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Preface

The motivation to write this book came from the observation that the tech-
nology of High Voltage DC (HVDC) Transmission and Flexible AC Trans-
mission Systems (FACTS) has evolved much over the past 10 years, and no
recent book addressed the developments in these areas in a compact, easily
available and readable manner. These new developments came about prima-
rily due to the advances in power electronic switches and microprocessors.
This new book hopes to address a small part of the void that existed in the
technical book area.

Some words should be said about the title of the book: HVDC and FACTS
controllers. Modern thinking and terminology usage dictates that HVDC
transmission should now be considered as a part of FACTS controllers.
However, a look at the evolution in the field shows that the technology
started with HVDC transmission and FACTS controllers came along much
later. Hence my choice of the title reflects this.

The pioneering books in the field of HVDC and FACTS by well-known
authors such as E.W.Kimbark, J.Arrillaga, K.R.Padiyar, N.G.Hingorani and
L.Gyugyi were a source of great inspiration to me and will unmistakably
have been reflected in the work here ... in some shape or form. I have also
referred to many documents and papers from the archives of the IEEE, and
this preface would be incomplete without acknowledging these reference
sources.

The book writing process often has its own agenda. Furthermore, it is a dif-
ficult and time consuming affair. In this case the original, planned for time
duration had to slip by many months due to personal health problems and
other time commitments. Consequently, the original outline for the content
and extent had to be altered somewhat from the final submission. However,
I do thank the support and patience of Alex Greene and Melissa Sullivan at
Kluwer Academic Publishers for sticking with me during this difficult
period. I thank also Dr. M.A.Pai who provided technical support and guid-
ance during the feasibility and review process of the book.

The book is intended for senior under-graduate students, graduate students
and practising utility engineers. Consequently, mathematical/theoretical
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Xviii Preface

explanations have been kept to a minimum, and a focus on practical issues
was maintained throughout the book.

This book would not have been possible without the efforts and contribu-
tions of many individuals. These individuals can be split into two groups:
my former and present students at Concordia University, Montreal and
many of my colleagues at IREQ (Hydro-Québec). These individuals are
true troopers and I thank them for their support, camaraderie and skills over
the many years that I had the pleasure of working with them.

My affiliation with the electrical engineering department at Concordia Uni-
versity dates back to 1984 when I started as an Adjunct Assistant Professor.
The work of some of my former students figures prominently in this text
book and I would like to thank Vijay Khatri, Krish Narendra, Rachit Arora
and Anup Mazumder for their contributions.

I have spent most of my working life of 28 years plus, at the research insti-
tute of Hydro-Québec (known internationally as IREQ), mostly in the
Power Systems Simulation Group, but more recently in the Electrical
Equipment Group. I would like to thank my former colleagues P.C.S. Krish-
nayya, Harbans Nakra, Lewis Vaughan, Ly Bui and David McCallum
amongst others. It is not possible to name individually all the other col-
leagues at IREQ with whom I have inter-acted with over the years, but I do
thank them collectively. In addition, there are many other individuals at
Hydro-Québec, and elsewhere, who have contributed, in their own way, to
the subject matter at hand.

Other associates who have provided indirect moral support and inspiration
over the years are Professors Loi Lei Lai at City University, London (UK)
and H.S.Chandrasekhariah of IISc, Bangalore (now deceased).

I had considerable support from manufacturers and other corporate sponsors
in the preparation of this book. They assisted primarily with the supply of
both technical literature and photographs. These individuals include: Niclas
Ottosson and Lewis Vaughan (ABB), Peter Lips (Siemens), Michael Baker
(Alstom), Paul Wilson (Manitoba HVDC Research Centre), members of
RTDS Technologies Inc. and Bahram Khodabakhchian (TransEnergie Tech-
nologies). My grateful appreciation to all of them.

The book starts with a short Introduction to HVDC transmission. This is
followed by chapter 2 with a discussion of the two types of converters -
namely current and voltage source converters - which form the core con-
verters for applications in HVDC and FACTs controllers. The current
source converter has traditionally been associated with HVDC transmis-
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HVDC and FACTS Controllers Xix

sion. However, the more recent development of the voltage source con-
verter has extended the reach and opened new areas of applications. Chapter
3 deals with synchronization techniques for the power converters with the
ac system frequency. This topic has not been given the necessary impor-
tance in previous textbooks and is likely to gain in importance in the future
as (a) inter-connections to weak ac systems become more frequent, and (b)
inter-actions between ac-dc-ac systems become more relevant. Chapter 4
deals with HVDC control strategies for two-terminal HVDC systems; an
extension to multi-terminal HVDC systems had to be cut due to time limita-
tions. Chapter 5 deals with a fundamental look at forced commutated con-
verters, and lays out some of the basic considerations. With the availability
of new switching devices, some of these considerations will take on added
importance in the future. The recent success of the capacitor commutated
converter is highlighted in chapter 6. This new application of an old config-
uration demonstrates the need for persistence and research effort needed to
develop ideas to fruition. Chapter 7 describes a new converter configuration
and a FACTS application which promises an exciting future for this tech-
nology. Some of the persistent research efforts have led to new applications
and possibilities for using the voltage source converter in future HVDC
applications and these are highlighted in chapter 8. The new control para-
digms developed in the past ten years have opened the door to exciting new
applications of active ac and dc filters. Chapter 9 presents one of these
applications and shows the control paradigms required. Much research in
this area is on-going and the future holds new applications and reduced
costs for the converters. Chapter 10 presents the results of an EMTP based
study of typical disturbances on an HVDC system. This demonstrates the
need for optimization of controller gains and effort and detail required to do
studies to obtain the gain parameters of the controllers. The use of new con-
trol algorithms using fuzzy logic, neural networks and intelligent controllers
may ease some of the burden placed on existing PI controllers; this is a
topic of intense research and will figure prominently in the future. Chapter
11 deals with a simple neuro-fuzzy adaptive controller which could be used
to enhance performance of a HVDC system. Chapter 12 is a short introduc-
tion to measurement and monitoring aspects related to the controllers.
Chapter 13 deals with some of the studies that the author has been associ-
ated with and brings out the inter-action aspects of ac-dc systems and con-
trollers. Considerable number of studies of this nature have to be carried out
by the practising engineer to verify system behavior and stability. No math-
ematical development into the topic is presented and will be left to another
project in the future. Some of the tools that are used by practising engineers
in the afore-mentioned studies are presented in Chapter 14. In the final
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chapter, a look at the modern HVDC system where the focus will be on cost
reduction using the latest techniques is presented.

Finally, I would like to emphasize the solid faith, effort and contributions of
my wife Vinay in the preparation of this book. She was a constant source of
support and provided many valuable contributions in typing and re-typing
the manuscript, drawing the figures, proof reading and doing the necessary
corrections. Her patience in tolerating the many hours that I was away tack-
ling this work while neglecting my other duties is most admirable.

Vijay K. Sood
Brossard, Québec.
January, 2004
v.sood @ieee.org
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Chapter 1

Introduction to HVDC
Transmission

1.1 INTRODUCTION

Although earlier books on HVDC Transmission [1,2,3] have already cov-
ered adequately an introduction to HVDC technology, a brief introduction
here is deemed necessary for the sake of completeness. This presentation
will likely be considered a repeat of old material since the technology is
now considered mature. Therefore, this chapter will be brief as the book’s
main focus is on control aspects.

HVDC technology first made its mark in the early under-sea cable intercon-
nections of Gotland (1954) and Sardinia (1967), and then in long distance
transmission with the Pacific Intertie (1970) and Nelson River (1973)
schemes using mercury-arc valves. A significant milestone occurred in
1972 with the first Back to Back (BB) asynchronous interconnection at Eel
River between Quebec and New Brunswick; this installation also marked
the introduction of thyristor valves to the technology and replaced the ear-
lier mercury-arc valves.

The first 25 years of HVDC transmission were sustained by converters hav-
ing mercury arc valves till the mid-1970s. The next 25 years till the year
2000 were sustained by line-commutated converters using thyristor valves.
It is predicted that the next 25 years will be dominated by force-commutated
converters [4]. Initially, this new force-commutated era has commenced
with Capacitor Commutated Converters (CCC) eventually to be replaced by
self-commutated converters due to the economic availability of high power
switching devices with their superior characteristics.
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Chapter 1

The growth of HVDC transmission is clearly visible in a listing of HVDC
projects prepared by the IEEE Transmission and Distribution Committee
(Table 1-1) [5].

Table 1-1: Listing of HVDC Installations

Link HYDG Year | Rating NI Line &/or Location
o Supplier kV) Cable (km) : :
Gotland I# A 1954 20 +- 100 96 Sweden
English A 1961 160 +/- 100 64 England-France
Channel
Volgograd- 1965 720 +/- 400 470 Russia
Donbass*
Inter-Island A 1965 GO0 +/-250 609 New Zealand
Konti-Skan A 1965 250 250 180 Denmark-Sweden
1
Sakuma A 1965 300 2x125 BB+ Japan
Sardinia I 1967 200 200 413 Italy
Vancouver I | A 1968 i1 260 69 Canada
Pacific v 1970 1440 +-400 1362 U.S.A.
Intertie 1982 1600
Nelson 1 1972 1620 +1-450 892 Canada
River [**
Kingsnorth 1975 640 +1-260 82 England
1
Gotland A 1970 30 +/-150 96 Sweden
el River C 1972 320 2x80 B-B Canada
Skagerrak A 1976 250 250 240 Norway-
I
I A 1977 500 +/-250 Denmark
11 A 1993 440 350 240 Morway-Denmark
Vancouver C 1977 370 -280 71 Canada
11
Shin-Shi- D 1977 300 2x125 Japan
inarg 1992 600 3x125 B-B
esl.
Square C 1977 500 +/-250 749 U.S.A,
Butte
David A. = 1977 100 50 B-B U.S.A.
Hamil
Cahora 1 1978 1920 +-533 1360 Mozambigque-
Bassa 5.Africa
Melson ] 1978 900 +/-250 930 Canada
River It 1985 | 1800 +-500
Ccu A 1979 1000 +/-400 710 U.S.A.
Hokkaido- E 1979 150 125 168 Japan
Honshu i 1980 300 250
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Table 1-1 (cont.):Listing of HVDC Installations

: i [ DCVite | Thhesler | L ¢
sl:::l‘gr Xe | enng C(k:’} | Cablegamy | Location
1993 600 +/-250
est.
Acaray G 1981 50 25.6 B-B Paraguay
Vyborg E 1981 355 1x170(+/-85) B-B Russia-Finland
F 1982 710 2x170
1065 3x170
Duernrohr i f 1983 550 145 B-B Austria
Gotland 11 A 1983 130 150 100 Sweden
Gotland I11 A 1987 260 +/-150 103 Sweden
Eddy L5 1983 200 82 B-B U.S.A.
County
Chiiteau- J 1984 1000 2x140 B-B Canada
guay
Oklaunion C 1984 200 82 B-B U.S.A.
Ttaipu A 1984 1575 +/-300 785 Brazil
A 1985 2383
A 1986 3150 +/-600
Inga-Shaba A 1982 560 +/-500 1700 Zaire
Pacific A 1984 2000 +/-500 1362 U.S.A.
Intertie up-
grade
Blackwater B 1985 200 57 B-B US.A.
Highgate A 1985 200 +1-56 B-B US.A.
Madawaska | C 1985 350 140 B-B Canada
Miles City C 1985 200 +/-82 B-B U.S.A.
Broken Hill A 1986 40 2x17(+/-8.33) B-B Australia
Intermoun- A 1986 1920 +/-500 784 U.S.A.
tain Power
Project
Cross-
Channel H 1986 1000 +-210 72 France-
(Les Man- .
darins) I 1986 2000 2x+/-270 England
(Sellindge)
Des Can- C 1986 690 +/-450 172 Canada-USA.
tons-Com-
erford
Sacoi ## H 1986 200 200 415 Corsica Island
ittt 1992 300 Ttaly
est.
Itaipu 1T A 1987 3150 +/-600 805 Brazil
Sidney G 1988 200 55.5 B-B U.S.A.
(Virginia
Smith)
Gezhouba- B+G 1989 600 500 1000 China
Shanghai 1990 1200 +1-500
Konti-Skan A 1988 300 285 150 Sweden-Denmark
It
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Table 1-1 (cont.):Listing of HVDC Installations

HVDC DC Voltage Line &/or
Link Year tin, Location
: Supplier & R kV) Cable (km) 4o
(MW) ; :
Vindhy- A 1989 500 2x69.7 B-B India
achal
Pacific B 1989 1100 +/-500 1362 US.A.
Intertie
expansion
McNeill 1 1989 150 42 B-B Canada
Fenno-Skan | A 1989 500 400 200 Finland-Sweden
Sileru-Bar- K 1989 100 +100 196 India
A0 200 +200
400 +/-200
Rihand- A 1991 750 +500 210 India
Delhi 1991 1500 +-500
Hydro Que- A 1990 2000** +-450 1500 Canada-USA.
bec-New s
England
Nicolet tap A 1992 3000 Canada
Welch- 1995 600 B-B USA.
Monticello est.
Etzenricht G 1993 600 160 B-B Germany-Czech
esl.

Vienna G 1993 550 145 B-B Austria-Hungary
South-last est.
I2C Hybrid Al 1992 992 +270/-350 617 New Zealand
link est.
Chan- 1997 1500 +/-500 200 India
drapur- est.
Padghe
Chan- 1996 1000 2x B-B India
drapur- esl,
Ramagun-
dum
Gazuwaka- 1997 500 B-B India
Jeypore est.
Leyte- 1997 1600 400 440 Philippines
Luzun est.
Haenam- | 1993 300 +1-180 100 South Korea
Cheju est.
Baltic AB 1994 600 450 Sweden-Germany
Cable esl.
Project
Victoria- 300 30 Australia
Tasmania
Kontek 1995 600 400 Denmark
HVDC est.
Intercon.
Scotland-N. 1996 250 250 United Kingdom
Ireland esl.
Greece- 1997 500 Italy
Italy est.
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Table 1-1 (cont.):Listing of HVDC Installations

HVDC it DC Voltage Line &/or !
ok | sipper | YT I:;;“,":’;" kV) > i (km) Locatian
Tsq-Beijao 1997 1800 500 903 China
eslh.

| Teeland- | 2000 950

Scotland

link

Sarawak- = 1600 620

Malaysia

Notes for Table 1-1.
A -ASEA * 2 V.G.'s replaced with thyris-
B - Brown Boveri tors in 1977
C - General Electric *x 2 V.G/sin Pole 1 replaced with
D - Toshiba thyristors by GEC in 1991.
E - Hitachi >k Back-to-back HVDC System
F - Russian *kokk Multi-terminal system. Largest
G - Siemens terminal is rated 2250 MW.
H - CGEE Alsthom #i# Retired from Service
I - GEC (Formerly English Electric) #H 50 MW thyristor tap
J - HVDC W.G. (AEG, BBC, Siemens) HiHH Up rated w/thyristor valves
K - (Independent)

AB - ABB Brown Boveri
JV - Joint Venture (GE and ASEA)

To understand this impressive growth of HVDC transmission in the past 50
years, it is first necessary to compare it to conventional ac transmission.

1.2 COMPARISON OF AC-DC TRANSMISSION

An evaluation of transmission costs, technical considerations, and the reli-
ability/availability offered by the transmission alternatives is necessary to
make a planning selection between either ac or dc transmission.
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1.2.1 Evaluation Of Transmission Costs

The cost of a transmission line comprises of the capital investment required
for the actual infrastructure (i.e. Right of Way (RoW), towers, conductors,
insulators and terminal equipment) and costs incurred for operational
requirements (i.e. losses). Assuming similar insulation requirements for
peak voltage levels for both ac and dc lines, a dc line can carry as much
power with two conductors (having positive/negative polarities with respect
to ground) as an ac line with three conductors of the same size. Therefore
for a given power level, a dc line requires smaller RoW, simpler and
cheaper towers and reduced conductor and insulator costs. As an example,
Figure 1-1, shows the comparative case of ac and dc systems carrying 2000
MW.

Right-of-Way
Typical DC and AC Transmission Line Structures
for approx. 2000 MW

+ 500 kv DC 800 kV AC 2 x 500 kV AC
ROW: 60 m ROW: 85 m ROW: 100 m

Figure 1-1: Comparison of RoW for ac-dc transmission systems

With the dc option, since there are only two conductors (with the same cur-
rent capacity of 3 ac conductors), the power transmission losses are also
reduced to about two-thirds of the comparable ac system. The absence of
skin effect with dc is also beneficial in reducing power losses marginally,
and the dielectric losses in case of power cables is also very much less for
dc transmission.
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Corona effects tend to be less significant on dc than for ac conductors. The
other factors that influence line costs are the costs of compensation and ter-
minal equipment. dc lines do not require reactive power compensation but
the terminal equipment costs are increased due to the presence of converters
and filters.

Figure 1-2 shows that variation of costs of transmission with distance for ac
and dc transmission. AC tends to be more economical than dc for distances
less than the “breakeven distance” but is more expensive for longer dis-
tances. The breakeven distances can vary between 400 to 700 km in over-
head lines depending on the per unit line costs. With a cable system, this
breakeven distance lies between 25 to 50 km.

Costs 4 ac

il dc
| e

breakeven distance = 400 to 700 kms

[
Lall

Distance

Figure 1-2: Comparison of ac/dc lines

1.2.2 Evaluation Of Technical Considerations

Due to its fast controllability, a dc transmission has full control over trans-
mitted power, an ability to enhance transient and dynamic stability in asso-
ciated ac networks and can limit fault currents in the dc lines. Furthermore,
dc transmission overcomes some of the following problems associated with
ac transmission:

¢ Stability Limits

The power transfer in an ac line is dependent on the angle difference
between the voltage phasors at the two line ends. For a given power
transfer level, this angle increases with distance. The maximum power
transfer is limited by the considerations of steady state and transient sta-
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bility. The power carrying capability of an ac line is inversely propor-
tional to transmission distance whereas the power carrying ability of dc
lines is unaffected by the distance of transmission.

Voltage Control

Voltage control in ac lines is complicated by line charging and voltage
drops. The voltage profile in an ac line is relatively flat only for a fixed
level of power transfer corresponding to its Surge Impedance Loading
(SIL). The voltage profile varies with the line loading. For constant
voltage at the line ends, the midpoint voltage is reduced for line load-
ings higher than SIL and increased for loadings less than SIL.

The maintenance of constant voltage at the two ends requires reactive
power control as the line loading is increased. The reactive power
requirements increase with line length.

Although dc converter stations require reactive power related to the
power transmitted, the dc line itself does not require any reactive power.

The steady-state charging currents in ac cables pose serious problems
and makes the break-even distance for cable transmission around 50
kms.

Line Compensation

Line compensation is necessary for long distance ac transmission to
overcome the problems of line charging and stability limitations. The
increase in power transfer and voltage control is possible through the
use of shunt inductors, series capacitors, Static Var Compensators
(SVCs) and, lately, the new generation Static Compensators (STAT-
COMs).

In the case of dc lines, such compensation is not needed.
Problems of AC Interconnection

The interconnection of two power systems through ac ties requires the
automatic generation controllers of both systems to be coordinated
using tie line power and frequency signals. Even with coordinated con-
trol of interconnected systems, the operation of ac ties can be problem-
atic due to:

1. The presence of large power oscillations which can lead to fre-
quenttripping,

2. Increase in fault level, and
TLFeBOOK



Introduction to HVDC Transmission 9

3. Transmission of disturbances from one system to the other.

The fast controllability of power flow in dc lines eliminates all of the
above problems. Furthermore, the asynchronous interconnection of two
power systems can only be achieved with the use of dc links.

s Ground Impedance

In ac transmission, the existence of ground (zero sequence) current can-
not be permitted in steady-state due to the high magnitude of ground
impedance which will not only affect efficient power transfer, but also
result in telephonic interference.

The ground impedance is negligible for dc currents and a dc link can
operate using one conductor with ground return (monopolar operation).
The ground return is objectionable only when buried metallic structures
(such as pipes) are present and are subject to corrosion with dc current
flow. It is to be noted that even while operating in the monopolar mode,
the ac network feeding the dc converter station operates with balanced
voltages and currents. Hence, single pole operation of dc transmission
systems is possible for extended period, while in ac transmission, single
phase operation (or any) unbalanced operation) is not feasible for more
than a second.

* Problems of DC Transmission
The application of dc transmission is limited by factors such as:
1. High cost of conversion equipment,
2. Inability to use transformers to alter voltage levels,
3. Generation of harmonics,
4. Requirement of reactive power, and
5

Complexity of controls.

Over the years, there have been significant advances in dc technology,
which have tried to overcome the disadvantages listed above, except for
item (2). These advances in dc technology are:

1. Increase in the ratings of a thyristor cell that makes up a
valve,
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Modular construction of thyristor valves,
Twelve-pulse (and higher) operation of converters,

Use of forced-commutation [4], and

AT

Application of digital electronics and fiber optics in the con-
trol of converters.

Some of the above advances have resulted in improving the reliability and
reduction of conversion costs in dc systems.

1.2.3 Evaluation Of Reliability And Availability Costs

Statistics on the reliability of HVDC links are maintained by CIGRE and
IEEE Working Groups. The reliability of dc links has been very good and is
comparable with ac systems. The availability of dc links is quoted in the
upper 90%.

1.2.4 Applications of DC Transmission

Due to their costs and special nature, most applications of dc transmission
generally fall into one of the following four categories:

Underground or underwater cables

In the case of long cable connections over the breakeven distance of
about 40-50 km, dc cable transmission system has a marked advantage
over ac cable connections. Examples of this type of applications were
the Gotland (1954) and Sardinia (1967) schemes.

The recent development of Voltage Source Converters (VSC) and the
use of rugged polymer dc cables, with the so-called “HVDC Light”
option, is being increasingly considered. An example of this type of
application is the 180 MW Directlink connection (2000) in Australia.

Long distance bulk power transmission

Bulk power transmission over long distances is an application ideally
suited for dc transmission and is more economical than ac transmission
whenever the breakeven distance is exceeded. Examples of this type of
application abound from the earlier Pacific Intertie to the recent links in
China and India.

The breakeven distance is being effectively decreased with the reduced
TLFeBOOK
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costs of new compact converter stations possible due to the recent
advances in power electronics (discussed in a later section).

* Asynchronous interconnection of ac systems

In terms of an asynchronous interconnection between two ac systems,
the dc option reigns supreme. There are many instances of BB connec-
tions where two ac networks have been tied together for the overall
advantage to both ac systems. With recent advances in control tech-
niques, these interconnections are being increasingly made at weak ac
systems. The growth of BB interconnections is best illustrated with the
example of N.America where the four main independent power systems
are interconnected with twelve BB links.

In the future, it is anticipated that these BB connections will also be
made with VSCs offering the possibility of full four-quadrant operation
and the total control of active/reactive power coupled with the minimal
generation of harmonics.

* Stabilization of power flows in integrated power system

In large interconnected systems, power flow in ac ties (particularly
under disturbance conditions) can be uncontrolled and lead to overloads
and stability problems thus endangering system security. Strategically
placed dc lines can overcome this problem due to the fast controllability
of dc power and provide much needed damping and timely overload
capability. The planning of dc transmission in such applications
requires detailed study to evaluate the benefits. Examples are the IPP
link in the USA and the Chandrapur-Padghe link in India.

Presently the number of dc lines in a power grid is very small compared to
the number of ac lines. This indicates that dc transmission is justified only
for specific applications. Although advances in technology and introduction
of Multi-Terminal DC (MTDC) systems are expected to increase the scope
of application of dc transmission, it is not anticipated that the ac grid will be
replaced by a dc power grid in the future. There are two major reasons for
this:

*  First, the control and protection of MTDC systems is complex and the
inability of voltage transformation in dc networks imposes economic
penalties.
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¢ Second, the advances in power electronics technology have resulted in
the improvement of the performance of ac transmissions using FACTS
devices, for instance through introduction of static var systems, static
phase shifters, etc.

1.3 TYPES OF HVDC SYSTEMS

Three types of dc links are considered in HVDC applications.

1.3.1 Monopolar Link

A monopolar link (Figure 1-3a) has one conductor and uses either ground
and/or sea return. A metallic return can also be used where concerns for har-
monic interference and/or corrosion exist. In applications with dc cables
(i.e. HVDC Light), a cable return is used. Since the corona effects in a dc
line are substantially less with negative polarity of the conductor as com-
pared to the positive polarity, a monopolar link is normally operated with
negative polarity.

1.3.2 Bipolar Link

A bipolar link (Figure 1-3b) has two conductors, one positive and the other
negative. Each terminal has two sets of converters of equal rating, in series
on the dc side. The junction between the two sets of converters is grounded
at one or both ends by the use of a short electrode line. Since both poles
operate with equal currents under normal operation, there is zero ground
current flowing under these conditions. Monopolar operation can also be
used in the first stages of the development of a bipolar link. Alternatively,
under faulty converter conditions, one dc line may be temporarily used as a
metallic return with the use of suitable switching.

1.3.3 Homopolar Link

In this type of link (Figure 1-3c) two conductors having the same polarity
(usually negative) can be operated with ground or metallic return.

Due to the undesirability of operating a dc link with ground return, bipolar
links are mostly used. A homopolar link has the advantage of reduced insu-
lation costs, but the disadvantages of earth return outweigh the advantages.
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(a) ZS SZ

(b)
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_;_ no current
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Figure 1-3: Types of HVDC links (a) monopolar link (b) bipolar link and (c) homopo-
lar dc link
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Types of Converters

2.1 INTRODUCTION

A HVDC system requires an electronic converter for its ability of convert-
ing electrical energy from ac-dc or vice versa. There are basically two con-
figuration types of three-phase converters possible for this conversion
process (Figure 2-1):

¢ Current Source Converter (CSC), and

*  Voltage Source Converter (VSC).

Constant Constant ' Constant Constant
Voltage Current | Current Voltage
e NIV N
CSC L : v VSC T C
|
1 |
cT |
I
|

"~ Current Source Converter Voltage Source Converter

Figure 2-1: Converters of the CSC and VSC types

During the period (about) 1950-1990s, HVDC systems used the CSC con-
figuration almost exclusively. The traditional CSC utilized the mercury-arc
valve from the early 1950s to the mid-1970s, and thereafter, the thyristor

valve as its fundamental switching device.
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From about 1990 onwards, the alternative VSC became economically via-
ble due to the availability of new self-commutating high-power switches
(such as GTOs and IGBTs) and the computing power of DSPs to generate
the appropriate firing patterns.

Modern HVDC transmission systems can utilize either the traditional Cur-
rent Source Converter (CSC) or the Voltage Source Converter (VSC) as the
basic conversion workhorse. The two converters are actually duals of one
another. However, the choice of which option is selected for a particular
project is based upon economic and other factors. A comparison of the char-
acteristics of the two converter types is made in Table 2-1. However, at
present VSC are still limited to below 250 MW capacity due to commercial
and practical limitations of the electronic switches.

Table 2-1: Comparison of converter types

Converter type
CSC VSC
On AC side |+ Acts as a constant voltage source + Acts as a constant current source
* Requires a capacitor as its energy * Requires an inductor as its energy
storing device storing device
* Requires large ac filters for harmonic | = Requires only a small ac filter for
elimination higher harmonics elimination
* Requires reactive power supply for * Reactive power supply is not required
power factor correction as converter can operate in any quad-
rant
On DC side |+ Acts as a constant current source + Acts as a constant voltage source
* Requires an inductor as its energy * Requires a capacitor as its energy
storing device storing device
* Requires dc filters + Energy storage capacitor provide dc
+ Provides inherent fault current limit- filtering capability at no extra cost
ing features * Problematic for dc line side faults
since the charged capacitor will dis-
charge into the fault
Switches + Line commutated or force commu- + Self-commutated
tated with a series capacitor + Switching occurs at high frequency
* Switching occurs at line frequency i.c. multiple pulsing within one cycle
i.e. only single pulsing per cycle * Higher switching losses
* Lower switching losses
Rating * 0-550 MW per converter * 0-200 MW per converter
range * upto 600 kV * uptol00 kV

This chapter will present a simplified theory and approach of the opera-
tional behavior of the two types of converters.
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2.2 CURRENT SOURCE CONVERTERS (CSC)

Since the basics of 6-pulse bridge CSC converter theory are already well
documented in other books [1], this chapter will be kept brief and is
included for the sake of completeness only so that the book is self-con-
tained. Moreover, the terminology that will be employed in later chapters
will be introduced here.

To consider the theoretical analysis of a conventional 6-pulse bridge (Figure
2-2), the following assumptions are made:

*  DC current 1 is constant (i.e. the smoothing reactor Ly is infinite),
*  Valves are ideal switches, and

* AC system is infinitely strong (i.e. the 3 phase emfs are balanced and
perfectly sinusoidal).

’ ’ - L
_%TS

5 I

Va

Figure 2-2: 6-pulse bridge circuit

Due to the finite leakage inductance L, of the converter transformer, com-

mutation from one valve to the next is not instantaneous. An overlap period
is necessary and, depending on the value of the leakage, either two, three or
four valves may conduct at any one time. In the most general case, with a
typical value of converter transformer leakage impedance of between 13-
18%, either two or three valves conduct at any one time. Essentially, this
results as an overlap angle # which is less than 60 degrees; typically, it is in
the range of 20 to 25 degrees. During commutation, three valves conduct
and in-between commutations only two valves conduct. The case of either
two or three conducting valves is shown in Figure 2-3.

TLFeBOOK



18

Two valves conducting during these periods
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Figure 2-3: Effect of overlap on the number of conducting valves

To derive relationships between variables on the ac-dc sides of the con-
verter, a two-step derivation is considered: first, with an ideal converter
having no leakage (commutation) impedance i.e. no overlap period, and
second, with a leakage impedance resulting in an overlap period of less than

60 degrees.

2.2.1 Case with no overlap period

The instantaneous line to neutral emfs of the three phase ac source are:

e, = B, cos(wt + 60°)

ep = Ep, cos(wt - 60°)
e. = Ep, cos(wt - 180°)

The corresponding line-line emfs are:

¢ = €, - €¢ = 1.732*E, cos(wt + 30°)
€pa = €p - €, = 1.732%E, cos(wt - 90°) = 1.732*E, sin(wt)

ecp = € - e, = 1.732%E,, cos(wt + 150°)

These waveforms are shown in Figure 2-4.

2-1)

(2-2)
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Figure 2-4: Waveforms of line-to-line and phase voltages

The dc voltage across the bridge is the difference between the line to phase
voltages, such as the shaded area A, (Figure 2-4) during which time valves

T1 and T5 are conducting.

The average direct voltage V,is found by integrating the instantaneous volt-
ages over a 60 degree period:

0 0
3 3 o
_3 _3 2-3
Vio = 2 j e, d0 = = j E, cos(0 +30°)d0 (2-3)
~60° -60°
V,, = 165E, = 135E;, (2-4)
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where Vg, is called the ideal no-load direct voltage wither= 0 degs.,
E,, is the peak ac voltage, and

E;; is the rms line-to-line ac voltage.

The equivalent circuit of the converter with only two valves conducting is
shown in Figure 2-5.

<
2
-]

!
§

Vb

«— %

Y Y\ o =< O ”

Q- © O
§

Figure 2-5: Bridge converter with two valves conducting

With a delay angle of ¢, the limits of integration are simply increased by &,
and therefore

v, = vdoja 0 cos(8 +30%)a0 (2-5)
(0-60")
Vd = Vdocosoc

(2-6)

Relationship between ac and dc current

Assuming no losses in the bridge, the ac power fed into the bridge is equal
to the dc power emanating from the bridge i.e.

Pd = Vd’ Id =3 ELN ILI' COS¢ (2—7)
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where Iy is the fundamental frequency component of the line current and ¢
is the phase angle between the line voltage and line current. The line volt-
ages and line current are depicted in Figure 2-6. The line current has a rect-
angular shape, and with no overlap i.e. no delay angle, it will be in phase
with the line voltage. However, with a firing delay, this current will be dis-
placed by an angle &.

a) without overlap

E,

b) with overlap

Figure 2-6: Relationship between ac and dc currents with and without overlap

By Fourier Analysis, the value of the line current is given by

0
J2 60 (2-8)
ILl = ? : f600(ld . COSG)de

P

=l (2-9)
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2.2.2 Case with overlap period less than 60 degrees.

