud

uan , ubn , ucn

÷Ud

DEu
÷Ud

+1 , +1 , +1 2
1  , 2

1  , 2
1  , 2

1 0 , 0 , 0 0 , 0 , 0 0

+1 , -1 , -1
2

1  , - 2
1  , - 2

1  , - 6
1 +1 , 0 , -1

3
2  , - 3

1  , - 3
1 0

3

2 �� je

+1 , +1 , -1 2
1  , 2

1  , - 2
1  , 6

1 0 , 1 , -1
3

1  , 3
1  , - 3

2 3

3

2 /je S��

-1 , +1 , -1 - 2
1  , 2

1  , - 2
1  , - 6

1 -1 , 1 , 0 - 3
1  , 3

2  , - 3
1 32

3

2 /je S���

-1 , +1 , +1 - 2
1  , 2

1  , 2
1  , 6

1 -1 , 0 , +1 - 3
2  , 3

1  , 3
1 S�� je

3

2

-1 , -1 , +1 - 2
1  , - 2

1  , 2
1  , - 6

1 0 , -1 , +1 - 3
1  , - 3

1  , 3
2 32

3

2 /je S����

+1 , -1 , +1 2
1  , - 2

1  , 2
1  , 6

1 1 , -1 , 0
3

1  , - 3
2  , 3

1 3

3

2 /je S���

-1 , -1 , -1 - 2
1  , - 2

1  , - 2
1  , - 2

1 0 , 0 , 0 0 , 0 , 0 0
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As it can be seen in Figure D-3, the vector can be represented in the ��� plane

by a dashed circle with radius equal to dcU�
�
2

.

Using the ��� transformation given by Equation (C-1), the complex vector is
expressed as:

� �G�Z�DE ��
�

� tj
dc eUtu

2
)( (D-2)

When the complex vector DEu  is given, the corresponding instantaneous three-
phase voltages can be determined if it is assumed that the zero-sequence
component is equal to zero. The voltage ua(t) is obtained from the projection of

the vector DEu  on the real axis. The voltages ub(t) and uc(t) are obtained in a

similar way by taking the projections of DEu  on the axes with directions 3/2�
and 3/2�� , respectively. Due to this fact, the corresponding axes are also called
a, b, and c axes in Figure D-3. The instantaneous phase voltages can thus be
expressed as:
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Figure D-3 States of the two-level voltage-source converter.
represented in the ��� plane.
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D.2 Sinusoidal Pulse-Width Modulation (SPWM)

The series converter in the thesis is switched at high frequency (1050 Hz) by
means of Sinusoidal Pulse-Width Modulation scheme, which is the simplest form
of carrier based PWM.

The modulation index is defined in the following as the ratio between the actual
fundamental frequency voltage on the converter output and the corresponding
voltage at square-wave operation.

It has been shown in Chapters 8 and 9 that the output of the series converter
regulator is a set of three-phase voltage references to be generated by the series
converter (uvA-ref, uvB-ref and uvC-ref). For very high switching frequencies and a
sinusoidal continuous modulating wave, the voltage between the AC terminals of
the converter bridge and the midpoint of the DC capacitor will also be sinusoidal,
having maximum amplitude equal to half of the DC voltage. This has the
advantage that the phase voltage has no zero-sequence components at low
frequencies. The disadvantage is that the highest possible modulation index is
equal to �/4, i.e. the maximum output voltage is 78.5% of the output voltage at
square-wave operation (2.Udc/�). However, a better utilization of the converter
bridges can be achieved if zero-sequence components are accepted between the
midpoint of the DC side of the converter bridge and the AC terminals of the
bridge. This zero-sequence component is not transferred to the feeder/line current
of the series transformer because the transformer is �–connected on the converter
side. One method for the two-level converter is the so-called sinusoidal PWM-
symmetrical (SPWM-sym) [32]. The peak value of the phase voltage on the

converter output can be increased to 3dcU . The maximum modulation index

is then increased to 
23 �

�  or 90.7%.

One alternative for obtaining the zero-sequence component (�uv-ref), added to the
initially calculated voltage references, is the following:

� � � �
2

,,min,,max vC-refvB-refvA-refvC-refvB-refvA-ref
refv

uuuuuu
u

�
��� � (D-4)

In order to illustrate the influence of this signal on the switching scheme, some
curves are presented in Figure D-4. A set of three-phase symmetrical voltages is
assumed. The initial voltage reference on phase A is shown in plot a. The third-
harmonic signal, obtained from the previous equation, is shown in plot b. It is
equally added to the initially calculated voltage reference for each leg of the
converter, keeping thus its zero-sequence characteristic. The resulting voltage
reference is shown in plot c, superposed to the initial voltage reference (dashed
plot).
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Figure D-4 Plots of the voltage reference to one-leg of the converter
switched with symmetrical SPWM.

Considering a set of three-phase voltage references and a digital control system
with sampling instants determined by the Phase-Locked-Loop, the generation of
the switching instants for one phase can be visualized in Figure D-5, where only
three samples are shown. In fact, the triangular carrier is only an imaginary
waveform in the SPWM scheme implemented on the digital control. Each
sampling of the control program occurs at the maximum and minimum of this
fictitious carrier with amplitude determined by the measured DC link voltage.
The sampling frequency of the control program is thus equal to twice the
switching frequency of the series converter.

The time for next commutation (tcom) - corresponding to the period after the
sampling when there is an intersection between the voltage reference and the
fictitious triangular carrier - is calculated with the assumption that the DC link
voltage on the next sampling will remain constant. From Figure D-5, the time
instant of the next commutation can be expressed as:
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where the positive (negative) signal is used on a sampling at the minimum
(maximum) of the triangular carrier.

When the reference voltage is closer to half of the DC voltage, the calculated
commutation time becomes short and the control can calculate a value that is
shorter than the execution time of the control DSP (�100 �s). It should be
reminded that this execution time also includes reading and converting the analog
variables, as well as implementing the control algorithms. Therefore, the
corresponding firing action only occurs on the next sampling, being thus delayed
by one sampling period (Ts).

Suppose that a sampling occurs at sample k and that the control DSP calculates a
voltage reference to one phase equal to zero. The calculated commutation time
(Ts/2 according to the previous equation) will thus cause a firing action on the
corresponding phase only after 1.5 samples, i.e. between samples k+1 and k+2.
Therefore, the average delay between a sample and a firing is assumed equal to
1.5.Ts, as employed in Figure 8-3.

Figure D-5 Sinusoidal PWM implemented in the digital control.
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LIST OF SYMBOLS
__________________________________________________________________________________________________________

General

Capital letters rms values or magnitude of phasors
Capital letters with ´-´ on top phasor/vector
Capital letters with ´^´ on top peak value
Lower case letters instantaneous values
� small variations around the operating point

Subscripts

0 steady-state/operating point
a,b,c/A,B,C components in the abc-plane
base base/per-unit value
d d-component in the d-q plane
dc DC side quantity
load load quantity
meas measured value
n negative-sequence component
N nominal/rated value
p positive-sequence component
q q-component in the d-q plane
ref reference value
� ��component in the ��� plane
� ��component in the ��� plane
��N phase-to-neutral value
��� phase-to-phase value

Superscripts

abc abc reference frame
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dq dq reference frame
�,� ���reference frame
* complex conjugate

Specific Symbols

C series capacitance
Cf capacitance of a passive filter
C(s) matrix transfer-function of a controller
D(s) decoupling matrix transfer-function
D1(s) denominator of a diagonal transfer-function
D2(s) denominator of a non-diagonal transfer-function
f0 fundamental frequency
fsw switching frequency
G(s) matrix transfer-function

)(sG complex transfer-function
G1(s) diagonal transfer-function
G2(s) non-diagonal transfer-function
I identity matrix
Iav average current during one cycle
Idc DC current
if current on a distribution feeder
iL transmission line/feeder current
Irms rms current
iT current on a bus-tie
iv shunt converter current
ivd shunt converter active current
ivq shunt converter reactive current
Kd decoupling factor
Ki integral gain of a PI regulator
Kp proportional gain of a PI regulator
Lf inductance of a passive filter
Lr inductance on the receiving end of a line
Ls inductance on the sending end of a line
Lt inductance of a transmission line
LT leakage inductance of a transformer
N1(s) numerator of a diagonal transfer-function
N2(s) numerator of a non-diagonal transfer-function
P active power (mean value of the real power)
PL conduction losses of a semiconductor device
Q reactive power (mean value of the imaginary power)
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Rf resistance of a passive filter
rt resistance of a transmission line (in per-unit)
Rt resistance of a transmission line
rT slope resistance of a semiconductor device
s Laplace operator
S apparent power
Slope slope of the voltage-current characteristics
t time instant
tcom commutation time for the series converter valves
Ts sampling period
u1 AC voltage at shunt converter busbar/AC voltage at the

sending bus of a line
u2 AC voltage at the receiving bus of a line
Ucontrol control signal
Udc DC voltage
Uerror error signal to the AC voltage regulator
uf output voltage of the shunt converter
uL AC voltage at the load busbar
ur voltage in the receiving generator of a series link
Uresp AC voltage response of the voltage regulator
us voltage in the sending generator of a series link
Usag remaining voltage amplitude during a voltage sag
Ust amplitude of a sawtooth waveform
UT0 threshold voltage of a semiconductor device
uv inserted voltage by the series converter on a line/feeder
Xc reactance of a series capacitor
XL total inductive reactance of a series link
Xr reactance on the receiving end of a line
Xs reactance on the sending end of a line
Xt reactance of a transmission line
z z-transform operator
�m imaginary part of a complex vector/transfer-function
�e real part of a complex vector/transfer-function
	 phase-shift angle between the shunt converter output

voltage and the AC bus voltage
� small variations around the operating point

com argument for the next commutation of a VSC valve

ref argument reference for the synchronization pulses
� time constant of the DC capacitor
�0 fundamental angular frequency
 argument calculated by the PLL
0 d-q transformation angle
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