With reference to the condition with commutation impedance and overlap
period less than 60 degrees, i.e. when three valves conduct,

e“ l', _f
1
Q Y Y > zf Y YL P
U A AV,
E~  on ’
N 13 Vp
o) Y O ¢
o
I

- i2 v 2
/rD ~ v ® & '€—o .
N

Figure 2-7: Bridge converter with valves 1, 2 and 3 conducting

During this interval (Figure 2-7), the dc current is transferred from valve 1
to valve 3. At the beginning of theinterval, wt=rand i; = I;and i3= 0. At

the end of the interval, wt=& + 4, i;=0 and i3 = I;. Around the loop,

ey -e, = L.diy/dt - L.di/dt (2-10)
In the commutation loop,

ep-e,=1732. Ef;. sin wt (2-11)
and

ip=1;-1i (2-12)
Therefore, di;/dt = 0 - diy/dt 2-13)

We can consider the emf in the commutation loop as
1.732. Eyy sinwt = 2 L, diy/dt (2-14)
Integrating this equation gives

iy=1.732. E;;/2wL, (cos o - cos wt) (2-15)
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This equation shows that the current i3 is composed of a dc component and

a sinusoidal component. The sinusoidal component lags the commutation
voltage by 90 degs. since the loop is purely inductive, and it has a peak
value of 1.732. E;;/2wL,. This current value is that of a line to line short

circuit on the ac source. The dc component depends on the term cos C.

At the end of commutation, wt = & + 4, and i3 = I; Using this in eq. (8)
gives

Iy=1.732.Vy;/2wL, .(cos & - cos (& + 1)) (2-16)

The average dc voltage of the converter (represented by area A, in the Fig-

ure 2-8) is reduced due to the effect of overlap caused by a voltage drop
AV, represented by the area A in Figure 2-8, across the commutation

impedance. During commutation, the line-to-line voltage of the short cir-
cuited phase is zero. This implies that the line-to-neutral (phase) voltages
are equal to each other, and that the two phase impedances jwL, act as a

voltage divider.

The dc voltage drop, represented by area A, is given by:

_ J((x+u)( ea+eb)d9 (2-17)
= 5 eb— 2
A= 0.866Vm- (cosa—cos(o + 1)) (2-18)

The average voltage drop 4V is given by:

[R5

43 (2-19)

AVd = - = 1_;'0’866Vm' (cosoL— cos{Q + L))

Since Iy = 1.732. V1 /2wL, .(cos & - cos (o + p)), from eq. 2-16, dividing
these two eqs. and using the relationship between V,, and V}; gives the rela-
tionship between the voltage drop and the dc current.

Therefore, the dc voltage with overlap is given by:
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V, = V,, coso—AV, (2-20)

Figure 2-8: DC voltage with the effects of overlap

For a rectifier, the analysis of the bridge gives the following dc output volt-
ages:

Var = Vaor cose—R, .- 1y (2-21)
where

3 3
Vdor = %'ﬁ'VLL and Rep = E'WL

Results from an EMTP simulation of a 6 pulse rectifier are shown in Figure
2-9. Shown are, from top to bottom, the three phase ac voltages, two valve
currents, two valve voltages, dc current, dc voltage and commutation volt-
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ages on the secondary of the converter transformer. Seen clearly are the
overlap and firing angles, as well as the harmonic ripple on the signals of dc
current and dc voltage. Also seen are the commutation notches on the ac
voltages at the transformer secondary.

rectifier operation
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Figure 2-9: Results from EMTP simulation of a rectifier

For an inverter there are two options possible depending on choice of either
the delay angle (eq.(2)) or extinction angle (eq.(3)) as the control variable.

Vi cosB+R. ;-1 (2-22)

Vi

~Vai = Vgoi cosY-R;- 1y (2-23)

where:
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V4 and V; - dc voltage at the rectifier and inverter respectively
Vyor and V,,; - open circuit dc voltage at the rectifier and inverter

respectively
R, and R, - equivalent commutation resistance at the rectifier and

inverter respectively
L., and L - leakage inductance of converter transformer at rectifier and

inverter respectively

I, - dc current

« - delay angle

3 - advance angle at the inverter, (8 =7 — @)

¥ - extinction angle at the inverter, (¥ =7 — & — 1)
M - overlap angle

2.3 VOLTAGE SOURCE CONVERTERS (VSC)

2.3.1 Introduction

The commercial availability of high-power and high-voltage GTO and
IGBT valves in the 1990’s offered the viable operation of VSCs in HVDC
schemes. In essence, the impact of a VSC on the ac system can be approxi-
mated to be as the sum of a conventional CSC and SVC in parallel, but with
the added flexibility of secure commutation [2].

Different kinds of Pulse Width Modulation (PWM) techniques can be
employed to operate the VSC in inverter mode to provide a sinusoidal out-
put to the ac system. The advantages of the VSC are:

* Rapid control of active as well as reactive power,
* It provides a high level of power quality,
*  Minimal environmental impact, and

*  Ability to connect to weak ac networks, or even dead networks.

The technology lends itself to the following types of applications:

*  Low power (less than 250 MW) HVDC transmission (commercially
referred to as “HVDC Light”),

* VAR Computation (SVC and STATCOM), and
*  Active Filters.
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Figure 2-10: VSC operating principles [2]

VSCs utilize self-commutating switches (e.g. GTOs, IGBTs) which can be
turned-on or off at will. This is in contrast to the conventional CSCs which
operate with line-commutated thyristor switches. Commutation in a force-
commutated VSC valve can occur many times per cycle, whereas in a line-
commutated CSC it can happen only once per cycle. This feature allows the
voltage/current in a VSC to be modulated to produce a nearly sinusoidal
output and control the power factor as well. Furthermore, power reversal in
a VSC can be made with either current or voltage reversal at the dc side. In
contrast, with a CSC, power reversal can occur only with voltage reversal.

In Figure 2-10, the operating principles of a VSC are evident. The dc side
capacitor Cy4 and ac side inductor L, are necessary elements of the VSC.
The dc voltage V,; is monitored and compared to a reference value V,ef to
generate an error signal which controls the PWM controller. When the dc
current [, is positive, the VSC acts as a rectifier; the dc capacitor is dis-
charged as it feeds the dc load, and the control system will modify the firing
angle to import power from the ac system. When the dc current I is nega-
tive, the VSC acts as an inverter; the dc capacitor is charged from the dc
source, and the control system will modify the firing angle to export power
to the ac system.

The VSC can also modulate the firing of the valves to control the reactive
power so that a unity power factor (or any other value, for that matter) can
be obtained.
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The PWM controller generates a voltage V,,, with the same frequency as
the ac system voltage V. By altering the amplitude of V., and its phasor
relationship with V, the converter can be made to operate in all four quad-

rants i.e. rectifier/inverter operation with lagging/leading power factor. The
phasor relationships for such an operation are illustrated in Figure 2-11.

I
ph %
@ R P
JwWL,
Vgen
Vgen
(b) ‘Iph jWLC
I Vph
ph
Voh  jwL
(©) P:: ki _C
Vgen
(d) >4 > V' ph
, Veen dwell,
ph ¥

Figure 2-11: Four quadrant operation of the VSC
(a) rectifier operation at unity power factor,
(b) inverter operation at unity power factor,
(c) purely reactive with leading current, and

(d) purely reactive with lagging current

TLFeBOOK



Types of Converters 29

Figure 2-12 illustrates the operation of a VSC inverter feeding an inductive
load from a dc supply. Figure 2-12a shows the output voltage generated by
the inverter and its fundamental component. Figure 2-12b shows the output
current before filtering. The PWM modulation is clearly visible. Figure 2-
12c shows the valve (switch with anti-parallel diode) current; the positive
half is current in the switch whereas the negative half is the diode current.
And Figure 2-12d shows the voltage across the valve with the PWM pat-
tern.

©)

0.075 0.08 0085 009 0.095 0.1

Figure 2-12: Results from a VSC operation

2.3.2 Control of the DC Capacitor Voltage

As explained earlier, the dc capacitor voltage of the VSC can be modulated
by a PWM controller as a function of either ac current or voltage. The ver-
sion with ac current control is simpler and more stable than the version with
ac voltage control. These two versions will be described next.
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2.3.3 VSC with AC Current Control

The VSC with ac current control method is shown in Figure 2-13. The
objective here is to force the phase currents to follow a sinusoidal current
reference template Iref The amplitude of the current reference template is

made a function of the dc capacitor voltage V,; and the desired dc voltage
Vref ie.

Dnax = K(Vigr- V) (2-24)

where K is the gain of a PI controller, and equal to K, + K/s.

I i )
=V sin ax
Ost LAP:lR if Il 14 n HE}
. B b
Ao e —
.G
iy 1= T e =
ol sl L
Yy i_line(a)

: i_line(b) :
ab,c T line(c) : PWM Generation

I
Synchronisation. ref Vy

I =
K

sin(ax + @ - 120°) hfx\g Vief

P sin(@T+ @-240°) ;\}_{)‘_

h 4

Figure 2-13: Voltage-source current-controlled PWM rectifier [2]

The desired sinusoidal current waveform template is obtained as

Liop = Iygy sin(wi+ @), (2-25)
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where w is the same as the supply frequency and @ is the desired phase shift.
Therefore, synchronization with the supply voltage(s) is necessary to obtain
a correct version of the sin(wt+¢@). A measure of the instantaneous phase
currents is necessary to generate an error between them and the reference
current template, and this error is minimized by means of the closed feed-
back loop.

In a VSC with ac current control, therefore, it is necessary to monitor the
three phase ac voltages and currents (note that, as shown in the figure, a
two-phase current measurement is acceptable if there is no neutral connec-
tion).

Next, a modulation technique is necessary to generate the PWM pattern for
firing of the converter switches such that the current follows the reference
template value. Different techniques are feasible, and these are described
next.

2.3.3.1 PWM Pattern Generation Techniques

Three widely used PWM modulation techniques for following the current
reference template are described here:

1. Periodical Sampling (PS) (Figure 2-14)

This method employs a clock of fixed frequency to control the power
switches of the VSC. An error signal, generated from a measurement of the
line and reference currents, is used to modulate the clock frequency and
generate the PWM pattern using a comparator and D-type flip-flop. The
minimum time between switching is limited by the clock frequency.

Iline -
j—> D Qe
- o PWM
I " Comparator Flip-Flop
——» CLK
Clock

Figure 2-14: Periodic Sampling technique for PWM pattern generation
TLFeBOOK



32 Chapter 2

2. Hysteresis Band (HB) (Figure 2-15)
The Hysteresis Band (HB) technique modulates the converter switches
when the error between the j;,, and /;,rexceeds by a fixed magnitude of I,

(typically 5-10% of the set value). In this case, the switching frequency is
not fixed and varies as a function of the s magnitude, the hysteresis band h

and the inductance in the load.

Hysteresis Band Adjustment

s :

» PWM

Liine

Figure 2-15: Hysteresis Band (HB) technique for PWM pattern generation

3. Triangular Carrier (TC) Technique (Figure 2-16)

The TC method compares the error between the I, and I,r with a fixed-

frequency, fixed-amplitude triangular carrier wave. A PI regulator provides
the static and dynamic properties to the feedback loop. This method is more
complex than the other two methods in its implementation since the gains of
the PI controller need to be selected.

lf line

Pl o PWM
1 ref e

Triangular

Wave

Figure 2-16: Triangular carrier wave technique for PWM pattern generation
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2.3.4 VSC with AC Voltage Control

Figure 2-17 shows an equivalent single-phase version of the VSC with volt-
age control. In this circuit, the generated voltage Vgen is able to be con-
trolled both in amplitude and phase with the source voltage V. An
advantage of this method is that this method does not require the input ac
currents to be monitored. The template for the V,,, is obtained below.

From the figure,
vy = L di/dt R;; + Vgen (2-25)

Assuming that v = V*sqrt(2), then the solution for the current should be of
the form

iy = Ly (t).sin(wt + ) (2-26)

Solving for Vg, gives

dl
Vien = [V. L2 + XL SINQ - (leax +L, ;‘t‘”‘)} - sinwt

dlmax .
—[Xslmax- cos @ + (leax +L - T) sm(p] - coswt

(2-27)

This equation provides a means to control the Vgen through modulation of
I,y This equation also controls the power factor cos@. In case unity power

factor is desired then cos@ = I and sing = 0, and can be used to simplify the
above equation.

dl
Vien = [V‘ ﬁ—(leax+L.\.' ﬂ):\ -sinwt —-[X.I, .1 -coswt

dt s max
(2-28)

This algorithm is solved with the implementation shown in Figure 2-17.
Note that the equation above has an in-phase and in-quadrature terms which
allow it to modulate both the amplitude and phase of the generated voltage

Veen:
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Figure 2-17: Implementation of the voltage-controlled rectifier for unity power factor

operation [2]

When compared to the VSC with current control, there is no need to moni-
tor the three phase currents to implement this algorithm. However, due to
the presence of the terms R and X,, an exact knowledge of the source
impedance is necessary. This, in a practical implementation, is highly
unlikely as the source impedance will vary in a power system subjected to
random topology and environmental changes. This may, therefore, result in
problems of stabilization for this feedback implementation and is a serious

disadvantage of this technique.
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With the template for the Vgen, a modulation technique to generate the firing

pulses for the VSC switches is necessary. One of the most common methods
is the Sinusoidal Pulse Width Modulation (SPWM) technique which uses a
triangular carrier wave, as shown in Figure 2-18.

v

gen
—_—t PWM

Triangular -
—»

Wave

Figure 2-18: Sinusoidal PWM implementation

The two parameters that are of interest in a SPWM technique are the ampli-
tude modulation index m, and frequency modulation index m¢. Typical val-

ues of these parameters for high power converters are: m, = 0.8 and ms =

15. These values are chosen as a trade-off between reduced harmonic con-
tent in the output voltage and lower switching losses in the power electronic
switches. An example of the PWM patterns obtained with these values are
shown in the Figure 2-19 with either (a) bipolar or (b) unipolar voltage
switching.

2.3.4.1 PWM with Bipolar Voltage Switching

In this PWM scheme, diagonally opposite switches from two legs of the
converter are switched together as switch pairs 1 and 2, respectively. With
this type of PWM switching, the output voltage waveform of the leg is iden-
tical to the output of the basic one-leg inverter, which is determined by com-
parison of a sinewave and a triangular wave. In the Figure 2-19a, it can be
observed that the output voltage switches between +V; and -V voltage lev-

els. That is the reason why this type of switching is called PWM with bipo-
lar voltage switching.
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2.3.4.2 PWM with Unipolar Voltage Switching

In the PWM scheme with unipolar voltage switching, the switches in the
two legs of the full-bridge inverter are not switched simultaneously, as in
the previous PWM scheme. Here, the legs of the full-bridge inverter are
controlled separately by comparing the triangular wave with a sine and
cosine wave respectively. As shown in Figure 2-19b, the comparison of
Veontrot With the triangular waveform results in the logic signals to control

the switches T1 and T3.

In this type of PWM scheme, when a switching occurs, the output voltage
changes between zero and +V or between zero and -V, voltage levels. For
this reason, this type of PWM scheme is called PWM with a unipolar volt-
age switching, as opposed to the PWM with bipolar (between +V, and -V,)
voltage-switching scheme described earlier. This scheme has the advantage
of “effectively” doubling the switching frequency as far as the output har-
monics are concerned, compared to the bipolar voltage-switching scheme.
Also, the voltage jumps in the output voltage at each switching are reduced
to V4, as compared to 2V in the previous scheme.
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2.4 CLOSING REMARKS

The traditional converter model which used to be based on the current
source converter has now moved on towards a voltage source converter.
This has opened the possibilities for FACTs type applications and the next
decade will see increasing applications of this type.
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Synchronization Techniques for
Power Converters

3.1 INTRODUCTION

The firing pulse generation unit of a static converter has a significant impact
on the transient performance of the converter. For HVDC applications, a
Voltage Controlled Oscillator (VCO) in conjunction with a Phase Locked
Loop) is used to generate equi-distant firing pulses so that a satisfactory
transient performance can be achieved even with relatively weak ac sys-
tems. In this chapter, the design and dynamic performance of two grid firing
units, both based on Pulse Frequency Control (PFC), are assessed using
EMTP.

Some of the earliest applications of converters in power systems were the
HVDC transmission systems which assumed strong or infinite ac systems at
the feeding source and the receiving ac system. However, as inter-connec-
tions to weaker ac systems became necessary in the mid-1960s, problems of
harmonic instability were reported. One of the key elements in the control
system of a static converter is the Grid Firing Unit (GFU). The application
of Voltage Controlled Oscillators (VCOs) to HVDC converter firing control
was first described in [1]. This method derived equi-distant firing pulses for
the converter valves and, to a large extent, decoupled the impact of any
commutation ac voltage distortion on the valve triggering [2]. This made it
feasible for the successful operation of converters with relatively weak ac
systems having Short Circuit Ratios (SCRs) of less than 3. Increasingly, as
economic pressures force utilities to consider still weaker ac systems (with
SCRs of less than 2), problems of harmonic instability are being experi-
enced.
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One common type of GFU, hereafter referred to as the Conventional type, is
based on a VCO in conjunction with a PLL [5]. In the circuit, the synchro-
nizing voltage Vi is compared with the commutation voltage V¢, from
the ac system bus. The error between these two signals is then fed to a VCO
to alter the frequency and phase angle of the synchronizing voltage such
that this error is reduced to zero.

Another type of GFU, referred to as the Transvektor type [6] or DQO type,
has a DQO transformation stage in the circuit. This DQO-type has been
used in motor drives applications for many years. Its first application to an
HVDC system was made at Chateauguay, Quebec in the middle 1980’s.
One advantage claimed of the DQO-type GFU was its superior immunity to
disturbances and harmonic distortion. However, a detailed comparison of
these two types has been previously reported [9] and no major differences
were observed.

In this chapter, the design and performance of these two types of GFUs
under steady state and dynamic conditions is presented. The operational
principles of these two circuits are briefly reviewed and the procedure of
designing the circuits are described. The circuits are then tested under fault
and harmonic distortion conditions. An HVDC rectifier system based on the
CIGRE benchmark system [7] is studied using EMTP and results are pro-
vided for comparison.

3.2 REVIEW OF GFUs

The primary objective of a GFU is to provide firing pulses to the converter
valves in the correct phasor relationship to the relevant fundamental compo-
nent of the commutation voltage, V,,,. In the case of a strong ac system,

obtaining a stable pollution-free V,,,, signal is usually not a problem. How-
ever, in a weak ac system, it is difficult to obtain a stable pollution-free V,,,,

signal. A suitable GFU, therefore, has the task of deriving a clean pollution-
free synchronizing voltage signal Vy,. which must be in an exact phasor

relationship with the fundamental component of the commutation voltage.
During transients and disturbances, the Vsy,,C signal may temporarily lose

synchronism with the V,,,, signal. The dynamic characteristics of the GFU

must be capable of restoring synchronism rapidly, and in a stable manner,
with the commutation voltage as soon as the transient is over.
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There are two types of GFUs that have been widely used; one based on Indi-
vidual Phase Control (IPC) and the other on Equi-Distant Pulse Control
(EPC).

3.2.1 Individual Phase Control (IPC) Unit

In this type of GFU (now obsolete), the firing pulses are directly derived
from the zero crossover points of the commutation voltage. Consequently,
the firing pulses are vulnerable to harmonic pollution on the waveform.
Early attempts to use filtering techniques to alleviate some of these prob-
lems were not successful for operation with weak ac systems due to the
introduction of phase shifts. Developments in tracking band-pass filters [8]
which derive the fundamental frequency component of the commutation
voltage with no phase shift may be useful in operation with weak ac sys-
tems. However, the main disadvantage of IPC systems, which eventually
led to their demise, was the generation of non-characteristic harmonics
which caused harmonic instability problems.

3.2.2 Equi-Distant Pulse Control (EPC) Unit

EPC systems generate only characteristic harmonics during steady state
operation. Two GFUs of this type have been described in the literature:

3.2.2.1 Pulse Frequency Control (PFC) Type

To decouple the direct dependence of the pulse firing from the zero cross-
over points of the commutation voltage, a VCO followed by a ring counter
is used [1,3]. The characteristic feature of this method is that a dc input con-
trol signal to the VCO results in a change in the frequency of the VCO. For
this reason, this type of GFU is referred to as of the PFC type [4].

A free running VCO generates a train of short pulses at a pulse repetition
frequency directly proportional to the dc control voltage. For example, if the
control voltage is adjusted such that the oscillator frequency is at 6 (or 12)

times the ac supply frequency, then the pulses will be exactly at 60° (or 30°)
intervals (and hence the term equi-distant firing pulses). A ring counter is
used to separate the pulse train into 6 (or 12) sets of pulses for a 6 (or 12) -
pulse converter.

An indirect method is used to synchronize the VCO output frequency to the
ac supply frequency. An error signal is derived from either the converter dc
current or extinction angle controller as a feedback signal. When the error
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signal is zero, the GFU is in steady state (free running or at a centre fre-
quency) and the VCO output frequency will be at supply frequency. When
there is an error, the VCO will either speed up or slow down to correct for
the error. Both [1] and [3] use the dc current controllers for synchronizing
the VCO when the converter is a rectifier; however, when the converter is
an inverter, the VCO synchronizing is based on an extinction angle control-
ler, although the method used by [3] is based on a predictive estimation of
extinction angle.

Due to the integral characteristic of the VCO, it is not possible to modulate
the firing pulses on an individual basis; for this reason, an asymmetric firing
unit is used in [3] to optimize dc power flow during unbalanced ac system
faults.

3.2.2.2 Pulse Phase Control (PPC) Type

In a GFU of this type [4], the dc control voltage resulted in a change to the
phase of the VCO output rather than its frequency. The transfer function of
this type of unit is therefore proportional rather than integral. To ensure the
synchronism of the VCO output frequency with the ac supply frequency, a
slower acting frequency error feedback loop is used. This type of GFU does
not permit the modulation of firing pulses on an individual basis either.

3.3 GFUs - DESIGN AND ANALYSIS

3.3.1 Conventional GFU

The block diagram of a conventional GFU [9] is shown in Figure 3-1.

cos Veos
Veom >< Vermi A - Vﬁ{ J’ E{
: <in V.vr'n

Figure 3-1: Block diagram of conventional GFU
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In this circuit, the commutation voltage, assumed to be V,,,, = Isin(w;t +
6}), is multiplied by a feedback signal, Vo5 = Icos(ayt + 6,). The output
voltage V,,,,, is obtained according to eq.(3-1).

<
1

error = 1sin(m1t+61) “ lecos(wyt +85)

Vermr 0.5sin([((n1 —wz)t+ (61 -92)] +0.5sin[(co1 + w2)t+ (61 +62)])

G3-1)

The first term of eq.(3-1) represents the error between the synchronizing
voltage and the commutation voltage due to the frequency and phase differ-
ence. Under steady state, the synchronizing voltage will be locked to the
commutation voltage. In this case, @;= @» and 6; = 65, and the first term of

eq.(3-1) is zero. The second term is an unwanted ac component which has a
frequency of 2wy under steady state. In order to extract the dc error signal

and filter out the unwanted ac component, a low-pass filter having the trans-
fer function @/(s+@,) is used. The output is passed onto an integrator with

a transfer function of I/sT;. The integrator output, V,,,, is used to modulate

the phase and frequency of a free-running Sine-Cosine Oscillator to gener-
ate the output signal Vsy,lc. Under steady state conditions, the feedback sig-

nal Vg, will be in phase and at the same frequency as the commutation
voltage, Vg Thus Vy,e can be used as a stable pollution-free signal to

derive the zero-crossover points to provide the timing reference points for
the GFU.

Figure 3-2 shows the waveforms of the conventional GFU shown in Figure
3-1. It can be seen that the error signal, V,,,, contains a dominant second

harmonic ac component which is removed by a low-pass filter to reduce its
impact on the overall system operation. The bottom superimposed signals in
Figure 3-2 show the commutation voltage V., and the synchronizing volt-

age nync. Note that, in order to see clearly the phase difference of the two
signals, the magnitude of Vsync has been deliberately increased by 20%.
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Figure 3-2: Waveforms of conventional GFU

There are two parameters that need to be designed in the circuit of Figure 3-
1. One is the cut-off frequency of the low-pass filter, and the other is the
integrator time constant. The design objective is to achieve synchronization
between Viyn. and Vi, in the shortest time possible. One common design
approach is to study the small signal model of the circuit and design the
parameters in the frequency domain. Studies show [9] that the small signal
model of the circuit in Figure 3-1 can be represented as shown in Figure 3-
3, where H(s) is the low-pass filter transfer function and variables in hats

represent small signal quantities. The loop transfer function is given in
eq.(3-2).

e =
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& (3 > His) — 1T, b

Figure 3-3: Small signal model of conventional GFU

Figure 3-4 gives the Bode plot of the loop transfer function. In this figure,
the solid line represents the response of the loop transfer function Tjy(s), and

the dotted lines are for the low-pass filter function H(s) and the integrator
function 1/sTj;. This figure shows that, in order to achieve the optimum
phase margin of around 60°, the integrator time constant should be selected
such that the value of I/T; is smaller than @, the cut-off frequency of the
low-pass filter.

Frequency (rad/sec)

Figure 3-4: Bode plot for the loop transfer function of eq.(3-2)
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Figure 3-4 also shows that the loop response speed, represented by the gain-
crossover frequency, is to a large extent, limited by the cut-off frequency ®,

of the low-pass filter. There is a compromise in selecting ®.. If @) is too

high, the ac component remains large and it will interfere with the system
operation. On the other hand, if @, is too low, the overall system response of

the system will be very sluggish. Simulation studies show that a cut-off fre-
quency around one fifth of the ac component (2@,) gives satisfactory

results.

3.3.2DQO GFU

The block diagram of the DQO GFU is shown in Figure 3-5.

Vﬁ!pﬁﬂ
Va 3 phase
—>
Vb
—Pp PI
Ve
—>
2 phase d

Theta

vCO

Sine-Cosine
Oscillator

Figure 3-5: Block diagram of DQO GFU

The following signals from the DQO GFU are shown in Figure 3-6:

(a) The three phase voltages V,, Vj and V,,
(b) The voltage V,,,,»

(c) The voltage Theta, and

(d) The commutation voltage V,,, and the synchronizing voltage V.
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Figure 3-6: Waveforms of DQO GFU

The three phase commutation voltages V,, V;, and V, are transformed into
DQO axis voltages Vyjpnq and Ve using eq.(3-3) and eq.(3-4) respectively.

2 1 1 )
Valpha = (gjva— (g)vb— (S)vc (3-3)
= (L 3-4
Vbeta = (ﬁ)(vb—vc) (3-4)
= ; 3-5
Vorror = (ValphaVsme) +Vp p1aV€058) (3-5)

An error signal, V,,,,,, derived using eq.(3-5), is fed through a PI controller
to generate a reference value for the VCO. This reference value can be mod-
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ulated by a signal AUref, and it has a fixed voltage bias U,ef which sets the
center frequency of the VCO. The output of the VCO is a signal propor-
tional to a sawtooth waveform (an angle Theta). This waveform is used to
generate the Sine-Cosine waveforms which are fed back to the multipliers
to generate the error signal. Under steady state, this error is reduced to zero
and the output of the Sine-Cosine oscillator will be in synchronism with the
commutation voltages. In Figure 3-6, the outputs V. and V, are com-
pared; note that the magnitude of V. has been deliberately increased by
20% to see clearly the phase relationship between these two signals.

The small signal block diagram of the DQO grid control unit is shown in
Figure 3-7, where G(s) = K,,(1+sT,)/sT,,; represents the PI transfer function.
The loop transfer function is given in eq.(3-6).

1+sT D1

7o) = Kol 572 i7) (3-6)
pi i

6,

A +(3) M G(s) > 1/sTi >

Figure 3-7: Small signal block diagram of DQO grid unit

The Bode plot of Tjy(s) is shown in Figure 3-8. The solid lines are for the
loop transfer function Tj,(s) and the dotted lines are for the PI controller and
the integrator transfer functions. From Figure 3-8, it can be concluded that,
in order to achieve the optimum phase margin of around 60°, the value of 1/
T, = Kp; / T; should be larger than I/T pi- Also, since the phase lag

approaches 90° as the frequency increases, theoretically the gain-crossover
frequency can be chosen as high as one wishes. Practically, this frequency
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will be limited in a realistic system. One of the limiting factors is the exist-
ence of the low order harmonic component in the V,,,,, signal when the

three-phase ac source contains harmonics. For example, with a third har-
monic injection at the ac bus, the V,,,,, signal will contain a second har-

monic ac component. Under such operating conditions, as the gain
crossover frequency increases, the error between the synchronizing signal

(Vsync) and the fundamental component of the commutation voltage (V,,,,)

increases as well. Our studies show that the gain crossover frequency of
around 40 Hz provides a good compromise between a fast response and a
small synchronizing error.

IGl

Frequency (rad/sec)

Figure 3-8: Bode plot for the loop transfer function of eq.(3-6)

3.3.3 Comparison

The major difference between the operational behaviors of the conventional

and DQO GFUs is the presence of the ac harmonic component in the V,,,,,

signal under normal operating conditions. In the conventional GFU, a large
second harmonic ac component exists and a low-pass filter is required in the
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loop. While in the DQO GFU, there is no such ac component in the V,

error
signal. The absence of the low-pass filter allows the DQO circuit to achieve
a relatively faster dynamic response than its conventional counterpart.
Experience also shows that the optimization of the low-pass filter requires
additional effort when compared to the DQO circuit.

3.4 TESTS ON GFUs

The behavior of the GFUs during system disturbances causing a loss of
commutation voltage and in the presence of harmonics is discussed in this
section.

3.4.1 Loss of Synchronization Voltage

Loss of the synchronizing voltage at the commutation bus can be caused by
a temporary fault on the ac system. A typical fault duration can be for 100
ms giving rise to 5 (6) cycle loss of voltage on a 50 (60) Hz system. Under
such conditions, the GFU falls back to its free-running mode and continue
to provide a synchronizing voltage to the gating unit. On fault recovery, the
GFU should rapidly re-synchronize with the commutation voltage.

Figure 3-9a shows the internal signals from the conventional GFU during a
temporary loss of the commutation voltage caused by a fault on the ac com-
mutation bus. The multiplier output V,,,,, and the low-pass filter output Vg
are reduced to zero during the fault period. The Integrator output V;,,; shows
only a small offset voltage during the fault period which is used to modulate
the frequency and phase of the Sine-Cosine oscillator stage following it.
The post-fault synchronization dynamics of the conventional GFU show
that the output voltage V. is able to synchronize with the commutation

voltage V,,, within 1 cycle (20 ms at 50 Hz). The waveform of Vj,, also

shows that the control loop is slightly under damped and requires a settling
time of about 3 cycles.

Figure 3-9b shows the internal signals from the DQO GFU during a tempo-
rary loss of the commutation voltage caused by a three phase fault on the ac
commutation bus. During the fault, the three phase commutation voltages
V,, Vy and V, are reduced to zero causing the V,,,,, input to the PI controller
to drop to zero. This results in the output of the sawtooth waveform, Theta,
to be at the centre frequency (50 Hz in this case). After the fault, the error is
reduced to zero within 1 cycle (20 ms).
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Figure 3-9a: Loss of synchronization voltage for conventional unit

Va---Vb..Vc

T g P
0.2 0.25 03 0.35
Error
1 T T T T
:3' 0-5 ,.,_ ................... , ..................
a 0 : e :
_0_50 1 ............... 0.,.15 ............... oiz ................ 0125 .............. -0>..3 ............... 0'_35
Theta
8’200 ..... ............... ........ : ........... \ ,,,,, /]
o i i i ;
0.1 0.15 0.2 0.25 03 0.35
___Vcom - - -Vsync
IO T T
¢\ !\ f\ "\’--‘.,.........
L.
YA R R
0.1 0.15 0.2 0.25
sec

Figure 3-9b: Loss of synchronization voltages for DQO unit
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3.4.2 Harmonic Distortion Test

This test was conducted to test the operational behavior of the two GFUs
under harmonic distortion at their input commutation voltage. In a weak ac
system, harmonic distortion is a common occurrence, and the role of the
GFUs is to provide a clean output with minimal delay for synchronization
purposes. Typical harmonics that are present in the commutation voltage are
the characteristic harmonics i.e. 5th, 7th, 11th, 13th etc. However, even the
lowest characteristic harmonic, i.e. the 5th harmonic, does not pose the most
onerous condition for the GFUs. The most onerous condition is, however,
posed by the third harmonic which is the closest to the second harmonic and
is the most difficult harmonic to filter out.

Figure 3-10a shows the internal signals from the conventional GFU with a
rather elevated 30% injection of a third harmonic voltage on the commuta-
tion voltage. This harmonic level distorts the outputs of the multiplier and
other stages in the GFU. As explained in the theory earlier, a strong second
harmonic component is visible in the waveforms of the Vg; and V,,. Never-
theless, the Viy,. output voltage of the gird firing unit contains practically
no harmonics and is synchronized to the fundamental component of the
commutation voltage.

Similarly, Figure 3-10b shows the corresponding signals with the DQO
GFU. Although, the V,,,,, signal contains a strong second harmonic compo-

nent, the integrator output Theta smooths the impact of this ac component
considerably. The V. output voltage of the DQO unit contains practically

no harmonics and is synchronized to the fundamental component of the
commutation voltage.

Similar tests with injections of Sth, 7th harmonic components were carried
out and similar results were obtained.
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Verror

Figure 3-10a: Harmonic distortion test with conventional unit

__Va---Vb..\Vc

Figure 3-10b: Harmonic distortion test with DQO unit
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3.5 EMTP SIMULATION OF A TEST SYSTEM

An HVDC rectifier system (Figure 3-11), loosely based on the CIGRE
Benchmark system [9], is used as the test system. A 6-pulse model is used
here only to minimize the simulation time. However, the same design prin-
ciples and the operational characteristics for the GFUs can be extended to a
12-pulse unit.

The fixed frequency ac source has an impedance formed by the 2R-L net-
work to provide a short circuit ratio of 2.5 at the commutation bus. This
constitutes a weak ac system and provides a difficult synchronization task
for the GFUs. Since a 6-pulse version of the converter system is modelled, it

is necessary to add tuned 5" and 7™ harmonic ac filters at the 345 kV ac
commutation bus to cope with the generation of characteristic harmonics
from the converter. Other filters include a damped high-pass and a double
tuned filter. A capacitor bank also provides the necessary reactive power
consumed by the converter; this was appropriately reduced to account for

7lh

the extra reactive power provided by the 5" and 7™ harmonic ac filters.

The converter transformer is a grounded star-star transformer with its leak-
age impedance split equally between its primary and secondary windings.
The saturation characteristic from the transformer has a knee level at 1.2 pu.

The dc system is composed simply of a smoothing reactor with its inherent
resistance and a resistive load. A shorting switch is included for applying a
dc line fault test case.

Complete data for the system modelled with EMTP is presented in the fig-
ure.
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SYSTEM DATA

AC system:
345 kV, SCR 2.5, at 84°,
DC system:
P,= 1000 MW, V,;= 500 kV, I,;=2000 A, R; =250 Q.
Converter Transformer:
Rating 2x598 MVA, impedance 18%, turns ratio 0.612
Saturation at 1.2 pu knee level
Smoothing reactor:
Ly;=5968mH,Ry=25Q

Figure 3-11: The rectifier system used for studies based on the CIGRE Benchmark
model
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The block diagram of the current controller used with this system is shown
in Figure 3-12. The measured dc current I; is compared to a current order

Irep, and a current error signal is generated. This current error is fed to a PI
controller to generate an alpha order signal which is limited between alpha-
min = 5° and alpha-max = 170°.

pax = 170°

Gating

alpha

—
-
-
o
N
—

T Gating
Signals
chnc g

Figure 3-12: Block diagram of current controller

The alpha order signal is fed to a Gating circuit which includes a PLL syn-
chronizing unit of either the conventional or DQO types, as described ear-
lier, and a ring counter to distribute the firing pulses to the 6-pulse
converter.

The proportional and integral gains of the PI controller need to be optimized
to provide satisfactory dynamic and steady state properties to the control
system. The gains can be selected as part of an iterative trial-and-error pro-
cess with the tests that will be discussed next. Optimization of these gains is
a non-trivial exercise.
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3.5.1 Start-up Of System Model

Figures 3-13a and 3-13b show the start-up of the rectifier system with the
conventional and DQO GFUs, respectively. No special initialization proce-
dures are utilized for these cases in order to study the start-up process and
observe the stability characteristics of the overall system. Particular atten-
tion should be paid to the very first cycle of the synchronizing and commu-
tation voltages. The mere realization that the system will actually initialize
and start-up is achievable is often a very good indication for the simulation.

The signals shown are the dc current I, alpha order and the superimposed
waveforms of the synchronizing voltage (1.2*Vy,,, ) and the commutation
voltage V,,,,. Note that the synchronizing voltage has been deliberately

increased by a factor of 1.2 pu to illustrate and compare more clearly the
time related behavior of the two sinewaves V. and Vi op,.

In both cases, the start-up of the dc system was achieved rapidly and the
outputs of the GFUs are able to synchronize with the commutation voltage
within 1 cycle. It is also important to adjust the controller gains of the GFUs
to achieve a dynamic performance capable of synchronization within 1
cycle. The dynamic performance should, in principle, be much faster than
the response of the main current (or gamma) controller of the converter;
typically, these response times are in the 3-5 cycle region. A more detailed
examination shows that the DQO GFU is marginally faster than the conven-
tional unit.

From the perspective of the main current controller, in both cases, the alpha
order picks up from its alpha-minimum value of about 5 degrees and
achieves its final steady state value of about 22 degrees; in reality, this is
higher than normal as the final nominal value is typically around 17
degrees. The dc system achieves full load transmission in about 6 cycles.
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Figure 3-13a: Initialization with conventional GFU
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Figure 3-13b: Initialization with DQO GFU
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3.5.210% Step Change In Current Order

Small step changes in the reference values are often used to test the stability
and dynamic responses of the main converter controllers. The dynamic
responses of the GFUs are expected to be an order of magnitude faster than
the main controllers so as not to interfere with the dynamic behavior of the
main controllers. However, in reality the GFUs are only about 3 to 5 times
faster, and may interact with the behavior of the main controller, especially
when operating with weak ac systems. The relative strength (or short circuit
ratio) of the ac system has an impact on the speed of response and stability
of the two controllers. Increasingly, utilities are veering towards weaker ac
systems, and the improved performance expectations of the GFUs and the
main controllers are increasing.

Figures 3-14a and 3-14b show the case of a 10% step change in current
order for the rectifier system with the conventional and DQO GFUs respec-
tively. The signals shown are the dc current 1, alpha order and the superim-
posed values of the synchronizing voltage (1.2*V,,,, /) and the commutation
voltage V., The step reduction is applied at 0.25 seconds for a duration of
200 ms.

For the conventional unit, the step change is effected in 30 ms, and the
response is well controlled and stable.

For the DQO unit, the step change is somewhat slower and takes about 50
ms. Also, unfortunately, a persistent fundamental frequency (50 Hz) com-
ponent is visible in the dc current for the DQO unit. It is unclear why this
harmonic component persists in the simulation, and further tests need to be
conducted to investigate this. It is possible that better results may be
obtained with further optimization of the controller parameters.

However, what is relevant here is that both GFUs are able to maintain syn-
chronism with the commutation voltage without any noticeable delays.
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Figure 3-14a: 10% current step change with conventional GFU
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Figure 3-14b: 10% current step change with DQO GFU
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3.5.3 Single Phase Fault

A remote single-phase, unbalanced ac fault is the most common type of per-
turbation on a power system. Typical durations of such faults are in the 3-10
cycles range. Usually, the dc controllers are designed to simply ride through
these types of disturbances with a marginal reduction in the power flow.
However, one characteristic of such a fault is worthy of consideration from
the point of view of the GFU behavior. During the unbalanced fault, the
modulation effect of the non-linear converter generates a strong second har-
monic component which is often not eliminated by the low pass filtering
characteristic of the GFUs. This test is, therefore, a good verification of the
capabilities of the GFUs and their ability to operate under such circum-
stances.

Figures 3-15a and 3-15b show the case of a single phase fault for the recti-
fier system with the conventional and DQO GFUs respectively. The signals
shown are the dc current I, alpha order and the superimposed waveforms of
the synchronizing voltage (1.2*Vj,,.) and the commutation voltage Vop,.

The fault period is from 0.25 to 0.45 seconds i.e. a fault duration of 200 ms
or 10 cycles at 50 Hz.

In both cases the responses of the main dc controllers are well controlled
and stable, although the case with the DQO unit is marginally faster. The
presence of the large second harmonic component in the dc current during
the fault period demonstrates the inability of the main current controllers to
filter out completely the impact of the second harmonic. However, this does
not effect the operation of the grid firing units noticeably and they maintain
synchronism throughout the fault period. It is difficult to ascertain which
GFU is better under these conditions.
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Figure 3-15a: Single phase fault with conventional GFU
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Figure 3-15b: Single phase fault with DQO GFU
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3.5.4 DC Line Fault

A dc line fault in a HVDC system results in a total load rejection from the
point of view of the rectifier ac system. This leads to a large rise in the com-
mutation bus voltage due to the availability of surplus reactive power from
the capacitor and filter banks at this bus. This voltage rise can often exceed
1.8 pu, and can cause saturation of the converter transformer which, typi-
cally, has a knee level at 1.2 pu. The transformer saturation results in har-
monic generation which can impact on the performance of the GFUs and
the main controllers.

Figures 3-16a and 3-16b show the case of a dc line fault for the rectifier sys-
tem with the conventional and DQO GFUs respectively. The signals shown
are the dc current I, alpha order and the superimposed waveforms of the
synchronizing voltage (1.2*V,,,.) and the commutation voltage V,,,. Note

that in these two cases, no protective Voltage Dependent Current Limits
(VDCL) are utilized to reduce the current order - typical in a practical plant
- after the fault inception since only the control response of the GFUs is
under investigation here. In these cases, therefore, the current order was
maintained at 1.0 pu during the post-fault period. Hence in the results
shown, the dc current is regulated back to 1 pu in the post fault period
within 2 cycles.

In both cases, the GFUs are able to maintain synchronism within 1-2 cycles
of the fault inception. The loss of the dc load causes the commutation volt-
age to rise and generate harmonics due to transformer saturation, but this
does not cause persistent problems for the GFUs to generate a clean syn-
chronizing voltage. In the case of weak ac systems, this commutation volt-
age rise and the subsequent generation of harmonics is particularly
important for the main current controllers.

From a point of view of the dc controllers, they were able to limit the peak
fault dc current to about 2.5 pu while the alpha order increased rapidly to
about 145 degrees to limit the peak fault current.
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Figure 3-16a: DC line fault with conventional GFU
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Figure 3-16b: DC line fault with DQO GFU
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3.6 CONCLUSIONS

This chapter provided information and performance results of two typical
GFUs used in practical HVDC systems. A performance comparison
between the two GFUs showed that they are equally capable of operation
with a weak ac system having high levels of pollution and harmonic distor-
tion in the commutation voltage. On the other hand, due to the absence of a
low-pass filter in its control loop, the DQO GFU is relatively easier to
design and is somewhat faster than the conventional type.

In any application of a static converter in an utility environment, a means to
synchronize the control system with the ac system plays a very important
role. This design information presented here will be useful to utility plan-
ners for system studies.
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Chapter 4

HVDC Controls

The historical background to the developments that took place in the evolu-
tion of HVDC controllers will be presented in this chapter. The basis and
formulations of modern controllers will be discussed. Because these con-
trollers have an important bearing upon the interconnected AC system, a
section will be devoted to inter-actions between the controllers and the sys-
tem with examples drawn from practical systems.

4.1 HISTORICAL BACKGROUND

To control the firing angle of a converter, it is necessary to synchronize the
firing pulses emanating from the trigger unit to the ac line commutation
voltage which has a frequency of (60 or) 50 Hz in steady state. In the early
1950s, when the first HVDC converter installations were implemented with
mercury arc valves, the relative size of the terminals was small compared to
the MV A capacity of the ac systems coupled to these converters. This essen-
tially meant that the grid firing system [1], which was synchronized directly
to the sinusoidal ac system waveform, could generate the firing pulses in a
relatively stable manner. However, since the three-phase sinusoidal ac
waveforms of the ac systems were used as the synchronizing elements, the
firing pulses were individually generated for each of the valves of the con-
verter.

In the early 1960s, problems of firing pulse synchronization [2,3,4] were
observed due to the distortion of the ac waveform caused by harmonic insta-
bility. It was noted that the commutation voltage was neither constant in fre-
quency nor amplitude during a perturbed state. However, it is only the
frequency that is of primary concern for the synchronization of firing
pulses. For strong ac systems, the system frequency is relatively distortion
free to be acceptable for most converter type applications. But, as converter
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connections to weak ac systems became required more often than not, it
became necessary to devise a scheme for synchronization purposes which
would be decoupled from the commutation voltage for durations when
there were perturbations occurring on the ac system.

The most obvious method was to utilize an independent oscillator at (50
or) 60 Hz which could be synchronously locked to the ac commutation
voltage. This oscillator would then provide the (phasor) reference relation-
ship to the trigger unit during the perturbation periods, and would use the
steady state periods for locking in step with the system frequency. The
advantage of this independent oscillator was to provide an ideal (immunized
and clean) sinusoid for synchronizing and timing purposes. Due to its tim-
ing stability, it offered the possibility of equi-distant firing pulses [5,7,13]
which eliminated the generation of non-characteristic harmonics during
steady-state operation. This was a prevalent and undesirable feature during
the use of the earlier Individual Phase Control (IPC) system where the firing
pulses were directly coupled to the commutation voltage, V-

There were two possibilities for this independent oscillator:

* Use of a fixed frequency oscillator (also called the Pulse Phase Control
Oscillator (PPCO)) operating at a fixed frequency of 60 Hz. However,
since the system frequency actually drifts between say 55-65 Hz due to
the generators used to produce electricity, it was necessary to employ a
control loop to track the drifting firing angle. One manufacturer
employed a Current Controlled Oscillator (CCO) for this technique.

* Use of a variable frequency oscillator (also called the Pulse Frequency
Control oscillator) with a locking range of between say 55-65 Hz and
the centre frequency of 60 Hz. This oscillator would then employ a con-
trol loop of some sort for tracking the drifting system frequency; the
control loop would have its own gain and time constants for steady state
accuracy and dynamic performance requirements [19]. Two manufac-
turers employed a Voltage Controlled Oscillator (VCO) for this
approach.

During the mid 1960s, industry, therefore, switched to this type of synchro-
nization unit based on an independent, frequency controlled oscillator con-
trolled by either a voltage or a current source. Both versions relied on an
independently controlled oscillator whose frequency was decoupled from
the frequency variations of the ac system feeding the converter. This meant
that the converter firing pulses could now be truly equi-distant in the steady
state.
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With time, however, the variant with PPC [8] has become virtually obsolete,
and only the PFC [5,7] variant is presently being used by industry.

The equi-distant pulse firing control systems used in modern HVDC control
systems are identical to those developed in the mid-1960s [5,7]; although
improvements have occurred in their hardware implementation since then,
such as the use of micro-processor based equipment etc., their fundamental
philosophy has not changed much.

4.2 FUNCTIONS OF HVDC CONTROLS

In a typical two-terminal dc link connecting two ac systems (Figure 4-1),
the primary functions of the dc controls are to:

*  Control power flow between the terminals,

* Protect the equipment against the current/voltage stresses caused by
faults, and

¢ Stabilize the attached ac systems against any operational mode of the dc
link.

il

AC System 1 AC System 2
Telecoms
Local Controls + — — P
Master Controls < Dispatch centre

Figure 4-1: Typical HVDC system linking two ac systems

The two dc terminals each have their own local controllers. A centralized
dispatch centre will communicate a power order to one of the terminals
which will act as a Master Controller and has the responsibility to coordi-
nate the control functions of the dc link. Besides the primary functions, it is
desirable that the dc controls have the following features:
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¢ Limit the maximum dc current.

Chapter 4

Due to a limited thermal inertia of the thyristor valves to sustain over-
currents, the maximum dc current is usually limited to less than 1.2 pu

for a limited period of time.

* Maintain a maximum dc voltage for transmission.

This reduces the transmission losses, and permits optimization of the

valve rating and insulation.

*  Minimize reactive power consumption.

This implies that the converters must operate at a low firing angle. A
typical converter will consume reactive power between 50-60% of its
MW rating. This amount of reactive power supply can cost about 15%
of the station cost, and consume about 10% of the power loss.

*  Other features.

Such as the control of frequency in an isolated ac system or enhance

power system stability.

In addition to the above desired features, the dc controls will have to cope
with the steady-state and dynamic requirements of the dc link, as shown in

Table 4-1.

Table 4-1: Requirements of the dc link

Steady State Requirements

Dynamic Requirements

Limit the generation of non-character-
istic harmonics

Step changes in dc current or power
flow

Maintain the accuracy of the con-
trolled variable, i.e. dc current and/or
constant extinction angle

Start-up and fault induced transients

Cope with the normal variations in the
ac system impedances due to topology
changes

Reversal of power flow

Variation in frequency of attached ac
system
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4.3 CONTROL BASICS FOR A TWO-TERMINAL
DC LINK

A two terminal dc link is shown in Figure 4-2 with a rectifier and an
inverter. The dc system is represented by an inductance L and a line resis-
tance R; the value of the inductance L comprises the smoothing reactor(s),
dc line inductance whereas the value of R includes the resistances of the
smoothing reactor(s) and the resistance of the dc line etc.

Iy
R S L
AN AN
Rectifier Var Vai Inverter

Figure 4-2: A two terminal dc link

Using Ohm’s law, the dc current /; in the dc link depicted in the figure is
given as

Iy = (Vg -Vgu/R 4-1)
where V,, - dc voltage of the rectifier,
Vi - dc voltage of the inverter, and

R - is the dc line resistance.

The power flow transmission of the dc link is therefore given by
Py=Vy*1y (4-2)
From converter theory, in the case of a CSC the V-1, relationship for a rec-

tifier is given by:
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Vir=Vyor Cosax-R..1; 4-3)
From converter theory, in the case of a CSC the V-1, relationship for an
inverter is given by either

Vai = Vair CosfB - Riply 4-4)
or, depending on choice of control variable

Vii = Vair Cosy- Riply (4-5)

Using equations describing V,;, and V; for the case of a CSC, the dc line

current is given by either one of two options depending upon the choice of
the control mode at the inverter:

Ij= (Vg Cos & — Vy,;Cos )/ (R+ R+ Ry) (4-6)
or
I;=(Vy,, Cos & — Vy,;Cosy)/ (R+R.-Ry) (4-7)

These equations provide the equivalent circuits for the dc link, as shown in
Figure 4-3.

Changes in I; can therefore occur by:

1. Varying & at the rectifier. Due to electronic control, this is quite fast and
will occur within one-half cycle (or about 8-10 milli-seconds).

2. Varying f or ¥ at the inverter. This is quite fast and will occur within
milli-seconds.

3. Varying AC voltage at rectifier by means of the converter transformer
tap changer. This is a slow process and usually takes the order of several
hundreds of seconds.

4. Varying AC voltage at inverter by means of the transformer tap changer.
This is a slow process and usually takes the order of several hundreds of
seconds.
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R, s R,
‘s T e s T e I
Vdr R le
Vior Cosa | ViiCosB |
Rectifier (@) Inverter
'Rci
Vioi Cos}’

(b)

Figure 4-3: Equivalent circuit of dc link with inverter
(a) Equivalent circuit of dc link with inverter in beta control mode

(b) Equivalent circuit of dc link with inverter in gamma control mode

The choice of control strategy is selected to enable a fast and stable opera-
tion of the dc link whilst minimizing the generation of harmonics, reactive
power consumption and power transmission losses.

The three characteristics represent straight lines on the Vy-I; plane, as

shown in Figure 4-4. Notice that eq. (4-4), i.e. the beta characteristic, has a

positive slope while the eq. (4-5), i.e. the gamma characteristic, has a nega-
tive slope.

TLFeBOOK



74

rectifier

inverter, constant 5

Figure 4-4: Representation of control strategy

Chapter 4
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The choice of the control strategy [12] for a typical two-terminal dc link is
made according to conditions in Table 4-2.

Table 4-2: Choice of control strategy for two-terminal dc link

Condition ; Control
Desirable features Reason .
# implementation
1 Limit the maximum | For the protec- | Use constant current
de current, I tion of valves control at the rectifier
2 Employ the maxi- | For reducing | Use constant voltage
mum dc voltage, V; | power trans- | control at the inverter
mission losses
3 Reduce the inci- | For stability | Use minimum extinc-
dence of commuta- | purposes tion angle control at
tion failures inverter
4 Reduce reactive | For voltage | Use minimum firing
power consumption | regulation and | angles
at the converters cconomic rea-
sons
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Condition 1 implies the use of the rectifier in constant current control mode
and Condition 3 implies the use of the inverter in constant extinction angle
(CEA) control mode. Other control modes may be used to enhance the

power transmission during contingency conditions depending upon applica-
tions.

4.4 CURRENT MARGIN CONTROL METHOD

The so called “Current Margin Method” of control for two terminal HVDC
system is the most widely accepted method in use at present. The method
relies on a defined zone of operation of the dc system, with clear functions
for both terminals. It also incorporates protection features to protect the dc
link [12].

4.4.1 Rectifier mode of operation
The rectifier mode of operation is defined by a number of characteristics as

shown in the Figure 4-5.

1. Alpha-min characteristic at rectifier

From converter theory, it can be shown that

doy COSO-R_ 1, (4-8)

-w- L
cr

where R =
cr

AW

Equation (4-8) describes a straight line AB when plotted as a VI charac-

teristic in steady state, as shown in Figure 4-5. The slope of this characteris-
tic is the value -R., which is defined as the equivalent commutation

resistance; a low value of R, would imply a strong ac system, and the char-

acteristic would be almost horizontal. The intercept of this characteristic on
the V; axis is equal to the value Vg, Cosa when the value of I;= 0. The
maximum limit of the voltage V; will be defined by the value of a=0 degs.,
i.e. when the rectifier is a theoretical diode converter with firing angle equal
to zero. In reality, a minimum value of about ¢ = 2-5 degs. is normally
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required to ensure that the converter valves have a minimum positive volt-
age for turning on. This zone is bounded by the hatched area in Figure 4-5.

Rectifier characteristic
- — = Inverter characteristic

iy =l
A i

////////W :. I, limit

l.Opup------=-=cmcmeececa -0

Figure 4-5: Static VI, characteristic

2. Constant I; characteristic:

The converter valves have limited thermal inertia, and therefore cannot
carry a large current over their rated value for any extended period of time.
Typically, a maximum limit of /,,,, =1.2 pu is specified as the upper limit
for the current carrying capacity of the valves. The [; = constant current
characteristic is a straight line BC, as shown in the figure. The zone of oper-

ation is also indicated.
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3. VDCL characteristic:

The Voltage Dependent Current Limit (VDCL) is a limitation imposed by
the ability of the ac system to sustain the dc power flow when the ac voltage
at the rectifier bus is reduced due to some perturbation. Some variants of
this characteristic utilize a horizontal portion, as defined by C’D, instead of
a sloped portion (as defined by CD).

4. I,,,;, characteristic:

This limit is usually imposed to maintain enough dc current in the valves to
avoid reaching discontinuous current operation with its consequential cur-
rent chopping phenomena which could lead to dangerous transient dc volt-
ages. Typical values of I,,,;, are between 0.2-0.3 pu.

4.4.2 Inverter Mode of operation

1. Gamma-min characteristic:

Equation (4-9) defines the V -1, characteristic at the inverter; although there
are two possibilities, the minimum extinction angle (gamma) option is uti-
lized generally. The line SR (Figure 4-5) defines this mode of operation and
is referred to as the Constant Extinction Angle (CEA) control mode. The
slope of this line is usually more pronounced than the corresponding one for
the rectifier due to the relative strength of the inverter-end ac system.

14

a="V

doi SOST—R -1y (4-9)

ci

where R . = §-w-L
Ccl T

2. Constant current characteristic:

The line ST defines the Constant Current characteristic of operation at the
inverter. In order to maintain a unique operating point of the dc link, defined
by the cross-over point P of the characteristics of the rectifier and inverter, a
current margin of 4l; = 0.1 pu is normal for the current orders given to the

rectifier (I,,) and inverter (I,;) i.e. 1y, - 14, = Al

However, the current demanded by the inverter Iy; is usually less than the
current demanded by the rectifier /4, by the current margin Al which is typi-
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cally about 0.1 pu; its magnitude is selected to be large enough so that the
rectifier and inverter constant current modes do not interact due to any cur-
rent harmonics which may be superimposed on the dc current. This control
strategy is termed the current margin method.

3. Alpha-min in inverter mode:

The line TU defines the alpha-min-in-inverter mode characteristic. This
value is typically about 100-110 degrees, and is required to limit any excur-
sions (even transiently) of the inverter into the rectifier mode of operation.
Furthermore, the value of 100-110 degrees ensures a minimum dc voltage at
the inverter during a fast start-up of the dc link with /; = 0.

4. Current error region:

A modification to the inverter characteristic (line PS’ in Figure 4-5) is often
made during the current margin period to avoid any instability due to multi-
ple operating points occurring with a weak ac system at the inverter.

This modification is illustrated in Figures 4-6a and b. Note that the VDCL
characteristic has been eliminated in these figures for reasons of simplicity.

3\‘}\ - ""”ﬂﬂ%

L

(a) (b)

Figure 4-6: Static VI, characteristic for a two-terminal link (a) unmodified and (b)
modified

The rectifier characteristic is composed of two control modes: alpha-min
(line AB) and constant-current (line BC). The alpha-min mode of control at
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the rectifier is imposed by the natural characteristics of the rectifier ac sys-
tem and the ability of the valves to operate at an alpha angle equal to zero
i.e. in the limit the rectifier acts a diode rectifier. However, since a minimum
positive voltage is desired before firing of the valves to ensure conduction,
an alpha-min limit of about 2-5 degrees is normally imposed.

The inverter characteristic is composed of two modes: gamma-min (line
PQ) and constant-current (line QR). The operating point for the dc link is
defined by the cross-over point X of the rectifier and inverter characteris-
tics. In addition, a constant current characteristic is also used at the inverter.
However, the current demanded by the inverter [ is usually less than the

current demanded by the rectifier /4, by the current margin Al which is typi-

cally about 0.1 pu; its magnitude is selected to be large enough so that the
rectifier and inverter constant current modes do not interact due to any cur-
rent harmonics which may be superimposed on the dc current. This control
strategy is termed the current margin method.

The advantage of this control strategy becomes evident if there is a voltage
decrease at the rectifier ac bus forcing the line AB to move downwards. The
operating point then moves to point Y and the inverter takes over current
control. This way the current transmitted will be reduced to 0.9 pu of its
previous value and voltage control will shift to the rectifier. However, the
power transmission will be largely maintained near to 0.9 pu of its original
value.

The control strategy usually employs the following other modifications to
improve the behavior during system disturbances (Figure 4-7):

Va
A limit = 1.2 pu

IMHX

D=nin 10,
7 limit jy, rectifie,

Lyin=0.2pu "d:i Ly

Figure 4-7: Complete static V-I; characteristic for a two terminal HVDC system

TLFeBOOK



80 Chapter 4

At the rectifier:
1. Voltage Dependent Current Limit, VDCL

This modification is made to limit the dc current as a function of either
the dc voltage or, in some cases, the ac voltage. This modification
assists the dc link to recover from faults. Variants of this type of VDCL
do exist. In one variant, the modification is a simple fixed value instead
of a sloped line.

2. Id-min limit

This limitation (typically 0.2-0.3 pu) is to ensure a minimum dc current
to avoid the possibility of dc current extinction caused by the valve cur-
rent dropping below the hold-on current of the thyristors; an eventuality
that could arise transiently due to harmonics superimposed on the low
value of dc current. The resultant current chopping would cause high
overvoltages to appear on the valves. The magnitude of I;min is

affected by the size of the smoothing reactor employed.

At the inverter:
1. Alpha-min limit at inverter

The inverter is usually not permitted to operate inadvertently in the rec-
tifier region, i.e. a power reversal occurring due to, say, an inadvertent
current margin sign change. To ensure this, an alpha-minimum-limit in
inverter mode of about 100-110 degrees is imposed.

2. Current error region

When the inverter operates into a weak ac system, the slope of the CEA
control mode characteristic is quite steep and may cause multiple cross-
over points with the rectifier characteristic. To avoid this possibility, the
inverter CEA characteristic is usually modified into either a constant
Beta characteristic or constant voltage characteristic within the current
error region.

4.5 CURRENT CONTROL AT THE RECTIFIER

The current controller normally used at the rectifier is shown in Figure 4-8.
A measurement of the dc current of the dc system is obtained and compared
to a reference value /,. The resultant current error /, is then fed to the PI
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regulator with proportional and integral gains KP and K; respectively. The
output of this regulator is a voltage signal known as the alpha order &,
which controls the frequency output of the VCO. Under conditions of o=
0, the output frequency of the VCO is a constant at 360 Hz and is set by the
input Uref which could be a voltage proportional to a measurement of the ac
system frequency; this way any slow modulations of the system frequency
could also be compensated for, if required. The sum of &, and U, is fed to
the VCO which comprises of a resettable integrator and a comparator. The
gain of the integrator is selected to be 720*Pi. The output of the comparator
is a pulse train at 360 Hz, i.e. 6 times the fundamental frequency. The Ring
Counter then derives individual firing pulses for the 6-pulse converter from

the output pulse train of the comparator. It is noteworthy that the VCO pre-
sents an integral transfer function within the control loop.

Ring
Counter ¥ ZS

Firing

Pulses

DCCT

Figure 4-8: Current control at the rectifier end

The frequency of the VCO is at 6 times the fundamental frequency of the ac
system. Yet the VCO is totally independent of the frequency of the ac sys-
tem, other than having the locking or centre-frequency set at 6 times the
fundamental frequency. The VCO frequency is therefore free to drift within
a frequency range of f,, +/- Af, where 4f is equal to (fnay - finin)- Typically
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Jmax = 1.2%f, and f,,,;, =0.8%*f,. The frequencies f,,,, and f,,;, represent the
upper and lower frequency limits respectively of operation for the VCO.

The mechanism for controlling the frequency of the output of the VCO will
now be explained. The negative feedback, current-error loop provides a
method to synchronize the independent VCO output frequency with the ac
system frequency. Any deviation of the current-error signal from zero will
either speed up or slow down the VCO to maintain synchronism with the ac
system frequency. For this reason, the term “phase locked oscillator” was
coined by its inventor [5]. (In the case of an inverter, an alternative negative
feedback loop utilizing constant extinction angle would provide a similar
means to synchronize the VCO frequency with the ac system frequency).

4.6 INVERTER EXTINCTION ANGLE CONTROL

For the extinction angle control for the inverter, a technique similar to the
current controller at the rectifier is employed. However, the approach is
complicated due to the measurement of gamma. For the measurement of the
gamma, a direct method would be to measure the valve voltage VV, and the
gamma value would correspond to the period that the VV is negative. How-
ever, direct measurement of the VV is not always practically nor economi-
cally feasible, and alternative or indirect techniques to either measure or
predict gamma are used. Furthermore, since there are 6 (or 12) valves in a
converter, it is necessary to obtain the minimum value of the gamma of all
the valves. Different approaches for the measurement or prediction of
gamma have been reported in the literature [14,16,17,18].

4.6.1 Measurement of Gamma - Approach 1 [5]

One method uses the moment of the firing of the out-going valve and the
detection of current zero in that valve to determine the value of the overlap
angle 4 (Figures 4-9 and 4-10). The ac commutation voltage zero cross-over
point, with the voltage going positive, then provides the end of the gamma
angle ¥ Hence, the ignition angle £ can be calculated from a knowledge of
the period from the moment of firing of the out-going valve to the moment
of the commutation voltage reversal, going positive i.e. =t + ¥.
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valve voltage

out-going valve current

Figure 4-9: Measurement of gamma - approach 1

k 1 f firing pulse, valve 3

J T

| |
_JN | anode current, valve 1

|

|

anode-cathode voltage, valve 1

gamma timing waveform
r— T —= =

Figure 4-10: Measurement of gamma - approach 1
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4.6.2 Prediction of Gamma - Approach 2 [7]

In this method, a prediction of the remaining commutation voltage-time
area after commutation is made, and it is maintained to be larger than a
specified minimum necessary for successful commutation. The prediction is
approximate, but to increase its precision, a feedback loop is employed
which measures the error and feeds it back. The choice of the voltage-time
area is justified since commutation of a valve is a function of the remaining
commutation voltage-time area rather than just the remaining time period
alone.

The predictor continuously calculates (by a triangular approximation) the
total remaining voltage-time area if firing would occur at that instant. Since
the predictor is common to all the valves in one 6-pulse converter, it oper-
ates for a period of 60 degrees per valve. Figure 4-11 shows this function for
one commutation voltage Uy, for valve 3 of the converter bridge.

X Overlap area A;

valve 2 fires
v W
A T Upn
U.\'?'
- —~ T ~ ]
e
/ / o :I
7 o ] N
/ / Z \ N
/ Py AN / N N\
/ Vi | 1 ¥ A S
fh I I3 !
*
5 Iy ;!4 s > Margin area A,,
< T2 >

Figure 4-11: Prediction of gamma - approach 2

At instant £}, valve 2 fires and a special selector circuit connects the voltage
U,, to the predictor circuit. If firing were to occur atinstant f,, the remain-
ing voltage-time area after finished commutation will be:
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T/2
A, (1) = _[ (Usr- sinwt)dt — (k - Id) 4-10)
(- 1‘2)

The term kI in the above equation makes an allowance for the fact that the

overlap commutation voltage-time area is directly proportional to the dc
current /4 The integral term in the equation can be approximated by a trian-

gular area:

*
Un(D ot (1) (@-11)

Apty) = 2

where t* is the predicted remaining time to the next zero crossing of the
commutation voltage; it is calculated as the difference between the mea-
sured value of 7/2 and the period ¢,. i.e. t* = T/2 - t,. The period ¢, started

from the previous zero crossing of the voltage Uy, (as can be seen in Figure
4-11).
The voltage ¢, is generated in a three phase device from which the actual

phase is selected at each firing instant and connected to the predictor. This is
illustrated in the Figure 4-12.
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; : >
: ; t
Figure 4-12: Prediction of gamma
The prediction process follows the relationship
*
. = . _ 4-12
A pred® = Upn(D -t (0 =kl )

The approximate method of prediction gives reasonably good values at low
values of dc currents with a sinusoidal commutation voltage. However, with
large values of dc current and overlap angle, or with harmonic distortion of
the commutation voltage, the error becomes significant enough to merit cor-
rection through a feedback loop. To achieve this the value of the predicted
gamma is stored in a holding circuit. The actual gamma is measured (one
cycle later) and subtracted from the previously held value of gamma. The
prediction error is defined as:
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A =4, pred_Am real (4-13)

where A,, 4 is the actual margin. After filtering, 44 is used as a correction

signal for the reference value one period (cycle) later. Thus the complete
expression for the firing condition is defined as:

A pred)k =4, reft (A4) _1 (4-14)

where the index k indicates the instant k and the index (k-/) the correspond-
ing point one period later.

The prediction process has an inherent individual phase character. If no fur-
ther action were taken, each valve would fire on the minimum area margin
condition. To counteract this a special firing symmetrizer is used. When one
valve has fired on the minimum margin condition, the following five valves
are then fired equidistantly by means of the voltage controlled oscillator.

Once a measurement of the gamma angles from the six valves of the con-
vertor are obtained, the minimum value is selected. This value is then com-
pared to the desired value of gamma and an error signal is generated and fed
to a PI regulator. This gamma error signal is used in a similar manner to the
current controller at the rectifier to generate the firing pulses for the con-
verter.

4.7 HIERARCHY OF CONTROLS

The terminal at one end of the DC transmission system is shown in the Fig-
ure 4-13. The terminal can be divided into sub-sections i.e. a Bipole which
comprises of the positive and negative poles. Each pole can be further sub-
divided into the star valve group and the delta valve group depending on the
transformer configuration used. Each valve group comprises a 6-pulse con-
verter.
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Figure 4-13: Hierarchy of controls
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Details of the controllers at different hierarchical levels of the terminal are
provided next.

4.7.1 Bipole Controller (Figure 4-14)

The bipolar controller usually receives a power order Po from the station
operator. This is normally subjected to a controlled rate of increase/decrease
in order to protect the system from sudden changes in desired power. A sup-
plementary power modulation signal AP, can also be inputted at this stage,

if required. Maximum power P,,,, and minimum power P,,;,, limits to the
excursions of the power controller are imposed. Finally, the power order is
divided by the DC voltage measured value to derive a current order /,

which is sent to the two Pole Controllers. For this circuit, in case of start up
routine when the dc voltage may be zero or low value, a bias circuit is
required to counteract any problem due to a divide-by-zero function. The
output of this controller is the /, limited value which is subjected to the pro-

tective Voltage Dependent Current Limit (VDCL).

P max
Ramp /
P, e | L Ly tim
—)—/_ | P T » VDCL —»
4/ start- I

Figure 4-14: Bipole controller
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4.7.2 Pole Controller (Figure 4-15)

The input to each of the Pole Controllers is the current order I, from the
Bipole Controller. The supplementary current input A/, can be added to this
I, to achieve any modulation of the order if desired. The current input is
subjected to upper /,,,, and lower /,,;, limits for protective purposes. After

limitation, the current order is compared to the measured value of dc current
I, to generate an error signal /,. Another signal which modifies the current
order is the current margin 4/ which is required only at the inverter end to
bias off the current controller so that the gamma controller can take over.
The current controller uses the PI regulator to provide dynamic properties to
the control loop, and provides the alpha order ¢, atits output.

l’margin

Redlnvgl
I
I o lim

PI %

Figure 4-15: Pole controller

4.7.3 Valve Group (VG) Controller (Figure 4-16)

The alpha order signal from the pole controls is used to generate the firing
pulses for the converter in the valve group controller. The VG controller has
two separate secondary loops associated with it:
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1. Tap Changer (TC) Controller

This is a relatively slow-acting loop (time constant of the order of several
hundreds of milli-seconds) which maintains the tap position of the converter
transformer. Its function is to maintain the firing angle alpha within a nomi-
nal range of about 15 degrees whenever it hits any limits by either raising or
lowering the tap position. This will then minimize the reactive power con-
sumption of the converter, and provide sufficient margin for dynamic opera-
tion of the converter.

2. The Commutation Failure (CF) Controller

This loop detects the possibility of a CF from measurements of the ac cur-
rent, commutation voltage and the dc current. Rapid pre-programmed
changes to the alpha order can be made as a function of the CF detector for
assisting the recovery of the dc system from a CF.

Commutation failure detector

Va L4
Vac Iﬂl’-‘
Comax
h 4 r /
i vco >
Firing
/ Pulses
Omin
Tap Position Tap Order
slow loop

Figure 4-16: Valve group controller

The measurements available for control and protection purposes comprise
the 3-phase commutation ac voltages V,., the ac currents I, on the primary

and secondary sides of the converter transformer, and the dc current I; and
dc voltage V. The other input/output variables from the various controls are
depicted in the Figure 4-17.
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Circuit
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Vv Over Current
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Figure 4-17: Monitoring points for the controllers
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4.8 ACTION BY CONTROLS AFTER A DISTUR-
BANCE

Some of the actions that can be taken by the controls during a disturbance
are indicated in the Table 4.3.
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Table 4-3: Control actions after disturbances

Disturbance Action

Phase Distortion

Bininimum limit increased temporarily from 150°-
60° for 100 ms

Rectifier AC faults

£ L B G
Oninimum limit increased temporarily from 5° - 45

Inverter AC faults
- 1 Commutation Failure | vy - Increased transiently
- n Commutation Failures | - Increased in stages

Block/Deblock or Restart

Opinimum limit increased to 60° and released
slowly
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Chapter 5

Forced Commutated HVDC
Converters

5.1 INTRODUCTION

Since the implementation of the first HVDC thyristor valve at Eel River
(Canada) in the early 1970’s, HVDC transmission has experienced tremen-
dous growth. As power systems grow and become more integrated, inter-
connections to neighboring ac systems are becoming increasingly necessary
to enhance stability, security of supply, flexibility and for other economic
benefits. Primarily for stability reasons, the trend is for such interconnec-
tions to be asynchronous HVDC ties. And usually these interconnections
feed into locations where the ac power systems are weak. Utility system
planners realized that the critical element in the HVDC inter-tie was the thy-
ristor converter, which has a fundamental limitation that it requires a reli-
able and adequately stiff voltage source for valve commutation purposes.

The traditional yardstick for assessment of the quality of this commutation
voltage has been the Effective Short Circuit Ratio (ESCR) at the converter
ac bus. For instance, a typical ac system with an approximate value of
ESCR 22 is considered adequate for a Line Commutated Converter (LCC)
with some enhanced control techniques; systems with values of ESCR < 2
are considered as weak, and may suffer serious disruption to power trans-
mission following a system disturbance, resulting in stability problems.

To overcome the requirement of adequate voltage source, forced commuta-
tion can be utilized to switch off the valves. The advantages/disadvantages
of employing forced commutation are presented in Table 5-1:
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Table 5-1: Advantages/disadvantages of forced commutation

Advantages Disadvantages

+ Ability to feed into weak or even dead ac sys- | ¢ Requirement for a commutation circuit [6-

tems, 10],
+ Improved voltage regulation by control of + Increased cost/kW for the converter,
active/reactive power flow, * Increased stresses on valves.

+ Ability to recover rapidly (within 1 cycle)
from system disturbances.

Although these advantages have been known for a long time, the disadvan-
tages consistently blocked any serious applications of the technique until
the early 1990s.

5.2 COMMUTATION TECHNIQUES FOR HVDC
CONVERTERS

Before describing commutation techniques, some terminology is presented
to avoid any confusion.

5.2.1 Definition Of Commutation

Within the context of HVDC converters, the definition of commutation is
the transfer of dc current (/) from one valve to another in the same row is
termed “commutation”.

It is important to realize that the commutation process is a function of both
circuit-dependent and switch-dependent parameters:

B Circuit-dependent parameters depend on circuit topology, and include
components such as transformer leakage (inductor), commutation
capacitor, auxiliary switching device, etc. For the 6-pulse bridge con-
figuration, the most important circuit-dependent parameter for commu-
tation is the finite transformer leakage (inductance); assuming typical
values for this, an overlap angle ¢ < 60 degrees is necessary, and more
than two valves will conduct during the commutation period.

B Switch-dependent parameters include device turn-on and turn-off
times, di/dt and dv/dt limitations, etc. The most significant switch-
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dependent parameter is turn-off time, #,. Since the switches are not per-

fect, their turn-off times are finite and impact on the commutation pro-
cess. The switch turn-on time, however, is much smaller that the turn-
off time of common power switches and does not impact on the com-
mutation process in a significant manner. Depending on which type of
switch is in use in the bridge, the type of commutation technique feasi-
ble is shown in Table 5-2.

Forced commutation techniques [1,2,3] may be applied either on the high-
voltage (power) side of the converter by means of auxiliary components
(i.e. thyristor, diode, inductor and/or capacitor), or alternatively on the low-
voltage (controls side) of the converter using self-commutated devices.

Table 5-2: Commutation types

Type of device Commutation Initiated by
Line AC Line voltage
Conventional Thyristor
Circuit (or capacitor) Capacitor voltage
GTO, IGBT or MCT Self Gate drive

For the commutation of the conventional thyristor converters, both circuit-
dependent and switch-dependent parameters are critically important. Fur-
thermore, for the conventional thyristor converter, it is possible to use either
Line-Commutation (LC) or Circuit Commutation (CC) techniques.

For the commutation of the HVDC converter with, say GTO devices, the
circuit-dependent parameters are now less crucial since the devices can be
treated as perfect switches (within certain limits). For these newer devices,
self-commutation techniques are employed.

5.2.1.1 Definition of Terms

In the past the terms “artificial commutation” and “forced commutation”
have been used interchangeably. As a result of the new devices (i.e. GTOs,
IGBTs), a new term called “self-commutation” was coined. A certain
amount of confusion and misuse of these terms is apparent within the indus-
try. These terms are defined below to clear misconceptions. These defini-
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tions are consistent with the IEEE Guide for Self-Commutated Converters
ANSI/IEEE Std. 936-1987.

In this guide, conventional thyristors are called circuit-commutated devices,
and GTOs, IGBTs and other such devices are called self-commutated
devices. Artificial or Forced Commutation (FC) applies to both circuit-com-
mutation using conventional thyristors, and self-commutation using GTOs
and other devices. Although both circuit- and self-commutation techniques
are examples of forced commutation techniques, the difference between cir-
cuit- and self-commutation is significant. These techniques are discussed
below.

5.2.2 Line (or Natural) Commutation

This technique relies on the natural reversal of the sinusoidal ac line voltage
across the valves of the converter. To initiate commutation, the firing pulse
from the outgoing valve is removed and an alternate incoming valve in the
same row is triggered to take up the dc current. During the commutation
(overlap) period, the dc current is shared between the outgoing and incom-
ing valves as a result of the leakage inductance of the transformer. Once
current is transferred to the incoming valve, the reverse voltage across the
outgoing valve is maintained for a time period ?,5 (equivalent to gamma
angle); the outgoing valve must be reverse biased for a period greater than
14> the turn-off time of the device. During this period a small reverse current
is drawn from the device to deplete the charge carriers within the pn-junc-
tion of the device. The time difference between #,4and 2, is required to pro-

vide a margin of security for the device to achieve its voltage blocking
capability. Typical valves of #, and t,g are 350 US and 700 US respectively.

It is important to note that the voltage blocking capability of the device is a
function of the (reverse-voltage * time period) product, and not the reverse-
voltage alone. For example, low reverse-voltage for a long time period may
not achieve successful blocking; similarly, high reverse-voltage for a short
time period may fail to achieve voltage blocking capabilities of the valve
due to high dv/dt stress.

With line commutation, because of the direct dependence of the firing angle
alpha to the ac voltage, it is only feasible to delay the firing angle; it is not
possible to advance the firing angle with reference to the ac system voltage.
This means that alpha can vary only from O to 180 degrees; as is well
known from converter theory, operation within these angles by a line com-
mutated converter can only absorb reactive power from the ac system.
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To advance fire the delay angle (i.e. from -180 to O degrees) it is necessary
to have forced commutation, whereby the firing angle does not depend
directly on the ac voltage; in this case, the converter can also supply reac-
tive power to the ac system.

5.2.2.1 Limitations of Line Commutation

The fundamental limitation of a LC converter is its dependence on an ade-
quate stiff ac voltage source for commutation purposes. Power systems are
subject to disturbances, voltage regulation difficulties and harmonic pollu-
tion which cause commutation problems for such converters. As a result,
LC converters have difficulties to feed into weak ac systems and may take
prohibitively long times to recover from disturbances. Furthermore, the
ability of the LC converter to control reactive power is limited.

These limitations can be overcome by the use of forced commutation
employing either circuit- or self-commutation techniques.

5.2.3 Circuit Commutation

In case the ac line voltage is inadequate, distorted or sometimes even
unavailable to achieve commutation of the conventional thyristor valves,
circuit commutation may be used. An artificially generated voltage can be
used to force commutate the valves. This artificially generated voltage is
temporarily stored on a commutation capacitor until it is required to com-
mutate the valve. This artificially generated voltage may be derived either
from the following sources:

¢ The ac line voltage, whenever it is present,
¢ The dc line voltage, or

*  An auxiliary voltage.

Commutation circuits deriving their energy from any one or multiple of
these sources exist. The commutation circuit serves two distinct, but inter-
twinned roles:

e To provide the commutation voltage for the switching device, and

* To divert inductive load currents from the main switching device to
another auxiliary switching device.
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The first role is obvious and well understood by utility engineers. The cur-
rent diversion role, however, is sometimes not fully appreciated by utility
engineers, especially in relation to circuit-commutated devices. The signifi-
cance of this current diversion role, however, becomes more apparent with
the use of self-commutating devices.

The commutation capacitor could be either in series or in parallel with the
main valve. Circuits of either type are feasible. It is noteworthy that all
forced commutation circuits can be reduced to either one of these two types.
General operating principles for these circuits are given below; specific
examples of circuit which employ such techniques are provided in a later
section.

5.2.4 Series Capacitor Circuit

A simplified equivalent circuit (Figure 5-1) show the commutation princi-
ple. When the main valve T1 is fired, load current i is established in the

commutation capacitor C and one phase of the equivalent load. This equiva-
lent load can be considered to be the resultant impedance of the load, ac fil-
ters and converter transformer. If no further circuit topology changes occur,
the capacitor voltage v, will eventually become greater than the dc line volt-

age V; and the current iy, will be reduced to zero. Commutation is then com-
pleted.

main valve C L
¢ P 1 HN—e

Hreer¥C > i

Figure 5-1: Commutation of main valve by a series capacitor

5.2.4.1 Parallel Capacitor Circuit

This circuit employs a commutating capacitor in parallel with the main
valve (Figure 5-2). The circuit also employs an auxiliary valve CT1.
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Load current into the equivalent load is established by firing main valve T1.
To commutate the main valve, the auxiliary valve CT1 is fired. Assuming
that the capacitor was pre-charged in the polarity indicated, the load current
i;, will be diverted into the parallel path formed by CT1 and C; this will

turn-off T1. At the same time, the capacitor will charge up in the opposite
polarity.

This type of commutation circuit carries the load current only during the
commutation period, unlike the series capacitor circuit above.

Minor variants of either of these two types of circuit exist for forced com-
mutation purposes.

main valve L
+ ~ / 6 6 6 \ +
]
_’. .
(s ’
vC
N | L+
| =

auxiliary valve ¢

Figure 5-2: Commutation of main valve by parallel capacitor and auxiliary valve

5.2.5 Self-Commutation

Relatively newer devices (such as GTOs) are able to be turned off by appli-
cation of a negative control pulse at their gates. Sometimes, just the removal
of a gate bias voltage at the gate (or base) of the device may be enough to
turn-off the device (such as a MOSFET transistor). This type of commuta-
tion is termed self-commutation and will be successful with power circuits
having purely resistive (in phase) currents; however, since power circuits
usually have inductive currents to be commutated, the transfer of current to
another valve in the same row may not be successful unless additional cir-
cuits having diverters are utilized. The function of these diverters will be to
temporarily divert the inductive load current to a capacitor, until the next
incoming valve is able to pick up the current. The impact of such diverters
has not yet been fully assessed by the industry.
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It is practical to consider two versions of the converter for HVDC transmis-
sion: current source and voltage source.

5.2.5.1 Current Source Converter (CSC)

In HVDC transmission, this is the more traditional mode of power transmis-
sion.

The principle of a current source GTO converter is shown in Figure 5-3a.
The dc line current is maintained constant by the use of a (large) smoothing
reactor Ly The main valve T1 is on and load current iy is established in
phase R of the load reactor L,. The diverter capacitor C,, is pre-charged in
the polarity indicated. In order to self-commutate T1, the turn-off pulse to
T1 is applied, and at the same time, the next phase main valve T3 is turned
on. The main valve T1 is instantaneously turned off, subject to the dc line
current being diverted to valve T3. The current in valve T3 (Figure 5-3b) is
composed of:

*  Current i¢ in capacitor C,; and phase R of the load; as the capacitor
charges up in the opposite polarity, this component of current will grad-
ually reduce to zero,

*  Current iy, being established in phase S of the load; this current will
gradually increase to be equal to /.

=
4__.

Figure 5-3a: Equivalent circuit for a current source inverter
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Figure 5-3b: Currents in equivalent circuit shown in Figure 5-3a

5.2.6 Voltage Source Converters (VSCs)

At the present time, this configuration can only be used for HVDC trans-
mission below 250 MW rating due to switch rating limitations.

The principal of the voltage source converter is shown in Figure 5-4a. The
circuit requires that the dc line voltage be maintained constant at the con-
verter terminals. This is achieved by having a large capacitor C,,, on the

converter side of the dc smoothing reactor. In addition to C,, free-wheeling

diodes D1, D3 etc., are required across the load phase R and S etc. to divert
the load current during commutation of the main valves.

TLFeBOOK



104 Chapter 5

D3
L g
Figure 5-4a: Principle of the voltage source converter
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Figure 5-4b: Currents in equivalent circuit shown in Figure 5-4a

v

The main valve T1 is conducting current I; = ip (Figure 5-4b) into phase R
of the load. To commutate valve T1, a negative pulse is applied to its gate
while the next valve T3 is fired. Valve T1 is turned off instantaneously,
since the diode D1 is able to freewheel the load current in phase R; this cur-
rent will decay at a rate depending on the resistance and inductance of the
load. In the meantime, valve T3 is on and load current is being established
in phase S of the load. The current difference between 1, and ig is fed into
the capacitor Cy,, until ig =1,.

TLFeBOOK



Forced Commutated HVDC Converters

105

5.2.6.1 Comparison of Current and Voltage Source Converters

A detailed comparison of current/voltage source converters has been pro-
vided in [4]. For this comparison, it is assumed that the same type of con-
verter is available at both ends of dc system; this may not be the case in
practice. Some of the major characteristics of systems with the two types of

converters are listed in Table 5-3:

Table 5-3: Comparing characteristics of current and voltage
source converters

Current Source Converter

Voltage Source Converter

Polarity of dc current is unidirectional.

Polarity of dc voltage is unidirectional.

Polarity of dc voltage changes with dc power
flow.

Polarity of dc current changes with dec power
flow.

DC smoothing reactor (large) maintains de cur-
rent constant.

DC capacitance (large) maintains dc voltage
constant.

DC filter capacitance is used on line-side of
smoothing reactor.

DC smoothing reactor is used on line side of dc
filter capacitance.

AC-side diverter capacitors are required.

DC-side diode diverters are used in anti-parallel
with main valves.

GTOs must be symmetrical reverse-blocking
devices, or use diodes in series with the GTOs.

GTOs may be asymmetrical or symmetrical due
to presence of diode diverters in anti-parallel
with main valves.

The fault current contributed by the converter to
a dc line fault can be limited by control action
and minimized by the large dc smoothing reac-
tor.

The fault current contributed by the converter to
a dc line fault cannot be limited by control action
since the diodes in the converter will feed into
the fault. The fault current may only be inter-
rupted by ac breakers, which is not very conve-
nient for de transmission purposes. Furthermore,
the peak fault current may be excessive since the
large de filter capacitors will also discharge into
the fault,

5.2.7 Regions Of Converter Operation

From converter theory, the relationship between dc voltage V; and the firing

angle alpha is
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Vy = Vg, Cos(alpha) - (3/(Pi))e X *1,) (5-1)

Converter operating regions are shown in Figure 5-5 as a polar plot of V; ver-

sus alpha. These 4 regions are divided into four quadrants Q1 to Q4. Theoret-
ical and practical limits to these regions are defined in Table 5-4. Provided an
adequate ac supply is available, line commutated (LC) converter operation is
possible in quadrants Q7 and Q2. In Q/, the converter operates as a rectifier
consuming reactive power from the supply. The practical alpha-min limit (5
degrees) is required for the valves to have a forward-bias voltage before turn-
ing on. In Q2, the converter operates as an inverter again consuming reactive
power from the supply. Generally, two limits apply in this region i.e. the
alpha-min (105 degrees) and alpha-max (145 degrees) limits in inverter mode
of operation; the alpha-min limit is imposed for operational reasons following
recovery from dc line faults, etc., and the alpha-max limit is imposed to
ensure commutation margin angle security. The practical operational region
for a LC inverter is shown as region X. To operate beyond region X into quad-
rant Q3 requires assistance from forced commutation.

Q4 Vd‘ Ql

Alpha-min limit (5°)

Alpha

Alpha-min-in-inverter
mode (105°)

Alpha-max limit (145°)

03 v, 02

Figure 5-5: Regions of Converter operation
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Theoretically, forced commutation permits operation in any quadrant.
Depending on the commutation technique, practical limits for the FCCs also
exist.

Table 5-4: Four quadrant operation

Oiiidrant Convcrt::; operates o r::::l: limits {c:lcgrc:-lt’:s.:I e
Ql LC rectifier 1-90 5-90
Q2 LC rectifier 90-180 105-145
Q3 CC inverter 180-270 180-240
Q4 CC rectifier 270-360

5.2.7.1 With Circuit Commutated Devices

With a parallel-capacitor type circuit, a low dc voltage limit exists beyond
which a commutation failure occurs due to insufficient charge on the capac-
itor (end of region Y2, alpha = 240 degrees). In quadrant Q2 this limit
merges into LC inverter operation region X. With a series-capacitor type cir-
cuit, the low voltage limit extends further (end of region Y/) depending on
the size of the capacitor. Operation into region Z is possible with variant of
the parallel-capacitor circuit which employs an auxiliary source for charg-
ing up the capacitor.

Operation into quadrant Q4 will be as a CC rectifier supplying reactive
power to the ac supply.

5.2.7.2 With Self-Commutated Devices

The operational limits due to low-voltage will not exist since the gate drive
circuits are not functions of this voltage. Hence, FCCs with self commu-
tated devices will have practically no limits in its operation in all four quad-
rants.
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5.3 EXAMPLES OF FC CONVERTERS FOR HVDC
TRANSMISSION

There are two categories of FC circuits i.e. circuit-commutated or self-com-
mutated. These two categories of FCCs will be discussed next.

Although 6-pulse circuits are shown in the following examples for reasons
of simplicity, it is understood that the more usual 12-pulse configuration
will be used for practical schemes.

5.3.1 Circuit-Commutated Converters

5.3.1.1 Series Capacitor Circuits

Also known as the load-side commutation circuit, this circuit employs three
capacitors [16,18,20,21,23,24] in series with the ac phase connections R, S
and T to the 6-pulse bridge (Figure 5-6); no additional valves are required.
This type of circuit may require an auxiliary supply for start-up purpose
when feeding a dead load.

Iy
—»
dc line -
/ T T
ey FUFOAT
s R
V4 Ne—Tm —H S
o CTH T
Ll

g Yy

Figure 5-6: Series capacitor commutation circuit

A simplified equivalent circuit (Figure 5-7) shows the commutation princi-
ple. When valve T1 is fired, load current ij is established in capacitor C,
and the T-phase of the equivalent load. This equivalent load can be consid-
ered to be the resultant of the load, ac filters and converters transformer. If
no further circuit topology changes occur, the capacitor voltage V,, will
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eventually become greater than V,, and the current iy, will reduce to zero.
Before this happens, valve T3 will be fired and load current in the S-phase
will be established. Capacitor C had a charge of the polarity indicated from
a previous cycle. Firing T3 will turn-off T1. This procedure is then repeated
for the next commutation cycle using the required firing order.

—> 4,
Vg J‘r:’: . 1% main valve %TS
Ch TVCR
: : Req
13
y 1 9 1Leg

Figure 5-7: Equivalent circuit

5.3.1.2 Parallel Capacitor Circuits

Also known as the dc- or supply-side commutation circuit, this circuit
employs the commutation capacitor in parallel with the main valves (Figure
5-8). The capacitor derives its energy directly from the dc line. The circuit
employs one capacitor and two commutating CT1 and CT2 per 6-pulse
bridge. This type of circuit does not rely on an auxiliary supply for start-up
purposes when feeding a dead load.

Id — T \ d
e ¥ Lc ;1 XT3 ¥ Ts
N o—{ l—o—f’ﬂ'd‘ S .
CT, ¥ .Y TeY oY

Figure 5-8: Parallel capacitor commutation circuit
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The commutation principle is shown in Figure 5-9. Load current into the
equivalent load is established by firing valve T1. To commutate T1, valve
CT1 is fired. Assuming that the capacitor was pre-charged in the polarity
indicated, the load current i; will be diverted into the parallel path formed
by CT1 and C; this will turn-off T1. At the same time, the capacitor will
charge up in the opposite polarity, in readiness for the next commutation
when valve CT2 will be fired.

1y —» o s
CT, (main valve)

s

+

Figure 5-9: Equivalent circuit

This type of commutation circuit carries the load current only during the
commutation period, unlike the series capacitor circuit above.

Minor variants of either of these two types of circuit exist for forced com-
mutation purposes.

5.3.1.3 DC Line Side Commutated Circuits

This is actually a full-wave variant of the parallel capacitor commutation
circuit. The circuit (Figure 5-10) relies on charging the commutation capac-
itor directly from the dc line. The converter employs a parallel commutator
bridge comprised of four valves CT1 to CT4, a commutation capacitor C
and a small saturable di/dt limiting inductor L. A more economic two-valve
version of this circuit is shown in Figure 5-11; this version requires a charge
reversal cycle on the capacitor which imposes time restrictions on circuit
operation for high frequencies only. For power frequency operation, this
version is quite feasible.
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—

Cr1 ¥ CT2;

§

Cr3 v Cr4 v

Figure 5-10: DC line-side commutated circuit with 4-valve version of commutator
bridge

Cr ;Z C/‘

Cro ;Z

Figure 5-11: DC line-side commutated circuit with 2-valve version of commutator
bridge
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5.3.2 Self-Commutated Converters

5.3.2.1 Current Source Converter Circuit

In HVDC systems, this is the traditional mode of transmission. The dc cur-
rent is maintained constant by use of a (large) smoothing reactor.

In Figure 5-12 are shown the position of three ac-side capacitor diverters
C,. C,; and Cg, in delta-configuration (a star-configuration for these capaci-
tors id also feasible). For example, consider the case of valves T1 and T2
conducting, and the commutation of valve T1 and transfer of current to
valve T3. The valves are GTO based and can be self-commutated by the
application of control pulses. For the commutation of valve T1 and transfer
of current to valve T3, the capacitor C,; will temporarily take over the cur-
rent in the transformer inductance of phase R, until valve T3 and phase T is
fully able to establish the current. The dc capacitor diverter will also assist
in the transfer of the dc current from valve T1 to T3. The dimensions of the
three ac side diverter capacitors are functions of the product L *I; clearly, a
lower value of the inductance L, will help in reducing the size of the capac-

itor. A typical value of the converter transformer leakage is 16%; this could
be reduced to 10-12% to enable some reduction in the size of the diverter
capacitors.

The design of the circuit should also consider the natural resonant frequency
of the L *C,, circuit which would interfere with the operation of the con-

verter. The diverter capacitors would also tend to reduce the harmonics gen-
erated by the converter.
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Figure 5-12: Current-source self-commutated converter

5.3.2.2 Voltage Source Converter Circuit

This configuration (Figure 5-13) is now used for HVDC transmission below
250 MW [5,6,19,23] using either GTOs or IGBTs as the main switches.

The circuit requires the dc voltage to be maintained constant at the con-
verter. This is achieved by having a capacitor Cy. on the converter side of
the smoothing reactor. In addition to Cy,, free-wheeling diodes D1 to D6 are
required across each valve, to assist in the current diversion during commu-
tation of the main valves.

The capacitor Cy, will also reduce the dc harmonics generated by the con-
verter. Additionally, the capacitor Cy. will provide protection from line
surges.

In order to take advantage of the fast switching capability of the GTOs,
pulse width modulation (PWM) techniques can be utilized to reduce the

low-order harmonics generated by the converter; this will reduce the ac fil-
ter cost.

TLFeBOOK



114 Chapter 5
L
o
1 N /T1. AN YT3 [N T5Y
! j DI } D3 +] D5+
Vd Cdr: R N T
—[ N T4§Z N T?;Z N T2
D4 + D6 D2 +
L

Figure 5-13: Voltage-source self-commutated converter
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Chapter 6

Capacitor Commutated
Converters for HVDC Systems

6.1 CAPACITOR COMMUTATED CONVERTERS

This “new” HVDC converter configuration has been discussed about for
more than 50 years! One of the earliest studies of this configuration was
first carried out in the 1950s [1]. A more detailed investigation into the
operation of this circuit was reported in [2]. In the late 1970s and early
1980s, studies with the parallel capacitor version were reported [3,4,5,6].
However, due to practical limitations with the valve ratings, these studies
did not lead to any actual installations.

After a brief period of activity [3,4] while some attempt was made to con-
sider the system implications of such a converter (Figure 6-1), references to
this converter configuration disappeared from the research field for a while
since it offered a more costly and “difficult” operational alternative to the
line commutated converter (LCC). However, in the early 1990s, the CCC
configuration [5] was resurrected again due to a number of reasons:

¢  Problem of voltage ratings of valves became less of a constraint finan-
cially (due to increasing ratings and decreasing valve costs),

*  Management of reactive power and high performance harmonic filter-
ing could be dealt with independently due to the development of the
continuously tunable ac filter and active filters, and

¢  Utility demands for operation with increasingly weaker ac systems has
meant that commutation with LCCs has become much more unpalat-
able.
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The CCC is characterized by having capacitors inserted in between the con-
verter transformer and the converter valves. Thus, this capacitor is in series
with the leakage impedance of the transformer and the main valves. This
has a two-fold effect:

¢ The capacitor provides a forced commutation facility to the main
valves (as explained earlier in another chapter), and

¢ The capacitor compensates for the leakage inductance (or reactive
power demand) of the converter transformer.

AC Filters %T‘; %Tﬁ T,

Figure 6-1: CCC circuit diagram

Sizing of the commutation capacitor, therefore, becomes a very important
criteria as it impacts on the above two effects. A too-small capacitor will
cause a large overvoltage across the capacitor (and valves), and not com-
pensate sufficiently for the leakage inductance to result in a lagging current
drawn from the ac bus. A too-large capacitor will result in low overvoltages
and over-compensate for the demanded reactive power and might even
draw a leading current from the ac system. However, a too-large capacitor
also has a cost penalty associated with it. Common design practise suggests
that an economical capacitor size would be to cause, say, a 10% overvoltage
across the capacitor (and valves) as well as compensate for the reactive
power demand to present a unity power factor to the ac bus. This design cri-
teria maintains the cost of the valves at a reasonable level.
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The capacitor voltage v¢ is directly proportional to the dc current I, the
(fixed) time t of conduction of the valve and inversely proportional to the
size of the capacitor C i.e. v¢ = (I * t)/C. Since v¢ increases with Iy, this
results in an increase of the dc voltage. This is in direct contrast to the case
of a conventional LCC working at minimum extinction angle control where
the dc voltage decreases with increase in I This feature, therefore, results
in a positive inverter impedance characteristic for the CCC providing
improved dynamic stability (Figure 6-2). Therefore, the CCC can operate
with very weak ac networks, and it can also tolerate a sudden drop of 15-
20% in the ac bus voltage without suffering a commutation failure.

The capacitors are protected against overvoltages by parallel ZnO varistors.

Va CCC region of operation

Figure 6-2: Comparison of LCC and CCC stability

6.1.1 Reactive Power Management

A comparison between the reactive power management of a LCC and a
CCC are shown in Figure 6-3. The LCC serves the same need by means of
switchable shunt capacitor banks. Since the CCC provides reactive power
compensation Q proportional to the load current I; of the converter, the
need for switchable banks is eliminated. Consequently, ac filters are needed
only for harmonic filtering; so their design can be optimized for this duty
alone. Typically, only about 13% of the reactive power is required to be sup-
plied by this minimal filter.
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Figure 6-3: Reactive power management comparison between CCC and LCC [15]

In the past, one of the problems of high-performance ac filters (which were
sharply-tuned using small capacitor banks) was to keep them in tune while
being subjected to daily component and frequency variations. This problem
was resolved by use of a continuously tuned reactor which is controlled by a
dc current fed into a control winding mounted perpendicular to the main
winding, enabling continuous adjustment of its inductance and thus contin-
uously tuning the filter branch.

6.1.2 Thyristor Valve Modules

To optimize the cost of the thyristor valves (and the dc side equipment), the
nominal dc current is optimized to be as close to the limit of the thyristor
current rating at the permitted valve cooling limit. This permits the rated dc
voltage to be kept low to achieve the rated dc power. A low dc voltage rat-
ing is beneficial for a compact modular valve housing as air clearances can
be kept small.
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The thyristor valves are air-insulated at atmospheric pressure and installed
in modular valve housings. Each valve module contains two single valves,
i.e. three modules for a 6-pulse converter. The thyristor valves are sus-
pended from the ceiling and easily accessible for maintenance purposes.
The surge arresters across the valves are also included in the housings.

6.2 CONTROLLED SERIES CAPACITOR CON-
VERTER (CSCC)

A modification of the CCC configuration has been proposed [6] where the
series capacitor is re-located to be beyond the filter bus and in series with
the source impedance (Figure 6-4a). This arrangement can be considered as
an amalgamation of the CCC and LCC configurations, and the results
obtained from steady state and dynamic performances confirm this. The
advantage of this configuration is that the converter is a standard LCC.

In addition, the series capacitors can be controlled similar to a thyristor con-
trolled series compensation (TCSC) scheme (Figure 6-4b). This variant is
called the “Controlled Series Capacitor Converter” (CSCC).

6.3 COMPARISON OF CCC AND CSCC

A detailed steady state and dynamic performance comparison of the two
systems was carried out in [6].

6.3.1 Steady State Performance

For the purposes of comparison, the two systems shown in Figures 6-1 and
6-4 are connected to a 300 kV ac bus and provide equal amounts of reactive
power (116 MV Ar referred to the 300 kV bus) from the ac filters and with

the same value (22°) for the steady-state extinction angle of the valves at
rated conditions. The dc systems in either case are rated at 500 kV, 1.6 kA.
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Figure 6-4: Controlled Series Capacitor Converter Circuit

A. Extinction Angle Characteristics:

One advantage of these topologies is that the series capacitors assist in the
commutation process. Thus the apparent extinction angle viewed from the
300 kV ac bus bar can approach very small, or even negative values
depending on the size of the selected series capacitor. The apparent extinc-
tion angle 7, is the electrical angle corresponding to the time at which the

valve turns off to the positive zero crossing of the corresponding apparent
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commutation (line-line) voltage on the ac bus bar. The actual extinction
angle %,., is larger because the real commutation voltage is the sum of the

line-line ac bus bar voltage and the series capacitor voltages. The selected

operating point has a value for Yapp= 29, which corresponds to an actual yof

22°. The small value of },,, results in an improved power factor and dimin-
ishes the requirement for shunt reactive power compensation.

Because the voltage on the series capacitor actually increases with dc cur-
rent, the natural tendency for the extinction angle on an increase in dc cur-
rent is to increase. This is the converse of the situation for the conventional
converter in which an increase in dc current decreases ¥ thereby bringing
the converter closer to its commutation failure limit. This characteristic of
the CCC or CSCC options is very favorable particularly for long cables. In
these cases, a sudden lowering of inverter ac voltage, say due to a remote ac
fault results in a sudden increase in dc current. The current controller on the
rectifier has a negligible effect on this over-current which is primarily due
to a discharge of the cable capacitance. The probability of commutation
failure is reduced due to the natural tendency for yto increase with increas-
ing dc current.

Theoretical relationships found in [1,4] of the real extinction angle as a
function of dc current for the CCC and CSCC options are plotted (Figure 6-

5) assuming a control mode of constant J,,= 2°. It is noted that the extinc-

tion angle increases with dc current and that either option gives essentially
the same result.

50 4
Yeeal and ){W, f
40 1+
(degrees) Jrea (CSCO) ey
30 +
Yreat (CCC)
2T I—; rated current
10 +
o | |_’ Tapp
e S —>
0 1 2 3 I;(kA)

Figure 6-5: Comparison of actual and apparent extinction angles [6]
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B. Maximum Available Power:

Assuming the inverter to be in Constant Apparent Extinction Angle
(CAEA) control (¥,,= 29), a theoretically calculated plot of dc voltage ver-

sus dc current (Figure 6-6) shows that the dc voltage for both the CCC and
CSCC options has a much smaller slope as compared with the conventional
LCC case.

V,y(kV) 4 LCC
800 [~ —~
"H-\‘\

00 I=E5CC_ ~._ ccc
wo = [0 N
200 |~ Rated Voltage | \\

0 = Rated Cum&'ntl I| \

] 1 | ]

0 1 2 3 IL;kA)

Figure 6-6: DC voltage versus dc current for CEA control mode [6]

This gives a much larger value for Maximum Available Power (MAP) as

compared to a LCC (operated at a typical y=18°), as seen from the theoret-
ically calculated curves in Figure 6-7. If the dc system is operated in the
power-control mode, points on the power curve beyond the MAP point are
unstable. In fact, for the given system short circuit ratio, the rated operating
point would be past the stability limit of 1.5 kA (0.94 pu) for the conven-
tional option. This stability limit is increased to 2.35 kA (1.44 pu) and 2.2
kA (1.34 pu) with the CCC and CSCC options respectively.

C. Converter Valve Voltage Stress:

The valve voltages in the case of the CCC are higher than those for a con-
ventional bridge [1,4]. The converter itself is of the conventional type in the
CSCC option. However the steady state voltage on the converter (ac filter
bus) is higher (327 kV) than the rated voltage (300 kV) of the system bus. It
turns out that considering the transformer turns ratio, the final valve volt-
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ages with the CSCC option is the same as in the CCC option at rated condi-
tions. However, for operation with higher ac bus voltages, when the slightly
different tap changing regimes for the two options are taken into account,
the CCC option is seen to require a somewhat larger valve voltage rating.

1000 4- ccc
hcsck &) I I > A (2.35 kA)
800 |- 5 _ | [

P4 (MW) - | R T T esee
600 - &P , { | (2.2kA)
/." : I \

400 P : | |
'y 1 ‘ \
200 1= 47 Rated current 4—‘: | l\
0 (16kA) | f L ]
1 2 37 L kA)

Figure 6-7: Maximum Available Power versus I; for CEA control mode (6]

D. Harmonics and Filtering:

Since the ac filters are required only for harmonic elimination and not for
reactive power support, the MVAr rating of the filter is reduced to very
small values, which results in a very narrow passband. To keep the filter in
tune for frequency or component variations, one option is to have a continu-
ously tuned filter [4]; another option is to use active filters [11]. Unlike the
conventional case, neither option requires filter bank switching for varia-
tions in the load over the full range of operation which simplifies the
switchyard design. In this study, the filter MVAr rating is selected to be
about 15% of the rated dc power.

On account of the smaller overlap angles that results because of the addi-
tional commutation voltage provided by the capacitors, the dominant cur-

rent harmonics (11th and 13% generated in both options are typically higher
than that for the conventional dc installations. Table 6-1 shows the charac-
teristic converter current harmonic magnitude for the CCC and CSCC
options at the rated operating point. The CSCC appears to have a smaller
harmonic content when compared with the CCC option.
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Table 6-1: AC current harmonics [6]

Configuration Magnitude (A)

Harmonic # 11 13 23 25
CCcC 182.8 119.6 316 213
CSCC 166.3 110 9.4 9.0
LCC 140.9 102.0 18.0 14.2

6.3.2 Transient Performance

In this section, comparisons with respect to the performance under transient
conditions such as load rejections and ac system faults are discussed.

A. Load Rejection Over-voltages:

Due to the smaller reactive power demanded from the filter bus, both CCC
and CSCC options have considerably smaller load rejection over-voltage as
compared with a LCC. This is particularly so for a weak ac system in which
the equivalent impedance of the ac system is large [10]. For the test system,
studies indicate that the magnitude of the load rejection over-voltage for the
CCC and CSCC are approximately the same (1.17 pu), but are smaller than
the over-voltage for the LCC case (1.4 pu).

B. Three Phase AC Bus Fault:

Typical faults were applied to the two options -- the LCC and CCC -- in
order to evaluate the recovery performance of the two systems [12]. No spe-
cial controls were modeled in this exercise. Figure 6-8 shows (a) dc voltage,
(b) dc current and current order, and (c) inverter ac bus voltages for the LCC
and CCC options respectively.

The fault is applied at 0.05 ms into the run and has a 5 cycle duration. After
an initial over-current, the dc current is brought to zero due to the VDCL
action taken at the rectifier end. The nature of the recovery, i.e. peak over-
current, over-voltage and recovery is very different in both options.

The LCC option exhibits a slightly under-damped transient during the fault,
but has a smooth recovery. The CCC option is more damped during the fault
period, but has a small oscillation during the recovery. Both options restore
the power to 90% within 150 ms after fault clearing. It is noteworthy that
the CSCC option (not shown here) has a similar behavior as the CCC
option.
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Vg (Inverter) V4 (Inverter)

time (sec.) time (sec.)

ree (B) CCC

Figure 6-8: Three phase ac bus fault - LCC and CCC options [12]

C. Single Phase Remote AC Fault:

One of the shortcomings of the LCC when used in a long dc cable system is
that ac side voltage reductions can cause the dc cable to discharge, tran-
siently increasing the dc current in the inverter. The natural instantaneous
effect of a current increase is a loss of commutation margin and hence an
increased probability of commutation failure. The CCC and CSCC options
have the opposite tendency, in that the instantaneous response to a current
increase is an increase in the extinction angle.

In this case, the performances of the LCC and CCC options are compared
with the application of a remote ac fault. The dc system is modeled as a long
cable, which would discharge into the inverter because of the resulting
reduced ac voltage. The inherent characteristic of the converter of increas-
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ing v for increasing dc current allows the CCC option to operate success-
fully through the fault. The single phase fault is simulated by connecting an
impedance to the converter bus so as to reduce the Thevenin source voltage
by 20%. Results are shown in Figure 6-9.

The CCC option easily rides through the disturbance without suffering a
commutation failure with full power recovery within 200 ms. During the
fault, a second harmonic current is observed in the dc current; this is a char-
acteristic of an unbalanced fault of this type. The LCC option, however, suf-
fers a commutation failure and requires the assistance of the VDCL
protection to reduce the current order.

It is noteworthy that the CSCC option (not shown here) has a similar behav-
ior as the CCC option.

V¢ (Inverter) V4 (Inverter)
@ "M T
I4c (Inverter) & Ioger
T T T -
(b) 1?_L; ..... S RS RS
©
time (sec.) time (sec.)
(A) LCC (B) CCC

Figure 6-9: Single phase remote ac fault - LCC & CCC options [12]
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D. Valve Short Circuit Over-current:

For rectifier operation with the CCC option, the series capacitor signifi-
cantly reduces the valve short circuit current. In the CSCC option, the series
capacitor is not directly between the filter bus and the converter valves, and
consequently the short circuit current is larger than in the CCC option. Nev-
ertheless, as shown in Figure 6-10, the magnitude and duration of this cur-
rent is still smaller than that of the valve short circuit current in a
conventional converter.

The performance of the CCC and CSCC options is very similar for steady
state as well as transient operation. The maximum valve voltage and the ac
current harmonics for the CSCC option are lower than the CCC option. On
the other hand, the CCC option in rectifier operation exhibits a smaller
valve short circuit current.

A
kA
16 |
12 F » LCC
8 F » CSCC
» CCC
4 -
0 . ' >
25 35 45 55 Time (ms)

Figure 6-10: Valve short circuit currents [6]

6.4 GARABI INTERCONNECTION BETWEEN
ARGENTINA - BRAZIL

The first commercial installation of the CCC type was at the 1100 MW
Garabi back to back (BB) interconnection between the 500 kV systems of
Argentina and Brazil [13]. Since the Argentinian system is at 50 Hz while
the Brazilian system at 60 Hz, a BB frequency converter installation was
necessary. Furthermore, since the short circuit levels at the converters were
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low, a CCC option was selected to provide the enhanced stability for the ac
systems due to the forced commutated converters. A second interconnection
of another 1100 MW is under construction. A single line diagram and an
aerial view of the installation is shown in Figure 6-11.

5 MVAr AC Filer Bank 550 MW 12-Pulse Converter Block BS MVAr AC Filker Bank
[ L] £T0kV, WI0A " ...I

-

‘Spare Phase 4 E

Figure 6-11b: Aerial view of CCC at Garabi [13, 14 and ABB]
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The principal reasons for opting for the CCC option were:

*  Switchable shunt filter banks were not required and replaced by the
series capacitor bank to compensate for the reactive power,

* The CCC alternative provided a dynamically more stable operation
with the weak ac systems,

»  Since the series capacitor’s impedance is typically several times greater
than the transformer’s leakage impedance, it reduced the valve currents
during dc side short circuits allowing optimization of the transformer
and valves, and

*  The power factor, seen from the ac bus, could be kept close to unity, or
even become positive during certain operating ranges.

Since this installation provides a ground breaking departure from conven-
tional BB stations, some of its unique and innovative aspects are discussed
next.

6.4.1 Valve Stresses

Due to the higher impedance of the capacitor as compared to the leakage
impedance of the transformer, the short circuit currents are considerably
reduced (by a factor of between 2-3 times) in the CCC concept as compared
to the LCC. This allows the transformer and valve current ratings to be opti-
mized for lower cost.

On the other hand, the voltage across the commutation capacitor results in
higher peak voltages across the valves. The capacitors themselves need to
be protected from overvoltages by means of Zn0 varistors across them.

Since the series capacitor reduces the overlap angle due to compensation of
the leakage inductance of the transformer, switching voltage stresses and
losses are reduced.

6.4.2 AC Switchyard

The reactive power management of the CCC is far superior when compared
to a LCC. The elimination of the switches for reactive power compensation
equipment simplifies the design, layout and space requirements of the ac
switchyard. Since no ac breakers or disconnects, apart from the energizing
purposes (Figure 6-12) are needed, system reliability is improved.
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Figure 6-12: Special T-Circuit breakers used at Garabi Converter Station [ABB]

6.4.3 AC Filters

Since the reactive power requirements of the station are now mostly met by
the series capacitors, the filtering requirements can be uniquely met by the
ac filters. Typically, the ac filters of a CCC provide less than 15% of total
converter reactive power demand as compared to about 55% for a LCC.
This means that the ac filters need to be high performance units to optimize
the costs. Therefore, electronically controlled filters which are sharply
tuned (Q factor ~ 150, and therefore lower losses) can be used for the 11th
and 13® characteristic harmonics, which are the dominant harmonics for a
12-pulse converter. By contrast, conventional band pass filters have to be
equipped with damping resistors to give a broad characteristic to allow them

to perform within the frequency and component value variations (Figure 6-
13).
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Figure 6-13: Comparison of conventional Damped filter and ConTune filter

Since the CCC acts like a static compensator, giving smooth continuous
control of voltage and power flow, the minimum size of the ConTune filters
help to keep load rejection overvoltages within limits. Therefore, switching
banks are not needed.

The adjustable reactors of the filters are Continuously Tuned (hence the
trade name “ConTune”) by a dc current fed into a control winding mounted
perpendicular to the main winding (Figure 6-14) and coil arrangement.

Inductance
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{ (H)
Tac
(- 0.06 4+
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Figure 6-14: ConTune filter (a) structure and (b) linearity [15]
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The dc current in the control winding influences the magnetic flux in the
iron core. A stable control design is achieved due to the high linearity of the
rate of change of inductance with dc current, as shown in the figure.

The control loop (Figure 6-15) requires measurement of the ac bus voltage
and the filter current to derive the phase angle between them. The control
loop then controls the dc current to obtain zero phase shift between the har-
monic voltage and current.

VA =2s I

Converter

Amplifier

PT
Angle || Filter
|:| detection ’

Figure 6-15: Control circuit of ConTune filter

Since no physically moving parts (Figure 6-16) are required for changing
the inductance, the equipment enjoys high reliability and limited mainte-
nance requirements.

The filter reactor is the component that controls the tuning of the filter. The
reactor consists of four main parts: the coil, the insulating tube, the core and
the control winding. A small cooling fan is used to maintain a compact size
for the reactor.
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Figure 6-16: The ConTune static ac filter [ABB]

6.4.4 Thyristor Valves Modules

To minimize the cost of the valves and dc equipment, the dc current is kept
as high as possible within the thermal capabilities of the thyristor and cool-
ing system. This means that for a given dc power, the dc voltage can be
maintained low permitting a small air clearance requirement resulting in a
compact modular design for the valve housing.

The thyristor valves are air insulated at atmospheric pressure and installed
in modular valve housings. Each valve module contains either two or more
single valves, which implies up to 6 valve modules per 12 pulse converter.
The thyristor valves are suspended from the ceiling and are easily accessible
for maintenance purposes. The housing also contains the surge arresters
connected across the valves. (Figure 6-17).
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Figure 6-17: Thyristor Valves enclosed in containers at Garabi [ABB]

6.4.5 Modular Design Benefits

The modular design of the BB station results in saving of time and cost due
to following factors:

* No need for a valve hall, control and service buildings. Therefore, the
design and cost of the civil structure is kept to a minimum,

* Installation/commissioning time can be reduced considerably since
most of the assembly/testing work is performed at the factory,

* A standardized design of the equipment reduces the number of spare
parts required which facilitates storage and handling of spares, and

*  The modular converter station is compact enough to be fitted into an
existing right of way of a typically 400 kV ac line.
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6.5 CLOSING REMARKS

The cost of a CCC is presently more than a comparably rated LCC by a fac-
tor of about 25%. This cost differential is likely to decrease with time as the
cost of the valves will continue to decrease. However, the CCC offers fea-
tures that the LCC cannot. For this reason, the CCC offers an attractive
solution for inter-connecting weak ac systems, and for dc systems with a
long dc cable.
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Chapter 7

Static Compensators: STATCOM
Based On Chain-link Converters

7.1 INTRODUCTION

7.1.1 Static Var Compensator (SVC)

The SVC [1,2,3,4] has been used for reactive power compensation since the
mid 1970’s, firstly for arc furnace flicker compensation and then in power
transmission systems. One of the first 40 MVAr SVC was installed at the
Shannon Substation of the Minnesota Power and Light system in 1978. The
SVC results in the following benefits [9]:

*  Voltage support,
* Transient stability improvement, and

*  Power system oscillation damping.

Although many versions of SVC’s exist, the most common one (Figure 7-
la) usually employs (either thyristor or mechanically) switched capacitors
and thyristor controlled reactors (TCRs). With appropriate coordination of
the capacitor-switching and reactor-control (Figure 7-1b), the var output can
be varied continuously and rapidly between capacitive/inductive values. It
maintains the steady state and dynamic voltage at a bus within bounds, and
has some ability to control stability [9], but not much to control active
power flow. A detailed bibliography on SVC applications is found in [11].

In recent years, due to the development of GTOs, a new static compensator
has been offered by manufacturers. Older papers have referred to the GTO-
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based system as an “Advanced Static Var Compensator (ASVC)”. The func-
tional operation of this device is, however, more similar to that of a rotating
synchronous condenser, but without the slow response time and mechanical
inertia, and so it was briefly known as the “Static Synchronous Condenser”
(STATCON) [12,13]. However, current practice is to refer to these as STAT-
COMs - STATic COMpensators.

Transmission line Continuous pu Voltage | s
Capacitor _/ Continuous
ol Rating| — _/+ Inductor
e ' - : 7 [ Rating
+ ]C ]-‘4 v 7 Fixed
)} ! 7 v Inductor
| }_ }_ Fixed = le |
lIL Capncilor - i
T T T , Transient ,
Inductor Rating
I I -— . I i >
e c !L
(a) ®b)

Figure 7-1: Static Var Compensator (SVC)

The ASVC is superior to the conventional SVC for the following reasons:

* Reduction in outdoor area requirement, since it replaces the volumi-
nous capacitor/reactor banks associated with a conventional SVC,

*  Improved dynamic performance and enhanced stability due to its abil-
ity to increase transiently the VAR generation,

* Improved performance at low operating voltages down to about 0.15 pu
(limited only by transformer leakage), and

¢ Reduced need for ac filters.

The STATCOM generates a 3-phase voltage source with controllable ampli-
tude and phase angle behind a reactance. When the ac output voltage from
the inverter is higher (lower) than the bus voltage, the current flow is caused
to lead (lag), and the difference in the voltage amplitudes determines how
much current flows. This allows the control of reactive power.
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The STATCOM (Figure 7-2a) is implemented by a 6-pulse Voltage Source
Inverter (VSI) comprising GTO thyristors fed from a dc storage capacitor.
Multi-pulse circuit configurations are employed to reduce the harmonic
generation and to produce practically sinusoidal current. The V-I character-
istic of the STATCON is shown in Figure 7-2b. The STATCOM is able to
control its output current over the rated maximum capacitive or inductive
range independently of ac system voltage, in contrast to the SVC that varies
with the ac system voltage. Thus the STATCOM is more effective than the
SVC in providing voltage support and stability improvements.
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Capacitive ' Inductive
S8eeE Coupling transformer Rating oo Rating
" Miagnetic structure for muld-phase ') ST
g * operation _p Continunus"_"" ‘:_t
S Capacitive | _ ~ . -1 Continuous
| | | Rating ;. - = 1 Inductive
_q.._q. .‘.._l-_ - ] Rating
VSInverter| | begiiH | [VSInverter [: =1 "
L P !
1 e « ﬂ »
m Ie I
DC storage capacitor
(a) (b)

Figure 7-2: STATCOM

One difference between the STATCOM and the SVC is the performance at
the limits of equipment capability. The SVC characteristic is a function of
the voltage while the STATCOM can continue to produce capacitive current
independent of voltage. In addition, the output current can temporarily
exceed the steady-state rating. The amount and duration of the overload
capability is dependent upon the thermal capacity of the GTO heat sinks and
the minimum turn-off current of the GTO. With converter designs, the tran-
sient rating of the STATCOM is likely to vary from 120% to 180% of the
steady state rating. Studies on the comparison of performances of SVC and
STATCOM (Table 7-1) are the subject of an EPRI Project RP 3023-4.
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A STATCOM version, based on IGBT switches, which is capable of operat-
ing at switching frequencies up to 2 kHz has been developed. The core parts
of the plant, comprising of the IGBT valves, dc capacitors, control system
and the valve cooling system are fitted into a container with a footprint of
10x20 m. The outdoor equipment is limited to heat exchangers, air-cored
commutation reactors and the power transformer. A rating of + 100 MVAr
per converter is available; in case of increased rating, multiple units can be
operated in parallel. The modular design makes it easily re-locatable to
another site when desired to meet changing system needs. The response
time of this unit is very fast (about one-quarter cycle). As a result of its high
switching frequency, the plant can operate without harmonic filters, or may
only require a small high-pass filter. The risk for resonant conditions is
therefore negligible. Furthermore, the possibility of active filtering of har-
monics already present on the network makes this an attractive choice.

Table 7-1: Comparison between a STATCOM and SVC
# : STATCOM - svc - :

1 Acts as a voltage source behind a reac- | Acts as a variable susceptance
tance

2 | Insensitive to transmission system har- | Sensitive to transmission system harmonic reso-
monic resonance nance

3 Has a larger dynamic range Has a smaller dynamic range

4 | Lower generation of harmonics Higher generation of harmonics

5 Faster response (within ms) and better | Somewhat slower response
performance during transients

6 | Both inductive and capacitive regions of | Mostly capacitive region of operation
operation possible

7 | Can maintain a stable voltage even with | Has difficulty operating with a very weak ac
a very weak ac system system

8 Can be used for small amounts of energy
storage

9 | Temporary overload capability translates
into improved voltage stability

A new approach using another type of converter has been recently imple-
mented. The advantages of this approach are that it avoids the need for a
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complex transformer and does not rely on the series connection of GTOs to
develop higher voltage equipment. This new approach is described next.

7.2 THE CHAIN LINK CONVERTER

Each link of the Chain Link Converter (CLC) is formed of a four-arm
bridge converter and a capacitor (Figure 7-3).

AC
terminals

4 *9 o-—-—-9 *—>p

Figure 7-3: Single-phase chain circuit

Each arm is composed of a self-commutating GTO switch with a diode in
anti-parallel. A number of these bridges are connected in series to form one
phase of the CLC. A three phase converter would therefore be comprised of
three such chains connected in either star or delta configuration.

The total chain voltage is the sum of the individual link voltages. Each pair
of arms of the bridge operates as a two-way connection (Figure 7-4). At any
instant, a bridge arm can connect to either the positive or negative plate of
its capacitor. By suitable choice of the arm connections, each capacitor can
contribute either a positive, negative or zero voltage (bypass mode) to the
chain link voltage. In this fashion, the total chain, with N links connected in
series, can synthesize a waveform with (2N+1) levels.
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AC
Terminals

—>

Figure 7-4: Switch analogy of three link chain converter

To synthesize a good sinusoidal waveform with low harmonic content, a
multi-level approach is employed so that a different switching angle is used
for each link (Figure 7-5). The three individual link voltages are still three-
level waveforms, but they have different pulse widths, which combine to
give an effective seven-level waveform; this is achieved by switching each
GTO ‘on’ and ‘off” only once per cycle of fundamental frequency. The
switching angles &, &, and &; of the respective chain links are chosen so
that the summed voltage is a good approximation to a sine wave.

7.2.1 Chain Link Ratings

The chain link rating is defined by the ratings of the GTOs employed. Typi-
cal commercial devices have a peak voltage rating of 4.5 kV and a peak
turn-off current capability of 4 kA. In practice, de-rating of these values is
necessary to withstand switching transients and provide adequate safety
margins for the stresses encountered during faults and disturbances.
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Figure 7-5: Voltage waveforms for a 3-link (7 level) chain converter

The converter VAr rating is increased by the addition of more chain links in
series to raise the converter voltage; the current rating remains unaltered as
it is difficult to operate GTOs in parallel. Ratings of the order of = 100
MVAr or more in one 3-phase unit is possible using the same basic link
design as a building block.

Redundancy is designed into the chain circuit converter by adding an extra
link per phase; then in the event of a GTO failure, the affected chain link
operates continuously in the bypass mode, until the next planned mainte-
nance outage. Since all of the links in the chain are identical, the control
system adapts itself automatically to re-optimize the switching pattern on
the remaining links to minimize the generated harmonic voltage.
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7.2.2 Losses

Power losses are usually capitalized for evaluation and hence are an impor-
tant factor in determining the economic viability of specific SVC designs,
particularly in transmission systems. For all types of STATCOM the most
significant contributions to the total losses are incurred in the main trans-
former(s) and the power electronics equipment; the later includes the losses
associated with the GTO conduction, switching and the snubber circuit.

The chain circuit converter maintains losses to below 0.65% of MVA rating.
Switching losses are minimized by requiring only one switching operation
per GTO per cycle of fundamental frequency, and snubber circuit losses are
minimized by the use of a low loss design. Snubbers with energy recovery
are also feasible.

A general arrangement of a STATCOM in an EHV system is illustrated in
Figure 7-6. A stepdown transformer provides coupling from the EHV bus-
bars to the point of connection with the STATCOM. The connection reac-
tance X, can be typically 0.2 pu (based on nominal system voltage and rated
current) and can be an external reactor as shown, or in some cases could be
designed into the effective transformer reactance. There are no special
design requirements for the step-down transformer because the chain link
STATCOM draws very little harmonic current. Existing EHV transmission
transformer with tertiary windings of suitable rating could be used. An
optional fixed capacitor (or reactor) can be connected to the LV or HV bus-
bar to provide an economical extension to the range of the basic STATCOM
in the leading (or lagging) direction.

R —

- | reactor or

— :
(: z : L - - - - Capacitor
.

1%
AATIN—+ STATCOM
LV X, y x
bus I

Y

VT Control

EHV | D TVP

Figure 7-6: General arrangement of a STATCOM
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7.3 ADVANTAGES OF CHAIN CIRCUIT STATCOM

The CLC has the following advantages in comparison to other GTO based
circuit topologies and conventional thyristor SVCs [9]:

VAr rating can be increased simply by adding chain links in series, the
converter cost being in proportion to total rating,

CLCs are essentially single phase which offers the potential for ac sys-
tem phase balancing,

There is only one GTO turn-on and turn-off switching operation per
cycle, giving a low loss design,

Low loss snubber circuit and snubber energy recovery can be imple-
mented to minimize losses,

Redundancy against a chain link failure can be built-in,

Because chain links switch in sequence, the maximum instantaneous
voltage excursion of the converter waveform is approximately 2 kV.
Therefore, radio interference is minimized,

Only one transformer of conventional design is required to step down
from transmission voltage to the chosen STATCOM connection volt-
age,

Good harmonic performance can be achieved with small or no har-
monic filters. With a suitable choice of switching angles the generation
of low-order harmonics (particularly triplens) can be prevented during
unbalanced ac system conditions, which is impracticable with circuit
based on 3-phase bridges,

A fast response is inherent with STATCOM technology. The transient
performance is enhanced by the ability to instantaneously change the
output voltage by the independent control of the switching angle of
each chain link and by inserting or bypassing links,

The problem and limitations of the direct series connection of GTO’s
are avoided,

Due to its constant current characteristic, a chain link STATCOM can
operate down to low ac system voltage and maintain full rated leading
current to support the ac system during faults,
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e Space saving of around 50% relative to conventional thyristor-based
SVCs of the same rating, hence the STATCOM can be a relocatable
design,

¢ The reservoir capacitors in each link can be replaced with a battery or
other suitable energy storage component giving the equipment the
capability of providing real power compensation to the ac system,

¢ This could have application in frequency control, peak lopping,
replacement of spinning reserve and starting an unenergised ac system
(i.e. black start),

¢ A chain circuit STATCOM could be connected in series with each
phase of an ac system to provide a controllable positive or negative
reactance to control power flow. This could have application in the con-
trol of power flow in parallel circuits of an ac system, and

¢ The ability of the STATCOM converter to control self-generated har-
monics could be utilized to control pre-existing harmonics on ac sys-
tems. This would give the converter an active filtering capability up to
the rating of the equipment.

7.4 DESIGN FOR PRODUCTION

The first installation of a CLC based STATCOM entered service in 1999
and was the = 75 MVAr STATCOM ordered by the National Grid Company
(Figure 7-7) as part of a 0-225 MV Ar relocatable SVC for initial installation
at its East Claydon substation [10].

This ensures that the STATCOM operates at a low current in the float region
0-30 MVAr, to give less than 0.1% losses and consequently only a small
value of loss capitalization.

The TSC was selected to provide the additional SVC capacitive output
when more than about 100 MVAr is required. To avoid discontinuity in the
characteristics or any tendency for the controls to hunt near to the TSC
switching point, the TSC rating is less than the dynamic range of the STAT-
COM. When the TSC is switched off, the SVC has an inductive range,
which can contribute to temporary system needs under disturbed conditions.

The total site area for the SVC equipment was 35x40 m?. Transportable
cabins accommodate the indoor-type equipment and all other equipment is
designed for straightforward mounting and connection, using skids to group
items together for ease of transport.
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Figure 7-7: NGC East Claydon STATCOM based SVC
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Chapter 8

HVDC Systems Using Voltage
Source Converters

8.1 INTRODUCTION

Traditional HVDC transmission used current source converters with line-
commutated thyristor switches. The dual voltage source converters could
not be used until the early 1990s due to the lack of commercially available
self-commutating switches (i.e. GTOs and IGBTs). The availability, first, of
commercially available high power GTO switches and then, secondly, of
IGBT switches changed the scene. The use of VSC has taken off in the past
10 years, and new applications are being announced frequently. However,
due to the higher cost of a VSC compared to a CSC on a per kW basis, the
VSC applications are reserved for niche applications which could not be
served by CSCs. As the cost of VSCs comes down, the number and variety
of applications will increase due to the increased benefits offered by such
converters. A comparison between CSCs and VSCs is made in Table 8-1.

Two prominent manufacturers refer to the new technology of dc transmis-
sion using VSCs by commercial trade names such as HVYDC Light [1] and

HVDCFPLUS (the “plus” stands for Power Link Universal Systems) [3]. The
recent interest in this new technology has grown due to a number of factors.

Deregulation in the electric power industry, coupled with continued load
growth and the difficulty of obtaining RoWs for new transmission lines,
implies that existing transmission system assets be utilized efficiently and
closer to their thermal limits. As the existing ac lines are loaded nearer to
their thermal limits, losses will increase, power quality will deteriorate and
network stability will be negatively impacted. This will necessitate modifi-

cations of existing transmission assets to increase power density on existinﬁ
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RoWs. An approach using dc transmission based on VSCs has the potential
to aid in the solution to these anticipated problems. The advantages of this
alternative approach are:

The VSCs provide an independent control of both active and reactive
power. This feature is very attractive in a city centre (with a significant
number of underground ac cables) where reactive power control is both
complicated and expensive to implement,

Compact, modular, standardized construction of the convertor permits a
factory-tested station which can be rapidly installed/commissioned on
site. Furthermore, the station size can be expanded in a staggered man-
ner to suit the system growth, and

The new XLPE (Cross Linked Poly-Ethylene) extruded polymer dc
cables can fit into existing ac cable ducts or RoWs and can provide
almost a 50% power transfer capacity increase at the same time.

Table 8-1: Comparison of current-source versus voltage-source

converters

~ Current Source Converters | . Vb]ﬁée_Soﬁ;g Convertm
Uses inductor L for dc side energy storage Uses capacitor C for dc side energy storage
Uses capacitor C for ac side energy storage Uses inductor L for ac side energy storage
Maintains constant dc current Maintains constant dc voltage
Fast accurate control Slower control
Higher losses More efficient
Larger than 300 MW Less than 300 MW
More fault tolerant and more reliable Less fault tolerant and less reliable
Simpler controls Complexity of control system is increased
Not easily expandable in series Easily expanded in parallel for increased rating

8.2 BASIC ELEMENTS OF HVDC USING VSCs

The approach is being pushed by advances in two basic technologies:

.

Voltage Source Converters, and

XLPE cables for HVDC transmission.
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8.2.1 Voltage Source Converters

With present day IGBT high-power switches, the VSC rating can be
extended to about £150 kV, 300 MW in a bipolar link. Furthermore, the
VSC permits connection to weak or even dead networks.

The control method is based on pulse width modulation (PWM) techniques
which enables the flexible and independent control of both active and reac-
tive power and the ability to limit the generation of low-order harmonics.
This provides for a high level of power quality.

The VSC is of a compact, modular design which is pre-assembled in a con-
tainer and is completely tested in a factory. The container can be re-located
to a site and connected to the system for rapid, cost-effective installation
and commissioning. Since the design is modular, the installation can be
planned in stages to accommodate future load growth.

8.2.2 The XLPE Cables

In ac transmission, cable technology has changed from paper insulated
cables to XLPE (Cross Linked Poly-Ethylene) polymer extruded cables.
However, the use of extruded cables for dc was delayed for many years due
to two reasons:

* The existence of space charges in the insulation leading to uncontrolled
local high electric fields causing dielectric breakdowns, and

¢+ Uneven stress distribution due to temperature dependent resistivity
causing over stress in the outer part of the insulation.

These problems have now been resolved resulting in new dc cables which
have an insulation of extruded polymer. The insulation system is triple
extruded, i.e. the conductor screen, the insulation and the insulation screen
are all extruded simultaneously. The insulation provides a robust construc-
tion. Hence the cable is easy to handle and install in the following applica-
tions:

*  Directly ploughed underground,
* Insulated aerial, and

¢  Severe submarine locations (deep water and a rough sea-bed).
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These new XLPE cables now replace the older paper insulated cables, Low
Pressure Oil Filled (LPOF) cables or Mass Impregnated Non Draining
(MIND) cables which were previously used for HVDC transmission. The
LPOF cables needed auxiliary equipment to maintain the oil pressure, could
not be easily installed and had environmental oil spill concerns associated
with them. The MIND cables had limitations in their operating conductor
temperature. Furthermore, paper insulated cables were not feasible for
aerial applications because of their sensitivity to repeated bending.

8.2.2.1 Comparing AC-DC Cables

When compared to ac cables, dc cables are preferred for power transmission
as they provide a longer lifetime than ac cables due to the charging current
requirement. Furthermore, ac cables cannot be used for a distance of over
50 kms due to charging current requirements. The new dc cables have suc-
cessfully passed the 20 kV/mm stress lifetime and type tests. Magnetic
fields are eliminated since the dc cables are laid in pairs for bipolar opera-
tion with anti-parallel dc currents.

8.3 VOLTAGE SOURCE CONVERTER

A VSC is composed of a 6-pulse bridge equipped with self-commutating
switches (either GTOs or IGBTs) and diodes connected in anti-parallel (Fig-
ure 8-1). To achieve the required rating, a number of switches are connected
in series to build one valve. GTO valves allow higher currents but lower dc
voltage than comparable IGBT valves.

T T

Figure 8-1: Voltage Source Converter bridge
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For longer distance transmission, since it is desirable to maintain a high
transmission voltage to reduce losses, IGBT valves are preferred to GTO
valves for such applications. With the present-day technology, IGBT valves
can block up to 150 kV. A VSC equipped with such valves can carry up to
1000 A (rms) ac line current. This results in a designed power rating of
approximately 150 MVA per VSC. Thus, a bipolar system can easily be
built up to handle power levels of about 300 MW. At the lower end of the
scale, an economical design can be built for just a few MWs.

In fact, one of the first installations of this technology was the test transmis-
sion at Hellsjon in March 1997 where a 3 MW, =10 kV, dc transmission
over a distance of 10 km using a dc cable was implemented. Some of the
other recent installations of this technology are shown in Table 8-2.

8.3.1 Operating Principles Of A VSC

The basic operating principle of a VSC is shown in Figure 8-2. Its function
is to convert the dc voltage of the storage capacitor into an ac current. The
polarity of the dc voltage of the converter is defined by the polarity of the
diode bridge. The VSC valves can be switched on at any time by appropri-
ate gate voltages. However, if one valve is switched on, then its comple-
mentary valve must have been switched off previously to prevent a short
circuit of the storage capacitor. Alternate switching of the valves connected
to one phase module successively connect the ac terminal of the VSC to
either the positive or negative plates of the dc capacitor. This results in a
square wave ac voltage comprising two voltage levels: +V;/2 and -V /2.

Such a VSC is therefore referred to as a 2-level converter [3].

|
:

Figure 8-2: Principle of VSC
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Table 8-2: Installed HVDC projects based on VSCs

' ' St : ' : e e | Mosels | CrossSound | Murray

. Scheme ~ Hallsjon | Hagf = ors | Gotland Directlink 'I)aerebog. EaglePass | Shiverie Cable Link
Commissioning | 1997 1999 1999 2000 2000 2000 2000 2001 2002
Year
Power Transmit- | 3 NA 50 180 7.2 36 MW NA 330 200 MW
ted, MW
Direct Voltage, | =10 NA +80 +80 +9 +159kV NA =150 +150kV
kv
Converters 1 1 1 3 1 1 dual or 1 single 1 1
per station 2 single
Direct Current, | 150 NA 360 375 358 1130 NA 1200 -
Reactive power |=3 +22 +30 =75 -3/ +4 +36 0-38 +75 +140/-150
supply, MVar controllable MVAr
Converter sta- Hallsjon, Hagfors, Nas, Terranora, Enge, Eagle Pass, Trier, New Haven, Bermri,
tion locationand | 10kV, 50 Hz |36kV,50 |77kV,50Hz | 110kV 10.5 kV, 50 138kV,60Hz |20kV,50 345kV,60Hz | 132kV
AC grid Grangesberg, | Hz Backs, Mul- Hz Intertie USA & | Hz Shoreham, Red,

10kV, 50 Hz 77 kV, 50 Hz | lumbimby Tjaereborg Mexico 60 Hz 138kV,60Hz |220kV
132kV, 50 Hz | 10,5 kV, 50
Hz

Cable Length 0.2 NA 70 65 44 0 (B-B) NA 40 km 180 km
km
AC grids at both | Synchronous Synchronous | Asynchro- Normally 138 kV NA Synchronous | Asynchro-
ends nous synchronous | Asynchronous nous
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Recent practices have extended the principle to multi-level converters by
the use of capacitors and diodes to increase the number of levels and clamp
the voltages for the different levels. This provides for improved waveform
quality. As an example, a 3-level converter is shown in Figure 8-3 and its
principle of operation is shown in Figure 8-4.

Ny N
—> Bt

=

g

Figure 8-3: Multi-level converter

The 3-level converter comprises of 4 valves in one arm of the converter.
The switching rule is that only two valves that are directly connected can be
switched ON at any one time i.e. S1 & S2, or S2 & S3, or S3 & S4. Switch-
ing on S1 & S2 connects the ac terminal AC to the positive terminal P, S2 &
S3 connects to the Mid-Point (MP) terminal via the clamping diodes, S3 &
S4 connects to the negative terminal N of the dc system (Table 8-3). Thus,
the resulting voltage on the ac terminal comprises three voltage levels
instead of two, as in the case of the 2-level converter.
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Figure 8-4: Principle of the 3-level converter

Table 8-3: Switching rule for 3-level converter

Switches ON AC Output ! Level
S1 and S2 AC terminal connects to terminal P Level 1 =Vy./2
S2 and S3 AC terminal connects to terminal MP Level 2 = zero
83 and S4 AC terminal connects to terminal N Level 3=-V,/2

A 3-level converter provides a significantly better output waveform quality
as far as the Total Harmonic Distortion (THD) voltage is concerned. How-
ever, the more complex converter design results in a larger footprint and
higher costs making the 2-level converter technology the preferred solution
for the moment.

8.3.1.1 Design Of Control Systems

By using Pulse Width Modulation (PWM) techniques with a high switching
frequency in the 1-2 kHz range, the wave shape of the converter ac voltage
output can be controlled to be almost sinusoidal with the aid of a small high
frequency filter. Furthermore, since the generated output voltage can be vir-
tually at any angle and amplitude with respect to the bus voltage, it is possi-
ble to control independently both the active and reactive power flow.
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The VSC acts a motor/generator with almost no inertia and therefore, it can
control active/reactive power almost instantaneously. Also, since it has vir-
tually no inertia, it does not contribute to the short circuit current.

8.3.2 Design Considerations

8.3.2.1 Steady State Characteristics [3]

Figure 8-5a shows a simplified single line diagram to calculate the funda-
mental load flow between the ac system and the converter. The ac system as
well as the converter are considered as voltage sources. These voltage
sources are connected via the transformer, represented as an ideal trans-
former and a leakage impedance. While the magnitude and phase angle of

the ac system voltage Vy is determined by the load flow of the ac system,
the magnitude and phase angle of the converter voltage V,,,, can be varied
by the converter control. According to Kirchhoff’s law, controlling V,,,, rel-
atively to Vyy results in a corresponding voltage AV across the transformer

leakage impedance Xy Neglecting losses, the current / through Xy lags AV

by 90°%l. As a consequence, controlling V,,, determines the current /.

Figure 8-5b shows the relations between voltages and currents for an oper-
ating point as an example. The current / can be split up regarding V’y into
one component that is in parallel and into another component that is in
quadrature.

{Im}y
I
| 3 “IN“' Vﬂm
| ol
A ol
Iy [\ Vn- {Re}
o o

(b)

Figure 8-5: (a) Equivalent circuit and (b) phasor diagram to calculate fundamental
load flow between VSC and ac system
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The active and reactive power exchange as seen from the ac system termi-
nals of the transformer can be calculated according to the following formu-
las:

2 2
N N
pN = 5 Asin(a) and ay = T(l —(A+cos(a))) (8-1)
with
VN=—“VN ?pN=P—N gy = 2 e, = xpoht o, - Leon
Vin Sor NSy F T2, VN
Vi present magnitude of the ac system voltage
Van:  magnitude of the ac system nominal voltage
Veon:  Present magnitude of the converter ac voltage
PN present active power exchange as seen from the ac system
qn: present reactive power exchange as seen from the ac system

Spri rated apparent power of the transformer

Considering a certain ac system voltage Vj, the operating range of a VSC
station regarding active and reactive power can be visualized using a PQ-
diagram as shown in Figure 8-6. Keeping the angle & constant while vary-
ing Aresults in straight lines as shown for @, and ,,;,. Keeping A con-
stant while varying o results in concentric circles as shown for 4 = A,,,,
1.0 and A,,;,. The power rating of the station is marked by the circle IpN +
jgN! = 1.0 pu. Adjusting the parameters A and & accordingly, the VSC can
operate at any operating point on the circle area continuously. It can there-
fore control active and reactive power exchange independently from each
other. If there is no active power transfer required, a station still can serve as
a STATCOM providing capacitive or inductive power support to the ac sys-
tem it is connected to.
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Inductive 4 9w [pul

Va=1.0 pu
j'min =1-64
lpy +Jjan = 1.0
< >
w0 pn [pu]
Apce =148,
Cnin

Capacitivew-qy [pu]

Figure 8-6: PQ diagram for the VSC {3]

8.4 APPLICATIONS

Some areas where the VSC technology will be useful are:
¢ Inenvironmentally sensitive locations, i.e. city centres,

¢ Infeed of small scale generation, i.e. wind or other new generation sys-
tems,

»  Power supply to remote loads (i.e. islands with dead loads), and
*  Asynchronous inter-connections i.e. Directlink.

Examples of some pioneering applications using this technology are pro-
vided next.

8.4.1 In Environmentally Sensitive Locations, i.e. City
Centres

Adding new transmission capacity by ac lines into city centres is costly and
in many cases the permits for new ROWs are difficult to get. A dc cable
needs less space than an ac overhead line and can carry more power than an
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ac cable and is therefore, many times the only practical solution, should the
city centre need more power [1].

The output from a VSC converter always has the same polarity. This makes
it easy to use a building block in a multiterminal system. To a dc bus with
fixed polarity, any number of VSC converters, and by that a meshed dc sys-
tem with the same topology as an ac system can be built (Figure 8-7).

I i N i I I
AC AC AC
DC DC DC
DC Bus
DC DC
AC AC
| ‘ ’AC-4 AC-5

Figure 8-7: Muiti-Terminal HVDC system for city centres [1]

The implementation of a dc distribution system for city centres is still await-
ing further developments in equipments such as electronic transformers and
current limiting devices to maximize flexibility and optimize the utilization
of fixed assets.

8.4.2 Infeeds Of Small Scale Renewable

DC technology is advantageous for feeding power from other small scale
generations to a main ac grid. It can be used for photo voltaic power trans-
mission, small hydro schemes or for power from off-shore gas turbine gen-
erators to the ac grid via submarine dc cables (Figure 8-8). One advantage
with dc transmission is that generators are free to operate at a different fre-
quency than the network or even at variable frequency.
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ACl—
PV — AC-1
DC \—

(a) Photo voltaic system connected to ac grid

AC-1
AC ACH—

GEN —— AC-2
DC DC N\
(b) Wind or small scale hydro generation connected to ac grid

Figure 8-8: Small scale generations to a main ac grid

8.4.3 Power From Wind Farms

Small scale, environmentally friendly, wind power generation systems are
often located in areas far away from the main ac grid. Such schemes are
often built as a group of a few units in a farm. A growing wind farm, or an
area with several wind farms, often represents a real challenge to network
planning and operation. A growing generation complex needs a flexible,
and yet cost effective infeed to the main grid. It also needs an efficient
means of controlling the ac voltage, the reactive power production, and sta-
bility of the grid with a growing percentage of highly variable wind power
generation.

Although wind power is very complex form of generation, dc technology
based on VSCs is highly suitable as a transmission link from wind farms to
the main ac grid. The technology is flexible, i.e. it can be easily expanded
by adding new units when the wind farms are expanded. Its ability to con-
trol the production of reactive power for the generator, independently of the
transmission of active power, adds considerable stability margins to the ac
grid even during highly variable generating and loading conditions. In addi-
tion, dc technology has the ability to eliminate voltage flicker due to wind
turbulence, including the flicker caused by tower shadow.
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Through control of the wind turbine bus frequency, the wind turbine rotor
speed can be changed to match the needs of the ac grid. For instance, the
power infeed can be reduced to a level below the maximum available pro-
duction or, during low wind conditions, the active power from the wind
power units can be increased for transient support of the ac grid.

There are several ways to connect one or more wind farms to an ac grid
with dc technology. On the generating side, one converter station can be
directly connected to the transformers of the individual units, see Figure 8-
0.

= AC +*10kV DC O
O e Ac
£

Figure 8-9: One the generation side, one converter station can be directly connected to
the transformer of the individual generator units

Large wind farms can also be divided into groups directly connected to sep-
arate converters. A medium voltage dc grid then feeds the power to the
main dc transmission station, which is operated in dc/dc mode, as shown in
Figure 8-10.

The control strategies can include several or all of the following options:
Control of the wind turbine bus voltage and frequency as well as voltage or
reactive power control at the common connection point to the ac grid.
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Figure 8-10: A medium voltage dc grid feeds the power to the main d¢ transmission
station, which is operated in dc/dc mode

8.4.4 Increasing Capacity on existing RoW
*  Converting ac to dc

Previously, to increase power transmission capacity ac lines were rein-

forced by re-conductoring and voltage upgrades. In the future, the exist-
ing ac lines could be converted to dc transmission which would increase
capacity by some 50%. The costs of conversion would include the two

converter stations and the replacement of ac insulators.

* Adding capacity with dc cables

Since dc cables can carry more power than ac cables, it would be more
efficient to use them for the limited cable ducts into city centres and
thereby increasing the power density. The robustness of the new dc
cables would also facilitate the installation process.
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*  Control of power flow

This would be possible by having an ac-dc system in parallel, where the
dc system would assist in damping and stabilizing the ac system.

8.4.5 Improved Reliability Of City Centres

*  Sharing of generation system reserves, and

*  Overcoming limitations due to voltage stability.

8.5 TJAEREBORG WINDPOWER PROJECT IN
DENMARK

A commission with members from the Danish Ministry of Energy, The
National Forest, Nature Agency and the power industry has proposed the
installation of 4,000 MW off-shore wind power, 2,250 MW before the year
2015 and an additional 1,750 MW before the year 2030.

The Danish utilities and transmission companies actively support the Gov-
ernment’s strategy for more wind power. They have decided to install the
first of five off-shore wind farms, each of 150 MW - in total 750 MW,
before year 2007. Integration of such massive amounts of wind power is a
major challenge to the power industry. One of the big issues is how to col-
lect the wind power and feed it into the ac grid.

8.5.1 Description Of The Project

Eltra is the Independent System Operator and the Transmission Company in
western Denmark. In 1998 Eltra decided to investigate the use of the new dc
technology based on VSCs for connection of wind power to Eltra’s trans-
mission grid.

The purpose of the Tjaereborg (close to Esbjerg) project is to test and dem-
onstrate on a small scale the application of this new technology for connec-
tion of large-scale off-shore wind farms greater than 100 MW and with
distances above 50 km from the coastline. The project was released and
started in March 1999 and was taken over for tests and demonstration in
December 2000.

The Tjaereborg wind farm consists of 4 wind turbines of different types and
makes (Figure 8-11), with a total generation of 6.5 MW. The de-cable is laid
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in parallel with the existing ac cable, which make it possible to operate the
wind farm in three different operational modes:

*  Via the ac cable only,

*  Viathe dc cable only, or

*  Viathe dc and ac cables in parallel.

10.5kV

4 Generators

8 MVA

AC
DC

8 MVA

10.5kV

+9kV

DC

72 MW

AC

Tjaereborg Enge

Tjaereborg Substation

Figure 8-11: Single line diagram of Tjaereborg Substation

Operation of the wind farm in these 3 different modes makes the demonstra-
tion project suitable for a comparative investigation of the various operation

modes.

With a dc feeder there are no critical cable lengths and therefore, no techni-
cal limits for how far from the coastline an off-shore wind farm can be
located. Also, the frequency in the wind farm is decoupled from the network
frequency and voltage, making it possible to vary frequency and voltage in
the wind farm continuously and independently of the transmission grid.

8.5.2 Main Data

Rated power
Switching frequency
DC voltage

DC current

8 MVA/7.2 MW
1950 Hz

+9kV
358 A
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AC - network 10.5kV
Converter

Converter type 2 level VSC

Valve Series connected IGBT
DC Cable

Aluminium conductor 240 mm?

Diameter 34 mm

Weight 1.6 kg/m

Length 2x 4.3 km

8.5.3 Operational Regime Of The Voltage Source Con-
verter

The VSC can operate in all four quadrants of the PQ plane. It can operate as
a rectifier or an inverter at variable frequency and at the same time absorb or
supply reactive power to the ac network. A dc transmission with VSC is
particularly suitable for connection of wind farms with induction genera-
tors, since the VSC can both collect the active wind power and at the same
time supply reactive power to the induction generators.

8.5.4 Power Quality

* The ac side is provided with two filters tuned for the switching fre-
quency and its harmonics,

* The Total Harmonic Distortion (THD) is less than 5% and each of the
individual harmonics is less than 1%, and

*  Telephone Interference Factor (TIF) is better that 50.

8.5.5 Control System

The control system used is a microprocessor based system. The design
enables a very compact control system, and is built in a modular way to
allow easy adaptation of additional control functions in the future. The con-
trol system has an open architecture and uses state of the art technology
with industrial standard local area networks and serial communication bus-
ies. The control functions are implemented in one computer in the control
cubicle and this cubicle is then duplicated to create a fully redundant system
with high reliability.
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Special features:

*  Variable frequency operations within the frequency range 30-65 Hz in
isolated operation mode,

*  The converter can continuously regulate both the frequency and voltage
in the isolated network operation, i.e. only the dc feeder is switched in,

¢ Automatic switchover between the ac feeder and the dc feeders for
flexibility.

8.5.6 DC Cable

The cable insulation is made of an extruded polymer that is particularly
resistant to dc voltage. Polymeric cables are a preferred choice, mainly
because of their excellent mechanical strength, flexibility and low weight.
The cables are ploughed into the ground by a tractor equipped with a cable
plough. This makes installation fast, economical and will also meet environ-
mental demands.

8.5.7 Building

All equipment is housed in a building with wood/steel panel walls and steel
roofing which reduces the audible noise and the electromagnetic emission
levels. The building is designed to blend into its surroundings.

8.5.8 Performed Tests On Site

¢  Start/stop of wind turbines at low and high wind velocity,
*  Isolate operation by disconnecting the ac network at the sending end,
¢ Parallel operation of ac-dc link, and

e  Varying frequency output from the converter in the wind farm.

8.5.9 Advantages

The following characteristics of the dc transmission based on VSCs make it
a preferred solution for infeed of wind power in power systems:

¢ Variable frequency operation for optimizing power from the wind mills,
¢ Control of reactive power/ac voltage at point of in feed,
*  Providing reactive power to the generators, and
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*  Use of variable frequency for spinning reserve.

8.6 POWER SUPPLY TO REMOTE LOCATIONS (i.e.
ISLANDS)

Since the grid connection is often just too expensive for a remote load such
as an island, power supply is often provided by a diesel generating plant.
Such plants suffer from the following drawbacks:

*  Environmentally unfriendly,
*  Maintenance costs are high,
*  Expensive transportation of diesel fuel to the remote location, and

*  Noise pollution can be a problem if the plant is located close to commu-
nities.

A low-power dc transmission based on VSCs can often provide an efficient,
environmentally friendly and stable power source to the remote location via
dc cables. The environmental advantages are obvious, but there are other
economical and technical benefits too. The maintenance cost of a dc trans-
mission system are very low. Furthermore, since the dc system does not
contribute to the fault current in the remote network, it puts lower demands
on most of the breakers and may even eliminate the need for some of them.

8.6.1 The Gotland Island System

Gotland is an island situated in the Baltic Sea, some 90 km east of the
Swedish mainland. The push for renewable forms of energy has brought
wind power mills into focus on southern Gotland with need for additional
transmission capacity, as well as for a better means to maintain a good
power quality. It is a known fact that wind power mills are subjected to vari-
able operating conditions which result in flicker and in variations of active
and reactive power.

In 1997, the utility on Gotland installed a 50 MW dc link based on VSCs
(Figure 8-12) located at the terminal stations of Visby and Nasudden (some
70 km south of Visby). The converter equipment was contained in compact
container modules (Figure 8-13) which were factory tested. This led to a
low-cost, environmentally friendly solution to the bipolar dc link which
does not require electrodes. Two extruded cables (diameter 43 mm, 2 kg/m,
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aluminium conductor 340 mm?) at + 80 kV, ploughed into the ground close
to each other, are used to connect the two terminal stations.

The dc link gives provides control characteristics for the converters to man-
age the power transfer, improve the voltage and maintain the frequency in
the connected stations and thereby controlling the windmill generated
flicker.

This flexibility and control options were the main reasons for the choice of
dc transmission based on VSCs for Gotland. The power from a rapidly
growing complex of wind farms on the southern part of the island is trans-
mitted to the main load areas in the northern parts of the island by dc cables.
The cables run in parallel to an existing ac line.

il

X Backs

75kV

65 MVA E

+80 kV
50 MW

DC
A

C
gokv ¢ Nasl

10 kV
75 kV © O Wind
_@_O Generators
¢ ' 30 kV

To Hemse To Nas 2

65 MVA

Figure 8-12: Single line diagram of Gotland dc transmission project
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Figure 8-13: Aerial view of the Gotland dc transmission project [ABB]

8.7 ASYNCHRONOUS INTER-CONNECTIONS

8.7.1 Directlink Project - New South Wales And Queen-
sland

Directlink is a 180 MW dc transmission system based on VSCs that links
the regional electricity markets of New South Wales and Queensland, Aus-
tralia for the first time. The link eases the current pressure on Queensland’s
overtaxed electricity supply system. While this contribution is relatively
small in the context of Queenland’s total power demand, it helps overcome
supply shortfalls during periods of peak load. It also boosts supply services
to the Tweed Heads region of N.S.W. Directlink is a non-regulated project,
operating as a generator by delivering energy to the highest valued regional
market. By directly participating in the spot market Directlink earns a mar-
ket-based return for its owners. That return could include substantial reve-
nues during periods of scarcity in either Queensland or New South Wales,
when the market clearing prices rise.
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8.7.2 Main System Components
The Directlink transmission system is composed of:

*  Converter stations located in Terranora and Mullumbimby. Each station
is rated at 195 MVA and consists of three independent 65 MVA con-
verters (Figures 8-14 and 8-15). Other technical data is provided in the
figures, and

* A total of 354 km of XLPE cables have been installed to connect the
two converter stations. Two cables are used for each pair of converters
using already existing rights of way for its entire 59 km route.
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132 kV 65 MVA 65 MVA 110 kV
70 MVA AC AC 70 MVA
- +80 kV
DC C
65 MVA 65 MVA
70 MVA AC AC 70 MVA
—x—@+ 80 kV
DC DC
65 MVA 65 MVA
70 MVA AC AC 70 MVA
= 80 kV () e
DC < > DC
Mullumbimby 3 x 60 MW Terranora
+80kV,342 A
System Data:
Transformers
Rated power 70 MVA
Turns Ratios 132/78.5 and 110/78.5
HVDC Cables
Cross section 1x630 mm2, Aluminium
Outer diameter 52 mm
Weight 3.3 kg/m
Length 6x59 km
AC Filters (per converter)
39 ™ harmonic 1 branch
78 t harmonic 1 branch
IGBT Valves
Valve type 2-level
Cooling system Water
IGBT type 2.5 kV/500A

Figure 8-14: Directlink project in Australia
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Figure 8-15: One of the Directlink converter stations [ABB]

8.7.3 Control System

The VSC terminals act independently to provide ancillary services (such as
VAR support) in the networks to which Directlink connects. The flow of
energy over HVDC Light facilities can be precisely defined and controlled,
thereby meeting NECA’s Safe Harbour Provisions. The ability to control
power flow over the facility also means that the capacity rights required for
fully commercial networks service are readily defined. The control system
used is a modern digital microprocessor based system which is user-friendly
and includes control features such as:

e Active and reactive power control,
+ DC and ac voltage control, and

*  Power quality control.
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8.8 CONCLUDING REMARKS

The past decade has seen the application of dc transmission technology to a
new niche market due to the advances in fast high-power, high voltage
switches and dc cable technology. The global tendencies and interests in
reducing green house gas emissions has led to developments in renewable
energy sources such as solar and wind power generation. This market is still
growing in importance. The combined impact of market-pull and technol-
ogy-push will lead to further developments in coming years.
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Active Filters

9.1 INTRODUCTION

Power conversion by virtue of its basic role produces harmonics due to the
slicing of either voltages or currents. To a large extent the pollution in the
utility supply and the deterioration of the power quality has been generated
or created by non-linear converters. It is therefore ironic that power convert-
ers should now be used to clean up the pollution that they helped to create in
the first place.

In a utility system, it is desirable to prevent harmonic currents (which result
in EMI and resonance problems) and limit reactive power flows (which
result in transmission losses).

Traditionally, shunt passive filters, comprised of tuned LC elements and
capacitor banks, were used to filter the harmonics and to compensate for
reactive current due to non-linear loads. However, in practical applications
these methods have many disadvantages.

In the last two decades, considerable progress has been made in the field of
Active Filters (AFs). AFs are inverter circuits, comprising of active devices
i.e. semiconductor switches that can be controlled so as to act as harmonic
current or voltage generators. Different topologies and control techniques
have been proposed for their implementation. AFs are superior to passive
filters in terms of filtering characteristics and improve the system stability
by removing resonance related problems.

With remarkable progress in the speed and capacity of semiconductor
power switching devices (i.e. GTO thyristors and IGBTs), AFs composed of
voltage or current source inverters are being put to practical use, because
they have the ability to overcome the disadvantages inherent in passive fil-
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ters. Moreover, AFs act as “harmonic eliminators” rather than “harmonic
attenuators”, thus improving filtering characteristics.

In 1976, L. Gyugyi and E. C. Strycula [2] presented a family of shunt and
series AFs, and established the concept of AFs consisting of PWM inverters
using power transistors. However, these AFs could not be realized in real
power systems because high-power high-speed switching devices were
unavailable in the 1970’s.

The work laid down the fundamental principles in the application of AFs.
Later research evolves around the same fundamental concepts, but advanc-
ing towards newer control techniques for generation of switching signals.
With the remarkable developments in switching speed and capacity of
power semiconductor devices in the 1990’s, AFs consisting of PWM invert-
ers have been put to practical applications in real power systems.

Earlier work on AFs discussed compensation characteristics only for steady
state conditions. The calculation circuit for the compensating current refer-
ences was simple, and only ideal compensation characteristics could be
attained. However, in transient states such as those caused by fluctuating
loads, the design of compensating current calculation circuit becomes diffi-
cult.

In 1984, H. Akagi et al. [3] introduced a new concept of instantaneous reac-
tive power. It dealt with 3 phase voltages and currents considering their dis-
tortion content. The instantaneous voltages and currents were represented as
instantaneous space vectors on the a-b-c coordinate system, with the a,b,c
vectors fixed on the same plane, apart from each other by 2*pi/3. These
space vectors were then transformed along the alpha-beta orthogonal coor-
dinate system. The instantaneous real and reactive power defined along the
alpha-beta coordinates have a dc and ac component. The ac component per-
tains to the reactive and harmonic current of the load. The instantaneous
active and reactive power were computed on-line and the ac component was
extracted with a suitable filter. The design of the extraction filter has a sig-
nificant effect on the compensation characteristics of the active filter. With
the choice of cut-off frequency, the AF can be made to compensate for only
the harmonic current or the reactive current or both. However, the theory
was conceptually limited to three phase systems without zero-sequence cur-
rents.

A generalized instantaneous reactive power theory which is valid for sinu-
soidal or non-sinusoidal, balanced or unbalanced three phase power systems
with or without zero-sequence currents was later proposed by F. Z. Peng
and J. S. Lai [4]. AFs controlled on the basis of instantaneous reactive
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power theory provided good compensation characteristics in steady state as
well as transient states.

At the same time, the following problems of AFs were pointed out:

¢ It was difficult to realize high power PWM inverters with rapid current
response and low loss for use as a main circuit of AFs.

*  The initial cost was high as compared with that of passive filters, and
AFs were inferior in efficiency compared to passive filters.

* Injected currents by shunt AFs could flow into shunt passive filters and
capacitors connected to the power system.

Therefore attention was paid to combined or hybrid systems of AFs and
shunt passive filters.

In [5], the authors presented a novel compensation scheme using a shunt AF
along with a conventional shunt passive filter. By sharing their roles so that
the AF absorbs lower order harmonic currents and the passive filter absorbs
higher order ones, the AF can fulfil its function with relatively small capac-
ity, which brings an economical system. A lead function was introduced in
its controller which brought about an interesting characteristic that the AF
can act as a damping device in a parallel resonance circuit formed by the
passive filter and the power supply system. This made it possible to realize
an ideal harmonic filter with no amplification due to the parallel resonance
over a whole range of harmonic orders. Experimentally the technique was
verified on a cycloconverter load (2 sets of 2800 kW), being compensated
with a 900 kVA AF and a 6600 kVA passive filter.

In [8], the authors proposed a combined system of a shunt passive filter and
a small rated series AF. The combined system gave better filtering charac-
teristics and lower initial and running costs. The technique was verified on a
20 kVA 3-ph, thyristor load, compensated by a shunt passive filter of 10
kVA and a series AF of 0.45 kVA. The function of the series AF is not to
directly compensate for the harmonics of the rectifier, but to improve the fil-
tering characteristics of the shunt passive filter and to solve the resonance
related problems of a passive filter used alone.

It was shown that the series AF acts as a “damping resistance” which could
eliminate the parallel resonance between the shunt passive filter and the
source impedance, and also acts as a “blocking resistance” which could pre-
vent the harmonic current produced by the source harmonic voltage from
flowing into the shunt passive filter.
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But for moderate power ratings, AFs function well independently with
small power rated filters connected to eliminate switching voltages and cur-
rents. Different control techniques like PWM carrier based error sawtooth
control [5,8,12,15], hysteresis based dead band control [3,7,10,13], mag-
netic flux compensation have been proposed and experimentally verified.

In [9], an AF for a 3-phase controlled rectifier system was presented. The
AF comprised of a 3-phase voltage source inverter (VSI) with a dc bus
capacitor source, connected in shunt to the ac source. The converter used
two control loops. The outer control loop regulated the voltage across the dc
bus capacitor, and generated reference phase AF currents. The inner control
loop used sliding mode control to shape the AF currents in accordance with
the reference currents.

In this work, the following assumptions were made:

* An infinite (strong) ac system was assumed. Since source impedance
was not considered, the problem of voltage distortion at the terminal
end does not occur.

*  The line currents supplied by the source are in phase with the source
voltages.

¢ An isolation transformer served as the connection impedance between
the AF and the ac system.

* The sliding mode control principle was used to check the state of the
system at a constant decision frequency, and to generate appropriate
gating signals for the AF switches.

The sliding mode control principle used is easy to implement, and sets an
upper limit to the switching frequency. The authors gave a good analysis of
the effect of decision frequency, dc bus voltage, and variation of load on the
THD of source current, power factor and efficiency of the system. The AF
was able to supply load harmonics and limit the source current THD to 12-
13% at full load.

In [10], a different control scheme was used to estimate the reactive and
harmonic content of the non-linear load. The system here too, comprised of
a shunt connected 3-phase voltage source active filter.

But here also, the effect of source impedance was not considered. The non-
linear load considered was a diode-rectifier feeding a capacitive load. The
control scheme measured the active power requirements of the load on-line,
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and generated reference currents for the AF switches. The switching signals
for the AF switches were generated by a hysteresis based controller. The
scheme provided excellent performance in terms of limiting the THD of
source current to less than 5% at full load, along with a good efficiency.

Although hysteresis controllers provide excellent current tracking, they
inherently rely on having a variable switching frequency. However, a proper
choice of the hysteresis band and the connection impedances limits the
average switching frequency to within the switching constraints. The work
also highlighted the fast response of the AF to transient and load variations.

9.2 DC FILTERS

For a discussion on dc active filters, see chapter 15.

9.3 AC FILTERS

The AF control scheme presented here provides on-line computation of the
active power component of the load and the internal AF losses. Therefore,
the ac source current comprises of two components:

*  Fundamental-frequency, active-power component of load current, and

*  Fundamental-frequency, active-power component to maintain the dc
bus capacitor voltage constant.

This computed source current is subtracted from the sensed load current to
generate AF reference currents. A hysteresis-based current controller gener-
ates switching signals for the AF to follow the reference currents within
specified band-limits [20].

The AF thus, acts as a local source supplying the load harmonics and reac-
tive power. This improves the utility supply system power factor as the ac
source provides only active fundamental frequency currents.

9.3.1 Test System

The system configuration of the AF is shown in Figure 9-1. A weak 3-phase
ac source with 20% source impedance powers the system bus. An isolation
transformer with 20% base impedance isolates the 6 pulse thyristor bridge
rectifier from the system bus. The rectifier firing angle is controlled by a PI
current controller (with gains Kp and K;). The non-linear load consists of a
series R-L load.
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Figure 9-1: Test system

The AF used is a 6-switch VSI connected in parallel at the system bus. A dc
capacitor Cy, acts as its energy storage/source, and provides the reactive
and harmonic powers for the non-linear load and a small amount of active
power to meet internal losses occurring in the form of switching and dielec-
tric losses. The dc capacitor voltage V. is maintained constant, and fluctu-
ates only during transients. The AF is connected to the system bus with a
series inductive impedance (R, L) to shape the AF current. The replication
capability, within hysteresis band-limits, of the AF currents to its reference
currents is controlled by this series impedance.

As the AF currents may differ from their reference values within the hyster-
esis band-limits, high frequency (hf) components are introduced in the
source currents and cause deviation in the system bus voltage. To reduce
this hf current ripple, a high-pass filter (tuned to 12th harmonic) is con-
nected at the system bus. This ensures that the source impedance carries
near fundamental frequency current, and that the system bus voltage has an
acceptable ripple component.

9.3.2 Control Philosophy

The objective of the control philosophy is to maintain a unity power factor
(UPF) supply current by feeding an active-power current component to the:
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*  Non-linear load, and

¢ Active filter.

The reference value of the current component to the load / T computed

smp
using the sensed average load power P,,.. The sensed load currents (i, iy,
ir.) and sensed bus voltages (v, v, v,) are used to derive the instantaneous
power py, as shown by Tanaka and Akagi [5]. From this value, the average

load power P,,, is derived by averaging over 1/6 cycle period T,.

The reference value of the peak current component to the AF I*de is com-

puted using the value of the capacitor Cy,, the average voltage V. ,,, and

-ave

the desired capacitor voltage V*d(:'

The total (peak) reference source current I*Sm is computed as the sum of
these two components 1i.e.

l*.\'m = I*smp + I*smd -1

. K Wk R
The 3 phase instantaneous reference source currents (i g5 I g5 @ 4.) are

computed using this peak value / *sm and unit current templates (ug, g, Usc)
derived from sensed bus voltages (v,, vp, V) and the peak value Vpy of the
bus voltage Vj,,.

The desired references of the AF current (i*ca, i *Cb, i*cc) are computed by
taking the difference between the 3 phase instantaneous reference source

K Lk ¥ . . . .
currents (i g { g | o) and sensed load currents (ig, irp if.), ie.

ok oK .

bea=1t sata

Sk K .

Leb=1tshb~tLb (9-2)

K K .
Lee =g lLe

The hysteresis rule base, similar to techniques used by Ziogas [6] and
Kawamura and Hoft [7], is then employed over the reference and sensed AF
currents to obtain the switching signals for the AF.

The control philosophy is explained with the help of the schematic shown in
Figure 9-2. Three major blocks are considered in the controller as follows:

TLFeBOOK



184 Chapter 9

9.3.2.1 Block 1: Derivation of Component I*smp,

The first component of the source current is / " o the component due to the

smp
load current. The sub-blocks in this unit consist of the following:

(A) Compute Peak Bus Voltage. This sub-block is used to derive the peak
bus voltage from the sensed 3 phase voltages. Under ideal conditions, the 3
phase voltages are expressed as:

Va = Vo * sin(wt)
V= Vi * sin(wt + 2*Pi/3) (9-3)
Ve = Vpk * sin(wt - 2*Pi/3)

(B) Compute Instantaneous Load Power. The instantaneous load power
py is obtained by:

PL= Ve *ipg+ Ve Fipp + Ve Y 9-4)
where:
(vp Vp V) - are the sensed 3-phase load voltages, and

(L iy i1o) - are the sensed 3-phase load currents.

(C) Compute (peak) Load Current Reference. The sensed average load
power over one sixth of a cycle period is given by:

Poe=15*Vy *I', (9-5)
where:
Vpi 1s the sensed peak of the bus voltages, and

1 *smp is the desired (peak) reference of the load current.

Since the values of Pgy,, and Vp can be sensed, the value of I",, can be

obtained from the above equation.

smp
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9.3.2.2 Block 2: Derivation of Component I*smd,

. *
The second component of the source current is I ,,; the component due to
the AF current. The two sub-blocks in this unit consist of:

(A) Compute Energy Loss on dc Capacitor. A desired reference dc capac-
itor voltage is assumed as V*,.. The sampling of the average actual dc

capacitor voltage Vg, .y, 1S done every one-sixth of a cycle. The energy loss
over the period T is given by:

Ejpss =05 *Cye * [(V*dc)z - (Vdc-ave)zl (9-6)
(B) Compute (peak) Reference for AF Current. The AF draws this

energy loss E, from the source through a UPF current with a peak value

of I*smd; this energy relationship is given by:

Eloss =15* Vpk * ]*smd * Tx 9-7)

From the above equation, the value of l*smd can now be derived, since the
other quantities can be computed.

9.3.2.3 Block 3: Derivation of Switching Signals for AF,

The total peak source current reference is obtained from:

* * *

Fyy=1 smp T+ I sma (9-8)

(A) Compute Source Reference Currents. This value of the peak source
current I*sm must now be translated into three phase currents. Since the

source currents are in phase with the source voltage (i.e. unity power fac-
tor), a unit current template is obtained as follows:

Ug = va/Vpk
U = vp/Vpi (9-9)
U, = vc/vpk

The reference 3 phase source currents are then given as:

.
Lsa=1t sm*Uq

*

AT A (9-10)

&
Lgc=d gm*Uc

TLFeBOOK



Active Filters 187

(B) Compute AF Reference Currents. The 3 phase AF reference currents
are derived as the difference of the reference source currents and the sensed
load currents:

Sk .
Lea= 1t ga~a

iy =i - ipp (9-11)

L
Lee™ U se e

(C) Hysteresis Rule-based Current Controller. The switching pattern for
the AF is determined by the current controller, i.e. for phase a of the VSI):

Ifi, <i *Ca - hb, then the upper switch must be ON and the lower switch
OFF.

If i, >i*ca + hb, then the lower switch must be ON and the upper switch
OFF.

The switching signals are generated similarly for the other phases, using the
corresponding reference and measured currents and the hysteresis band.

The AF performance can be improved by narrowing the hysteresis band, but
owing to the limitations of switching devices, a hysteresis band at +5% of
the current reference is considered an acceptable compromise.

The AF currents i, i, and i, are regulated to be in good agreement with

the reference values i ¢, i ¢p and i .

9.3.3 Test Results

9.3.3.1 Steady State Performance of the AF (Figure 9-3)

The results shown are the bus voltage, the current drawn by the rectifier
load, the current supplied by the source and the AF current. The following
observations can be made:

¢ The source current is in phase with the bus voltage i.e. unity power fac-
tor load is presented to ac bus,

e The ability of the AF to supply the load harmonic currents and reactive
components is clearly evident,
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s+ The ac bus voltage contains a hf ripple which can be reduced by a suit-
able choice of the passive filter, and

¢  Switching frequency of the AF is variable depending on the load cur-
rent.

9.3.3.2 Transient Performance of the AF

Two tests were conducted for evaluation of the transient response of the AF
and the non-linear load together:

Va (PO

ir g (pu)

isa (PW

Icq (PW

time (sec)

Figure 9-3: Steady state performance [20]

a) Step Change In I, Of The DC Controller (Figure 9-4)

A 50% step reduction in the current reference (I, value of the dc load is
applied at 0.25 s and removed at 0.35 s. Shown are the reference (I,,¢) and
measured dc current ({;), the bus voltage (v,), the ac current into the non-
linear load (i), the input source current (is,;), the AF current (i), and the

dc capacitor voltage (V4.). The dynamic responses of the dc controller and
the AF are both rapid and stable.
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b) Single Line To Ground (SLG) Fault At AC Bus (Figure 9-5)

During the 3-cycle SLG fault application, the dc current in the load is
reduced and a second harmonic is injected into the load. The dc controller is
forced to its alpha minimum limit of about 5 degs. from its nominal operat-
ing angle of about 15 degs. The dc system and the AF are able to recover
within 1 cycle, although the harmonic content is reduced more slowly
within about 3 cycles. During the fault period, the capacitor voltage V. is
reduced slightly to accommodate the increased requirement for compensa-
tion demanded by the fault current. Although the decay of the dc component
in the fault current is quite small due to limited damping losses, the ability
of the AF to track the harmonic requirements of the load current are clearly
evident.

I (pu)

Vg (pu)

irg (pu)

Isq (pu)

igq (W)

Ve (pw)

025 03 0.3 04

Sec

Figure 9-4: Step change of 50% in I, of de controller [20]
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I, (pu)

v (pu)

ir, (pu)

isa (pu)

Icq (pu)

Ve (pu)

|
0.24 0.26 0.28 0.3 0.32 0.34 0.36
sec

Figure 9-5: SLG fault at the ac bus

9.4 CONCLUDING REMARKS

Active ac filtering was first suggested by [2] in 1976, but practical imple-
mentation was not possible until fast power switches and micro-processors
came along in the 1990s. The option of active filters is now a reality and
will gain momentum in future installations as costs keep coming down and
reliability improvements take place. Since line commutated HVDC convert-
ers consume reactive power, capacitors will be needed anyway for reactive
power support; it will therefore be cheaper to use the ConTune filter
approach. However, with VSCs increasingly being used for under 250 MW
installations, active ac filtering will begin to be incorporated into the con-
verter itself.
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Typical Disturbances in HVDC
Systems

10.1 INTRODUCTION

Some of the typical disturbances that a dc system can be subjected to are
listed below:

*  Step changes in /, and gamma order,

¢ AC faults on Rectifier Bus (1-Phase or 3-Phase),
¢ AC faults on Inverter Bus (1-Phase or 3-Phase),
* Loss of Firing Pulses (i.e. commutation failures),
* DC Line Faults,

¢ Power Reversal, and

¢ Block - Deblock of Rectifier.

It is imperative that the dc controllers are able to operate stably and ade-
quately in the presence of such system disturbances. During the testing and
verification period of dc controllers for an actual plant, such tests are
applied in a simulator (physical or numerical) environment to test and opti-
mize the dc controllers. Typical features and behavior patterns are presented
in this chapter to assist readers to evaluate the performances and point out
features to observe.

The results have been selected from an EMTP (version 3) study with a 6-
pulse modified version of the CIGRE HVDC Benchmark model [1]. The

TLFeBOOK



194 Chapter 10

reason for using a 6-pulse system is purely for the conservation of simula-
tion time and data. However, this should not detract from the essential fea-
tures about the controller and system inter-actions that are highlighted here.

First, the model of the CIGRE Benchmark is presented. Second, details of
the control system used are presented. Finally some typical results with
comments highlighting particular features are presented.

10.2 CIGRE BENCHMARK MODEL FOR HVDC
CONTROL STUDIES

The CIGRE benchmark model for HVDC control studies was first proposed
by J.Ainsworth. It has evolved to become the defacto standard HVDC
benchmark for control studies and provides a useful model as a result of its
many special characteristics [1]. In particular some characteristics were par-
ticularly selected to make this benchmark a difficult system to operate:

*  The dc system was close to resonance at the fundamental frequency of
50 Hz,

¢ The ac systems were selected to be weak, and were close to resonance
at the second harmonic.

In practice, a 12-pulse, 50 Hz converter system is specified in the CIGRE
benchmark. To facilitate explanation of fundamental principles, reduce
computer simulation time and minimize memory management, only an
equivalent 6-pulse system is modeled here. The power system model with
the components modeled is shown in Figure 10-1. Consequent to the deci-
sion to use a simplified model, it becomes necessary to compensate for the

6-pulse harmonics generated. Therefore, single-tuned 5% and 7™ harmonic
ac filters are necessary and incorporated into the system [2,3]. Design
parameters used are provided here. The capacitor banks were suitably mod-

ified to account for the reactive power supplied from the 5% and 7™ har-
monic ac filters.

One necessary detail not supplied in the original Benchmark model are the
details of the valve snubber circuits (Figure 10-2). These are important
details for a good simulation model, and the parameters selected are pro-
vided here. It is noteworthy that the impact of the snubber resistance is
much more pronounced than the snubber capacitance. The snubber values
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are based upon a fictitious equivalent valve characteristic, rather than on an
individual switch.

Also due to the 6-pulse model simulated here, only a simplified dc filter is
used, since the dc cable with its large capacitance acts as a good filter. This
is justifiable since the objective here was to look at controller dynamics
rather than dc system transients. Therefore, the dc line was modelled simply
with only one T-section. Details of the dc filters used are provided in Figure
10-3. An identical filter is used at the rectifier as well as the inverter ends.

No ac machine dynamics are modelled in the ac systems. The equivalent
fixed frequency ac systems use a 2L-R representation with the correct
damping angle at fundamental and third harmonic frequencies.

The converter transformer models used a suitable leakage impedance and
saturation characteristics. The leakage was equally distributed on the pri-
mary and secondary sides of the converter transformers. Only the star-star
converter transformer configuration was used.

The benchmark was designed to enable manufacturers/utilities to compare
the performance of their own HVDC controls against other units. No details
of the controllers were provided and designers were free to utilise propri-
etary designs.
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Figure 10-1: HVDC benchmark model [2]
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Rsnubber =10 k-ohms
snubber =1.0 UF
ImH 0.01 ImH 0,01

Figure 10-2: Converter switch model [2]

.

0.1 uF
56 ohms

2800 mH

Figure 10-3: DC filters used [2]

10.3 DETAILS OF CONTROL SYSTEMS USED

10.3.1 Rectifier Control Unit

The rectifier control system is shown in Figure 10-4. The limited current
IOLIM reference is generated using the Voltage Dependent Current Limit
(VDCL) unit.

The VDCL unit provides IOSTAT and IODYN current references which are
generated from the Static and Dynamic sub-units. These units provide cur-
rent reference values during steady- and transient-state conditions respec-

tively. The measured dc voltage is passed through:
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(a) A low-pass filter VDCFIL (cut-off frequency = 30 Hz) to eliminate
higher order harmonics, and

(b) A pulse-shaping unit PULSP to remove any voltage spikes. The out-
put PULSP is used by both the Static and Dynamic VDCL sub-
units.

The static VDCL sub-unit consists of a voltage-to-current transducer with a
gain of 1.25 (Note: This gain effects the slope of the V4-I; characteristic,
and may be adjusted to provide different characteristics) and is limited
between minimum IMIN and maximum IMAX current limits (Figure 10-5).
The limited output IDCLIM is fed to a MINIMUM-selector whose other
input is the current reference IREF. The output of the MINIMUM-selector
is IOSTAT.

The dynamic VDCL sub-unit consists of an integrator (Time constant 50
ms) which dictates the rise time of the dc current during the fault recovery
period; the integrator input is a bi-directional signal shaped from the dc
voltage. The RAMP output of the integrator is passed through a MINI-
MUM-selector which has the pulse-shaping circuit and /., as its other
inputs. The MINIMUM-selector ensures that, in the worst case, the output
of these blocks is IREF, which can be internally selected. IMIN is added to
the output of the MINIMUM-selector IRRMIN through a summer. The out-
put of the summer is limited between IMIN and IREF. This forces the out-
put of the dynamic VDCL sub-unit ramps up from IMIN to IREF during
system start-up, and also during recovery from faults such as a dc line fault.

The measured rectifier dc current IDCR is compared to the limited current
reference IOLIM from the VDCL unit and an error signal is generated. This
error is fed to a PI controller (limited within alpha-min (AMIN) =5 degrees
to alpha-max (AMAX) = 145 degrees.) via a supplementary block, the other
input of which is a delayed step input FORAND. This signal forces the PI
controller to zero input for a period of 0.1s; the effect of this FORAND sig-
nal is to aid in the rapid initialization of the EMTP case. The output of the
PI controller is an alpha order which is fed to a Ring Counter via the MAX-
IMUM-select block. The MAX block has an auxiliary signal ALPRET
which is used during the recovery from a dc line fault. The ALPRET signal
forces the alpha order fed to the Ring Counter to a value of alpha-max = 145
degrees and the converter into the inverter region of operation.

Further details of the trigger unit can be found in reference [2].
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measured
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Figure 10-4: Rectifier VDCL and Current Controller Units
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10.3.2 Inverter Control Unit

The inverter current controller (Figure 10-5) is similar to the rectifier cur-
rent controller. The measured dc current IDCI is compared with IOLIM -
Al, where the current marginis A4/=0.1 pu typically. The inverter PI control-
ler generates an alpha-order signal A1 which is limited between AMIN=110
degrees and AMAX=150 degrees. The alpha order signal is then fed to a
gating unit which uses the synchronizing signal V. to generate the firing
pulses for the inverter valves.

To implement a gamma controller, a measure of the gamma is required. A
typical Inverter valve voltage is shown in Figure 10-5; the gamma measur-
ing circuit is based on evaluating the time elapsed between the two zero
crossings a and c of the valve voltage. The negative voltage a-b-c is used as
a control voltage for a resettable integrator which integrates only when its
control voltage is positive. The output of the resettable integrator is a ramp
whose width is a function of the valve voltage. This is utilized to generate
rectangular pulses BIGPUL by means of a zero-order block in EMTP. A
sharp pulse (duration of one time-step) is derived at a rising edge of BIG-
PUL, which is used to reset the counter at the start of BIGPUL. The com-
plement of BIGPUL is used to hold the count of the counter. The pulse
source for the counter has a pulse-width of 25 micro-seconds and a period
of 50 micro-seconds. Hence each count represents 0.9 degrees and to get the
output in degrees, a scaling factor of 0.9 is used. The minimum gamma is
selected, and used after some smoothing.

The gamma controller is similar to the current controller, except that a
FORAND signal is absent. The measured gamma is compared with a
gamma reference GAMREF, and the error is fed to a PI controller which
generates an alpha order A2, limited between AMIN=110 degrees and
AMAX=150 degrees. A MINIMUM-selector is used to select the lower of
Al and A2, which is used to generate the firing pulses through a gating cir-
cuit.
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Figure 10-5: Inverter Control System
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10.4 RESULTS

10.4.1 Controller Optimization Tests

During steady-state operation, two controllers are in operation for this
HVDC system:

* At the rectifier:
- Current controller,
e At the inverter:

- Current controller, or
- Gamma controller.

Before any other dynamic tests are performed, all three controllers need to
be optimized, individually first and then collectively, to obtain a satisfactory
transient performance for the total system. The objective is to select the gain
parameters K}, and K; for all three PI regulators. For this optimization proce-

dure, the following three tests are recommended:

1. 10% step change in rectifier current reference,

2. 5% step change in inverter current reference, and

3. 2.5° step change in inverter gamma reference.
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10.4.1.1 10% Step Change In Rectifier Current Reference

To test the performance of the current controller at the rectifier end, a negative
0.1 pu step change is applied to its current reference of 1.0 pu (Figure 10-6).
To effectively study the performance of the rectifier current controller without
any influence from the inverter current controller, the current margin Al is
temporarily set to 0.2 pu (i.e. greater than the 0.1 pu margin). The step change
is applied at 1.3 s and the step change is effected in 100 ms. The response is
both well controlled and stable. The results shows the dc current on the recti-
fier and the inverter side along with their super-imposed reference values
(dashed curves). Minor differences in the harmonic content of the dc currents
at the rectifier and inverter end are noticeable due to the dc line and dc filter
characteristics. The dc voltages on the rectifier and the inverter sides are also
shown. Essentially, the dc voltage remains almost constant since it is con-
trolled by the gamma controller at the inverter end. Minor differences in the
harmonic contents of the two dc voltage are observable. The rectifier alpha-
order signal also shows the step change in the current being effected as the
average value of alpha is transiently changed from about 14 degrees to about
22 degrees. Eventually the alpha order settles at about 16 degrees for a current
at 0.9 pu. The inverter alpha-order signal (settled around 140 degrees) shows
that the inverter current controller plays little or no role in controlling the
inverter current and that the gamma controller controls the inverter voltage.

d {rectifier) — - ~ Iref ..d (inverter) - -~ Iref

1.1
1

141
1

ao09t .08}
08 : : 08
07 : : : 07 : ' -
12 14 18 18 8 22 2 14 18 18 2 22

Vd on the rectifier side Vd on the inverter side

1.5

1.5

0.5 ; . : . 05 : H . 3
#,2 1.4 1.6 1.8 2 22 1.2 14 18 1.8 2 2.2
alpha-order at the rectifier _.alpha-order(inv.}, -~ ~gamma, . .curr cont.
160 i g ;
&
140
0 H H : H 120 . H . .
1.2 1.4 1.6 1.8 2 22 12 1.4 1.6 1.8 2 22
tima(sec) timea(sec)

Figure 10-6: 10% Step change in rectifier current reference
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10.4.1.2 5% Step Change In Inverter Current Reference

To test the performance of the inverter current controller, first the ac supply
voltage at the rectifier-end is reduced by about 5% to force the rectifier con-
troller to its alpha-min limit equal to about 9 degrees. This effectively per-
mits study of the performance of the inverter current controller only, and
prevents any interaction from the rectifier current controller. The effective
dc current is reduced to 0.9 pu due to the current margin of 0.1 pu. Next, a
5% step reduction is then applied to its inverter current reference (Figure
10-7) at the 1.5 s point. The response to the step change is stable and well
controlled and is effected in about 80 ms. The results show the dc current on
the rectifier and the inverter sides along with their respective reference val-
ues (dashed lines). The dc voltages on the rectifier and the inverter sides are
also shown and these remain essentially constant at about 1.1 pu due to the
rectifier alpha-order signal being at alpha-min of 9 degrees. So the inverter
current controller controls the dc current of the system.

__ld {rectifier) - - - Iref __ld (inverter}) - - — Iref

Y S U S——— 1

=
alg

e | 16 1.8 2 2.2 1.4 18 1.8 2 2.2

Vd on the rectifier side Vd on the inverter side

.4 1.6 18 2 2.2 4 1.6 1.8 2 22

alpha-order at the rectifier ..alpha-arder(inv.}, - ~gamma, . .curr cont,
. : v 160 ¥ Y
% _ 0 1 so ',-ﬂ--vi-b--—i!!‘jb’l‘%ﬂ!-
) . H 130 H . H
1.4 1.6 1.8 2 22 14 186 1.8 2 22
time(sac) time(sec)

Figure 10-7: 5% Step change in inverter current reference
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10.4.1.3 2.5° Step Change In Inverter Gamma Reference

To test the performance of the inverter gamma controller, a 2.5 degrees step
change (increasing step at 1.6 s from an original gamma value of 20 degrees
to 22.5 degrees is followed by a decreasing step at 1.9 s) is applied in the
gamma reference (Figure 10-8). The response is reasonably well controlled
and stable with a response time of 50 ms. (Note: It is also noted that some
steady state oscillation in the dc current is present; this only serves to dis-
tract from the main test here, and is not relevant to the discussion at hand).
The dc voltages at the rectifier and inverter dip in response to the increase of
the gamma value. Consequently, a short-lived transient increase in the dc
current is noticed. In response, the alpha order signal at the rectifier-end
thus increases to maintain the dc system current constant.

___ld {rectifier) - ~ - Iref __gamma measured, - — — gamma ref,

11 30

H

1
2

a : : :
o.g I ST TR TR '.

u.a N H N - . A
1.4 1.6 1.8 2 2.2 ! q A4 1.8 1.8 2 2.2

Vd voltage on the rectifier side

18

Ipha-order(inv.), - ~gamma, . .curr cont,
] - v -

9 eoaens
o 140
5! ' : : 120 i . :
1.4 1.6 1.8 2 2.2 14 1.6 1.8 2 2.2
Vd voltage on the inverter side alpha~order at the rectifier
1 40 v T
@ é ; :
G‘ H 4 H 0 . ' <
%A 1.8 1.8 2 22 14 1.6 1.8 2 2.2
88¢C sec

Figure 10-8: 2.5° step change in gamma reference at the inverter
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10.4.2 Mode Shift

This test is a particularly interesting test to study the dynamics of the dc sys-
tem when the control mode is shifted from the rectifier current controller to
the inverter current controller, and vice-versa (Figure 10-9). Initially, the
rectifier current controller is in control at the rectifier, whilst the gamma
controller is in control at the inverter. Att = 1.1s, the ac voltage at the recti-
fier end is reduced by 0.05 pu which causes the rectifier to hit its alpha-min
limit and lose control over the dc system current. The inverter current con-
troller, which has been biased off by its current margin of 0.1 pu, is forced
to take over current control to its reference value of 0.9 pu. This transition is
usually not a difficult one for the dc system since the dc current is being
reduced to 0.9 pu and the rectifier current controller is being forced to its
hard limit.

At t = 1.5s, the ac voltage at the rectifier is returned to its nominal value of 1
pu, and the rectifier current controller is forced off its alpha-min limit and
takes charge of the dc current. This transition is usually more difficult and
dramatic since the current is being increased, and the rectifier current con-
troller is being forced to come off its hard limit which normally requires
more time. This transition can sometimes result in a commutation failure at
the inverter when dealing with dc systems operating with vulnerable weak
ac systems.

1.6 2

slpha-order at the roctifier __alpha-order(inv.), - —gamma, . ourr cont.
i 160}
Feo e ] 140
\\ : : 120
1 | B
) 15 2 1 2
fime{sec) tima{sac)

Figure 10-9: Mode shift test
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10.4.3 Single-phase, 1-cycle Fault At The Inverter (Sin-
gle Commutation Failure)

A commutation failure at the inverter is simulated by creating a single-
phase 1-cycle fault at the inverter ac bus. The resulting commutation failure
(Figure 10-10) causes the dc voltage to momentarily drop to zero and the dc
current to shoot up to a value of about 1.8 pu; this current peak is limited
primarily by the impedance of the dc smoothing reactor and the converter
transformer impedance. This causes the dynamic portion of the Voltage
Dependent Current Limit (VDCL) to operate and limit the dc current to its
Ipn value. The recovery process is initiated almost immediately after the

fault is released, resulting in the dc current to be ramped up according to the
VDCL. The alpha order at the rectifier is forced into inverter region i.e
almost 145 degrees to limit the peak short circuit dc current. At the same
time, the alpha order at the inverter end is forced to its alpha-min-limit of
110 degrees. During the recovery period, a transition from the inverter cur-
rent controller to the rectifier current controller is also observed, as dis-
cussed previously in the case of system initialization.

__ld {rectifier) — - ~ Iref _ld (inverter) - ~ - Iref

1 1.5 2

Vd on the inverter side

4 05
O .
-0.5 ; i
1 1.5 2
alpha-order at the rectifier __alpha-order(inv.), - —gamma, . .curr cont.
el . E
0 ' 100 > ’
1 1.5 2 1 1.5 2
time{sec) time(sec)

Figure 10-10: Single-Phase 1-cycle fault at the inverter (single commutation failure)
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10.4.4 Single-phase 5-cycle Fault At The Inverter (Mul-
tiple Commutation Failures)

To study the dc system response for repetitive commutation failures at the
inverter, a single-phase 5-cycle fault is applied at t = 1.1 s on the inverter ac
bus (Figure 10-11). The initial fault causes the dc current to shoot up to 1.8
pu and collapses the dc voltage at the inverter end, as in the case of the sin-
gle commutation failure. The ac voltages (not shown) at the inverter end are
quite distorted as a result of this fault due to transformer saturation resulting
from the over-voltages caused by loss of load. The gamma controller hits its
alpha-min-limit of 110 degrees due to the reasons mentioned earlier for the
commutation failure test. Upon removal of the fault, the VDCL action
ensures the gradual ramp-up of the dc current from zero to its pre-fault level
in accordance with the limited current reference, IOLIM. Again, a transition
is seen from the inverter current controller to the rectifier current controller
during the recovery period. Due to the larger operating alpha at the rectifier
end, the harmonic generated are elevated and can be clearly seen in the sig-
nals of the dc voltage.

.1d (rectifier) - ~ - Iret _ld (inverter) - - - Iret

WVd an the inverter side

2

" 15 2

__alpha-ordar(inv.), - -gamma, . .curr cont.

1 15 2 1 1.5 2
time(sec) time(sec)

Figure 10-11: Single phase 5-cycle fault at the inverter
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10.4.5 3-Phase 5-cycle Fault At The Inverter

The response of the system under this balanced three phase fault is almost
identical to the response obtained during the unbalanced single-phase 5
cycle fault (Figure 10-12). The only obvious difference is seen at the
inverter end dc voltage, where some oscillations are present due to the
reflections on the dc transmission line. The action by the VDCL unit is able
to bring the system back to steady state quickly in a controlled manner in an
identical way as before.

__ld (rectifier) - - - Iref __Id {inverter) - - . Iref

Vd on the inverter side

alpha-order at the rectifier __alpha-order(inv.), -~ ~gamma, . .curr cont.
Py
180
%140
o .
n 100 .
1 15 2 1 15 2
time(sec) time(sec)

Figure 10-12: Three-phase 5-cycle fault at the inverter
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10.4.6 1-phase 5-cycle Fault At The Rectifier

A single-phase 5-cycle 30% fault is applied at the rectifier ac bus (Figure
10-13). The dc current during the fault contains a second harmonic compo-
nent (100 Hz, in this case) which is a characteristic of such a fault. At fault
inception (at t=1.3 s), the rectifier is forced to its alpha-min limit of 9
degrees due to the voltage reduction, and the inverter current controller is
forced to take over current control. Upon removal of the fault, there is a
commutation failure (at t = 1.45 s). The dc current then follows a pattern
similar to the single-phase one-cycle fault at the inverter. For the results
shown in the CIGRE benchmark, there is a commutation failure upon
recovery, and also the level of harmonic content in the dc voltage during the
fault is relatively low. The difference between the results shown here and
the one presented in the CIGRE benchmark [1] could be attributed to the
different types of VDCL and switch models used in the two systems.

1d {rectifigr) - ~ -~ Iref Id {inverter) - -~ Iref
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Figure 10-13: Single-phase S cycle fault at the rectifier
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10.4.7 3-phase 5-cycle Fault At The Rectifier

The fault causes the dc voltage to collapse and that reduces the dc current to
zero due to the lack of a driving source voltage. The action/behavior of the
VDCL drops current order IOLIM to IMIN; however, the absence of the ac
voltage at the rectifier prevents the current from recovering. Upon removal
of the ac fault at the rectifier bus, the dc voltage jumps to more than 1.0 pu
due to load rejection, and the current recovery follows an identical pattern
(Figure 10-14) as during the initialization case. During the fault, the alpha
order at the rectifier shoots up to 90 degrees followed by a gentle drop to its
nominal values.

__Id (rectifier) = ~ — Iref __ld {inverter) =~ - Iraf

1 1.2 1.4 1.6 1.8

Vd on the rectifier side Vd on the inverter side
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Figure 10-14: Three-phase 5 cycle fault at the rectifier
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10.4.8 DC Line Fault At The Rectifier Side

A dc line fault is applied from 1.1s to 1.4s at the dc line side of the rectifier
(Figure 10-15). The fault causes the dc voltage to collapse and the rectifier
dc current to rise rapidly to a value greater than 2.2 pu, a characteristic of
this type of fault. The peak value of the dc fault current is limited only by
the size of the smoothing reactor. Since the dc fault is located at the rectifier
side, the dc voltage at the rectifier is zero during the fault period. However,
dc voltage reflections are observed at the inverter end. The subsequent
action of the VDCL causes the current to be limited to IMIN value. From
the period 1.3 s to 1.4 s, a protection signal ALPRET is applied to force the
rectifier alpha to 145 degrees i.e. into inverter region to extinguish the fault
current and deionize the fault arc. At the same time, the inverter is forced to
its alpha-min limit of 110 degrees. Upon removal of the fault, the dc current
ramps up due to the recovery action of the VDCL. The small delay observed
between [ and limited /,,r (IOLIM) is due to the use of a low-pass filter in
the VDCL unit.
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Figure 10-15: DC line fault at the rectifier side
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10.4.9 DC Line Fault At The Inverter Side

A dc fault is applied from 1.1 s to 1.4 s at the dc line side of the inverter
(Figure 10-16). The fault causes the dc voltage to collapse and the dc cur-
rent at the rectifier to rise to a value greater than 1.8 pu This peak value is
limited by the smoothing reactor and dc line impedance. Since the dc line in
the inverter side is shorted out by the dc line fault, the dc voltage at the
inverter end is zero during the fault period. However, voltage reflections are
observed in the dc line voltage at the rectifier end. The subsequent action of
the VDCL causes the dc current order to be limited to minimum current
(IMIN). The alpha order at the rectifier reacts to the short circuit and
increases from its pre-fault (nominal) value of about 17 degrees to a maxi-
mum value of about 145 degrees in order to reduce the fault current. From
1.3 s to 1.4 s a protection signal, alpha-retard (ALPRET), is applied to
deionize the fault arc. The alpha order at the inverter is forced to its alpha-
min-in-inverter mode setting of 110 degrees. Upon removal of the fault, the
dc current ramps up due to the action of the sloping portion of the VDCL.
The small delay observed between I; and limited current order, IOLIM, is

due to the use of a low-pass filter in the VDCL unit.
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Figure 10-16: DC line fault at the inverter side
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10.5 CLOSING REMARKS

Results from an EMTP-based simulation of a modified 6-pulse version of
the CIGRE HVDC benchmark have been presented in this chapter. A model
of the control system has been presented which contains typical features
found in most commercial HVDC control systems. The kinds of results
expected and comments that describe the features to look for have been pre-
sented.
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Chapter 11

Advanced Controllers

11.1 INTRODUCTION

In recent years, development of modern control techniques has speeded up
and the understanding of these new controls has improved. Utility engineers
are now just beginning to consider the possibilities offered by such modern
control techniques to assist in the operation and stabilization of power sys-
tems [1]. However, the utility industry is conservative and new control tech-
niques will only be adopted with extreme caution and only when
conventional controllers are found unsuitable for the task at hand.

The whole subject of intelligent controllers was given a boost by the semi-
nal paper by K. Narendra and K. Parthasarathy in 1990 [3]. This was fol-
lowed by numerous publications dealing with controllers based on adaptive
gain-scheduling techniques [6], neural networks [7,8], fuzzy logic [5,8.,9-
15] and other optimal techniques.

Since HVDC systems are fast acting, and can be controlled within tens of
milli-seconds, it is feasible that advanced controllers will be used with
HVDC systems before other power system applications. In the past ten
years, much work has been published on the use of fuzzy logic based con-
trollers [9-15].

In HVDC systems, the use of a Voltage Dependent Current Limit (VDCL)
function was a crude yet effective method to adapt the current reference to
the prevailing system conditions, especially during dynamic system recov-
ery conditions. This chapter deals with a more elegant VDCL based on neu-
ral networks and fuzzy logic.
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11.2 APPLICATION OF AN ADVANCED VDCL
UNIT

11.2.1 Introduction

It is well known that an HVDC converter feeding into a weak ac system is
prone to commutation failures. Under such conditions, an adaptive current
(or power) reference [1] can be useful to optimize the system recovery fol-
lowing a fault and alleviate the possibility of subsequent commutation fail-
ures.

In HVDC transmission systems, a VDCL unit has been traditionally used to
generate an adaptive current reference for the converter controller. This cur-
rent reference can be adapted based on either (a) the dc (transmission line)
voltage or (b) the (rectified) ac voltage at the filter bus of the converter. The
choice as to which of these two voltages is used is a function of the desired
system stability and performance following any perturbations or faults. The
traditional VDCL unit [12] is a Multiple-Input Single-Output (MISO) type
with a non-linear voltage-current (input-output) characteristic. The VDCL
unit is composed of two sub-units having static and dynamic characteristics
(Figure 11-1).

1ol Smex  _ _ _ _ _ _ Va 4
i !
1.00 i input
[ .
o i i
'fmf A : :
0.25 B =
0 > ' >
t
Vi
(a) Static (b) Dynamic

Figure 11-1: Characteristics of the VDCL

In the proposed Neuro-Fuzzy (NF) VDCL unit, multiple inputs (i.e. dc volt-
age, dc current references) are used to produce an output adaptive current-
reference. To arrive at the control action, a novel fuzzy centroid inference
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algorithm is used directly on the output of a Radial Basis Function (RBF)
Neural Network (NN). This new VDCL unit is tested with a simplified
model of a two terminal HVDC system which is suitable for demonstrating
the preliminary dynamic analysis. Some simulation results of the NF VDCL
unit are presented and analyzed.

11.2.2 Fuzzy Inference

In a Fuzzy system (Figure 11-2), a crisp input X is fuzzified using a Fuzzi-
fier. The Fuzzifier output is fed to the Fuzzy Inference Engine which oper-
ates via a Fuzzy rule-based system. The output Y from the Fuzzy Inference
Engine is defuzzyfied and then converted into a crisp output Z amenable for
control action. Most of these functions (enclosed by the dotted line in Fig-
ure 11-2) are performed by a RBF NN.

If the sum of the outputs of the Gaussian hidden layer is unity, then their
outputs can be combined linearly with the weights of the output layer. In the
present application, the condition of unity on the sum is not imposed and
hence normalization has to be done on the output of the RBFNN.

[ eem ey R SRR e e il

| Crisp
Fuzzy Output Y
n ——t—Pp| Fuzzifier Inference I Defuzzifier
risp | Engine | Crisp
Trpre ¥ | b | Output Z
| |
| Fuzzy Rule I
Base
| RBF NN !

Figure 11-2: Fuzzy system interpretation with RBFNN

A new inference mechanism, based on a Fuzzy Centroid formula, is used on
the output of the RBF NN to arrive at a meaningful control action. This out-
put is actually considered as the contribution of the membership function
formed by a set of fuzzy linguistic statements on the Universe of Discourse

of the output space, z = {z,, Z5..,2, }. The defuzzified output of the ith pattern
of the system is then given by:

Z = 2(u; z)/Z(w;) (11-1)
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where:
Z = Output of the defuzzifier,

z; = Point in the output space,

Hi = Output of the RBF NN.

The above method of utilizing the RBF NN as a fuzzy system is possible
because of (a) the functional equivalence [2] between them, and (b) the abil-
ity of the scaled Gaussian membership function to universally approximate
any continuous function.

In the present study, the dc voltage V; and seven current order characteris-
tics 1,;,...1,7, each defined over 12 points (Figure 11-4) are the inputs fed to

the RBF NN. The RBF NN then produces a single adaptive current refer-
ence, I, as an output after defuzzyfication.

11.2.3 Structure of RBF NN

A typical RBF NN structure (Figure 11-3) has input, hidden and output lay-
ers. The input space can be either normalized or an actual representation can
be used. This is then fed to the associative cells of the hidden layer which
acts as a transfer function. Representing bias in these cells is optional. Each
hidden neuron receives as net input the distance between its weight vector
and the input vector. Each neuron in the RBF NN outputs a value depending
on its weight from the center of the RBF. The RBF NN uses a Gaussian
transfer function in the hidden layer and a linear function in the output layer.
The output of the RBF NN is given as:

[x-c T lx-c;]

0, = exp -
k 202k (11-2)

where:
k= 1,2,..,.N (where N=84, is the number of hidden nodes),
Oy = output of the k™ node of the hidden layer,

X = input pattern vector,
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¢y = center of the RBF of k™ node of the hidden layer,

ok = spread of the k'" RBF.
The output of the jth node is given by:

y=W;T O, (11-3)
where:

j= 12, ,M (where M=84, is the number of output nodes)
yj= output of the jth node,

W, = weight vector for node j,

Oj = vector output from the j[h hidden layer (can be augmented with
bias vector).

Choosing the spread of the RBF, depends on the pattern to be classified.
Many algorithms are available to find the optimal values of centers and
spread of the RBF [3,4,5]. Generally, the spread should be larger than the
minimum distance and smaller than the maximum distance between the
input vector and the center of the RBF spread to get better generalization.
The linear coefficients of the output layer are the adjustable weights W, and
since the output is linearly dependent on the input set, the solution is
obtained by solving a linear optimization problem. In this paper, the center
of the RBF and the weights are found using the orthogonal least squares
(OLS) algorithm [3].

Defuzzified output is obtained by substituting Yj for H; in equation 1.
The advantages of using a Gaussian RBF are:
* RBFs are functionally equivalent to Fuzzy systems [2],

¢ Since the hidden and output layer parameters can be independently
evaluated, training is faster [6],

* A single hidden layer is sufficient to approximate the given function
[71,

*  The RBF parameters have a close relationship with the sampling theo-
rem and hence stable control of the system is possible [8], and
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* The RBF NN architecture is easy to implement using VLSI techniques
[91.

Figure 11-3: Typical Gaussian Radial Basis Function Neural Network

As an example, the RBF NN capability to reproduce a sine-wave (ampli-
tude, U), given only 5 input points (0,1,0,-1,0), is compared (Figure 11-4)
with that of three other frequently used algorithms:

» Linear interpolation (look-up table),
*  Cubic spline, and

*  Two-layer feed-forward NN using the Levenberg optimization.

The input sampling rate is 200 Hz and the recall performance is verified at a
50 kHz sampling rate. The error plot of the capability of the various meth-
ods in reproducing the sine-wave shows that the RBF NN has the lowest
error when compared with the three other methods. This is because of the
localization effect of the Gaussian RBF due to which the NN will have a
maximum output when the input pattern is close to the center of the RBF.
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Figure 11-4: Comparative analysis of RBF capability to reproduce a sine wave

11.2.4 Methodology

The per-unit voltage-current characteristics to be fed to the RBF NN are
shown in Figure 11-5. It consists of multiple current reference characteris-
tics instead of a single current reference (Figure 11-1) to improve the sys-
tem performance especially at low dc voltages due to faults.

The input pattern is classified into 8 variables composed of 7 current orders
U, p--d,7) and the dc voltage, V. As described in the previous section, the
interpolation capability of the RBF NN in reconstructing the unknown func-
tion is effective even with only a few input points defined over the input
space. Hence, each current order and the dc voltage are defined over only 12
points.
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The output is divided into 12 patterns in 7 variables corresponding to each
characteristic. One of the sample input/output patterns to the RBF NN used
for the first characteristic is shown in Table 11-1.

I
o0 "
(2)
T N
3
0.8 --
)]
0‘6 (3)_ ................
04 6
02F ecmmmemmmm————————a
0% 032 04 06 08 ]

— V4 (pu)

Figure 11-5: Voltage-current characteristics chosen for the training of RBFNN

Table 11-1: Sample input-output pattern classification of the RBF
NN

INPUT VARIABLES OUTPUT

# T | Too | Toa | Tog | Tos | Ig | Ig Vu Ipey

1 1 0 0 0 0 0 0 0 0.475
2 ] 0 0 0 0 0 0 | o0l 0.475
3 | 0 0 0 0 0 0 0.2 0475
4 1 0 0 0 0 0 0 0.3 0.600
) 1 0 0 0 0 0 0 0.4 0.750
6 [ 0 0 0 0 0 0 | 05 1.000
7 1 0 0 0 0 0 0 0.6 1.175
8 1 0 0 0 0 0 0 0.7 1.200
9 1 0 0 0 0 0 0 0.8 1.200
10 1 0 ] 0 0 0 0 09 1.200
7] 1 0 0 0 0 0 0 1.0 1.200
12 1 0 0 0 0 0 0 1.1 1.200
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The RBF NN is trained off-line using the OLS algorithm [3] and used on-
line to perform the control action.

11.2.5 HVDC System Considered For The Study

11.2.5.1 HVDC system

The HVDC system used in this study, derived from the CIGRE bench-mark
model [10], is a quasi-steady state model with the simplifications that (a)
the rectifier is a variable dc voltage source with a 12-pulse ripple superim-
posed on it, (b) the inverter is an ideal dc voltage source, and (c) the dc sys-
tem is an equivalent transfer function.

Since the converters are assumed ideal, no commutation transients are rep-
resented. The derived simple transfer function model of the plant was simu-
lated using the Matlab SIMULINK software package to permit conceptual
insights into the controller behavior. In later investigations it is intended to
replace this dc model with a more realistic HVDC system model.

11.2.5.2 Control system representation

In the proposed Neuro-Fuzzy (NF) VDCL unit (Figure 11-6), multiple
inputs (i.e. dc voltage, 7 current orders) are fed to the RBF NN via a switch
which is used to select either the manual or adaptive input. In the manual
mode, a desired current reference characteristic can be set for the RBF NN
whereas in the adaptive mode, the RBF NN will produce simultaneously 7
outputs and adapts only one output depending on the dc voltage.

The output of the RBF NN is fed to the centroid defuzzifier to get the single
adapted current reference /¢ current reference which is then fed to a tradi-

tional PI controller.

Limits
Static Dynamic

Neuro-Fuzzy
VDCL Unit

Bt |

Figure 11-6: Control system schematic with Neuro-Fuzzy VDCL unit

PI Controller —p{ Plant System

Lyt limited

Vu
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11.2.6 Results And Discussions

The performance of the proposed Neuro-Fuzzy VDCL unit is evaluated by
simulating the following four case studies:

1. Starting-up of the dc system,
2. Reduction of dc voltage,
3. Recovery from fault, and

4. Current reference tracking.

The results are compared for the two systems having either (a) a conven-
tional VDCL unit, or (b) a Neuro-Fuzzy (NF) VDCL unit.

As described earlier, the NF VDCL unit is equipped with different voltage-
current characteristics and the adaptive current reference /,,r given out from

this unit depends on the dc voltage and the current order setting at the local
terminal. The conventional VDCL unit has a single voltage-current charac-
teristic generated by a ramp function which is simulated as a “look-up”
table. For both systems, the PI controller used has identical controller gain
parameters.

11.2.6.1 Case 1 - Starting-up Of DC System

The selection of appropriate control system parameters is very important to
the start-up performance of the dc system.The de-link is started from zero
initial conditions and the dynamic response of the system is shown in Fig-
ures 11-7a,b,c & d.

The following signals are shown in the figure:
a) DC currents,
b) Firing angles,
¢) Current references, and

d) DC voltages for the two systems.

The conventional VDCL unit start-up is fast causing the PI regulator to hit
its alpha-minimum limit of 9 degrees. (Figure 11-7b), and causing a spike in
the Iref value. However, the regulator recovers from its alpha-minimum

limit at 0.01 s and quickly reaches its final value of alpha = 16 degrees at
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0.125 s. The dc current recovery is smooth all the way, attaining 90% of its

value in 0.2 s.

The NF VDCL unit start-up is slightly better controlled and does not hit its
alpha-minimum limit at all. It attains 90% of its final dc current value at

practically the same time as the conventional VDCL unit.

L 1 1 1

1 1
0.1 0.15 0.2 0.25 0.3 0.35 0.4
Time(sec)

L 1
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hi LY [} I* | F !
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(d) (sec)

Figure 11-7: Performance during starting-up of dc system
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11.2.6.2 Case 2 - Reduction Of DC Voltage

To check the dynamic performance of the HVDC system, the dc voltage at
the inverter terminal is transiently reduced to zero to simulate the effect of a
3-phase fault at ac bus of the inverter. The results are depicted in Figures 11-
8 a, b, ¢ & d corresponding to dc currents, firing angles, current references
and dc terminal voltages at the rectifier-end, respectively.

Both conventional and NF VDCL units are able to reduce their current ref-
erences within 1-2 cycles to their limited values; 0.4 pu in the case of the
conventional VDCL unit and 0.1 pu in the NF VDCL case. Moreover, the
NF unit is slightly faster (see Iref signals). A characteristic oscillation fre-
quency of 100 Hz (second harmonic on the CIGRE benchmark system) is
also observed.

o s N N N =
0.08 0.09 0.1 o1 012 0.13 014 0.15 0.16 047

Time(sec)
(a)

0.08 0.08 0.1 011 0.12 0.13 0.14 0.15 0.18 017
(b} Tima(sec)

0.08 0.09 0.1 0.11 0.12 0.13 0.14 0.15 0.16 017
(c) Timelsec)

. . L L
(;.OB 0.09 L8] o1 012 013 0.14 0.15 016 017
Tima(sec)

Figure 11-8: System response during fault
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11.2.6.3 Case 3 - Recovery From Fault

In this case, the system recovery from a fault is considered assuming that
the system dc voltage has re-established to 0.5 pu; this value is chosen since
it falls within the sloped region of the voltage-current characteristics (Figure
11-5) permitting examination of the VDCL sensitivity. The responses of the
two systems are presented in Figures 11-9a, b, ¢ and d.

Here, the conventional VDCL system is sensitive to the sloped region and,
as a result, it produces an oscillatory response (Figures 11-9 a, b, ¢ and d)
compared to the NF case which provides a more damped response than the
conventional case. Since the conventional VDCL unit [, oscillates to

within 0.8 pu, there is a possible danger from a commutation failure for this
system. The NF VDCL unit exhibits no such oscillations.

0.2 0.25 0.3 0.35 0.4 0.45 05 0.55
(b) Time({sec)
1

) 0.2 0.25 0.3 0.35 0.4 0.45 05 0.55

0.2 0.25 0.3 0.35 0.4 0.45 0.5 0.55
Time(sec)
(@

Figure 11-9: Performance during fault recovery
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11.2.6.4 Case 4 - Current Reference Tracking

HVDC systems are well-known for their fast controllability to carry the
desired dc power, or to modulate the dc power to improve the stability of an
attached ac system. One measure of fast controllability is usually verified
by considering the current reference tracking performance of the dc control-
ler. This test is carried out by reducing the current reference manually by
10% or so in a practical system.

In this particular instance, a 20% step change in the current reference (Fig-
ure 11-10b) to 0.8 pu is initiated for a period of 25 cycles starting at 0.8 s.
The results are compared for a case with no VDCL (i.e. completely unlim-
ited linear case) and the NF VDCL in place. The resulting dc current, the
current orders, the firing angles and the terminal dc voltages are shown in
Figures 11-10 a, b, c and d respectively.

__Conv NF
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Figure 11-10: Current reference tracking
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It can be seen that the NF system has a damped tracking ability with no
oscillations or overshoot. Certainly, the ¢ value could be set to provide a

similar performance but it would require considerable optimization of the
controller parameters.

11.3 CONCLUSIONS

A new method of combining an RBF NN with a fuzzy inference mechanism
to produce an adaptive current reference for the VDCL unit of an HVDC
controller is proposed. Preliminary results from the proposed Neuro-Fuzzy
VDCL unit show that it can enhance the performance of an HVDC system
under dynamic operating conditions.

Further work is needed to test the proposed Neuro-Fuzzy VDCL unit with
the following:

*  More detailed and realistic representation of the HVDC system,
* NN controller [11] instead of a conventional PI controller, and

¢ MTDC system where the adaptive VDCL characteristics can have a
significant role to play.
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Chapter 12

Measurement/Monitoring
Aspects

12.1 INTRODUCTION

Some aspects of the monitoring that is required to provide measured data to
the controllers will be discussed in this chapter. The data is from various
manufacturers (i.e. Siemens and ABB) for their latest equipment dealing
with:

*  Current/ Voltage transducers: ac and dc,
*  Firing Angle Measurement, and

*  Fault Diagnosis.
12.2 MONITORING OF SIGNALS

The monitoring of the following signals is necessary for the controllers
(Figure 12-1) to perform their functions and assist in the protection of the
converter equipment:

* V4 1;-dc voltage and dc current respectively,

¢ I, I'yc - ac current on the line- and converter-side of the converter
transformer,

* V,.-ac voltage at the ac filter bus, and

*  Valve conduction status.
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The three phase ac voltage at the commutation (filter) bus can be measured
with the help of an auxiliary transformer. Due to the presence of ac filters at
this bus, the voltage waveform is devoid of commutation notches, but may
contain some level of harmonic content, particularly if the ac system is con-
sidered weak.

Differential > 1y
Circuit Protection DP Va
Breaker
DCPT
Pole
7 r Differential
ac ac Protection (PDP)
DCAT
B &
Over Current
Protection (OCP) I;
Valve Group
Protection (VGP)

DC Current Transformer (DCCT)
DC Potential transformer (DCPT)
Potential transformer (PT)

Figure 12-1: Monitoring peints for the protection circuits

The dc voltage is often measured by means of either bushing-type capaci-
tive or resistive dividers.

The dc current used to be measured with transductor type dc current trans-
formers. However, these are now superseded and replaced by a precision
shunt at high potential, and the use of an optical fibre link between ground
and high potential. These new transducers can handle both ac and dc current
measurements.

These new optical current transducers utilize a precision shunt at high
potential. A small optical fibre link between ground and high potential is
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utilized resulting in a lower probability of a flashover. The optical power
link transfers power to high potential for use in the electronics equipment.
An optical Data Link transfers data to ground potential. This transducer
results in high reliability, compact design and efficient measurement with
accuracy of 0.5% within the frequency range from dc to 7 kHz (see also
chapter 15).

The measurement of valve conduction status is necessary for both protec-
tion and extinction angle control at an inverter. The use of fibre optics is
made to transmit the valve (and individual thyristor) conduction status to
ground potential. The timing of the valve extinction is obtained by compari-
son with the appropriate ac voltage zero crossing.

12.3 PROTECTION AGAINST OVER-CURRENTS

Faults and disturbances can be caused by malfunctioning equipment or
insulation failures due to lightening and pollution. First, these faults need to
be detected with the help of monitored signals. Second, the equipment must
be protected by control or switching actions. Since dc controls can react
within 1 cycle, control action is used to protect equipment against over cur-
rents and over voltage stresses, and minimize loss of transmission. In a con-
verter station, the valves are the most critical (and most expensive)
equipment that need to be protected rapidly due to their limited thermal
inertia.

The basic types of faults that the station can experience are:
*  Current Extinction (CE)

CE can occur if the valve current drops below the holding current of the
thyristor. This can happen at low current operation accompanied by a
transient leading to current extinction. Due to the phenomena of current
chopping of an inductive current, severe over-voltages may result. The
size of the smoothing reactor and the rectifier I,,;,, setting helps to mini-

mize the occurrence of CE.
¢ Commutation Failure (CF) or misfire

In line-commutated converters, the successful commutation of a valve
requires that the extinction angle #nominal be maintained more than
the minimum value of the extinction angle y-min. Note that %#nominal =
180 - o - u. The overlap angle g is a function of the commutation volt-
age and the dc current. Hence, a decrease in commutation voltage or an
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increase in dc current can cause an increase in 4, resulting in a decrease
iny. If y< »min, a CF may result. In this case, the out-going valve will
continue to conduct current and when the in-coming valve is fired in
sequence, a short circuit of the bridge will occur.

A missing firing pulse can also lead to a misfire (at a rectifier) or a CF
(at an inverter). The effects of a single misfire are similar to those of a
single CF. Usually a single CF is self-clearing, and no special control
(other than controller response) actions are necessary. However, a mul-
tiple CF can lead to the injection of ac voltages into the dc system. Con-
trol action may be necessary in this case.

The detection of a CF is based on the differential comparison of dc cur-
rent and the ac currents on the valve side of the converter transformer.
During a CF, the two valves in an arm of the bridge are conducting.
Therefore, the ac current goes to zero while the dc current continues to
flow.

The protection features employed to counteract the impact of a CF are
indicated in Table 12-1.

Table 12-1: Protection against over-currents

Fault type QOccorrence ol _ Protection method
| currentlevel
Internal faults Infrequent 10 pu Valve is rated to withstand this
surge
DC line faults Frequent 2-3 pu - forced retard of firing angle
- dynamic VDCL deployment
- trip ac breaker CB after third
attempt
Commutation fail- | Very frequent 1.5-2.5 pu Single CF:
ures (single or mul- - self-clearing,
tiple) Multiple CF:
- Beta angle advanced in stages
- static VDCL deployment

Short Circuits - internal or dc line

An internal bridge fault is rare as the valve hall is completely enclosed
and its air-conditioned. However, a bushing can fail, or valve cooling
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water may leak resulting in a short circuit. The ac breaker may have to
be tripped to protect against bridge faults.

The protection features employed to counteract the impact of short cir-
cuits are indicated in Table 12-1.

The fast-acting HVDC controls (which operate within 1 cycle) are used to
regulate the dc current for protection of the valves against ac and dc faults.

The basic protection (Figure 12-2) is provided by the VGP differential pro-
tection which compares the rectified ac current on the valve side of the con-
verter transformer with the dc current measured on the line side of the
smoothing reactor. This method is applied because of the selectivity possi-
ble due to high impedances in the smoothing reactor and converter trans-
former.

The OCP is used as a back-up protection in case of malfunction in the VGP.
The level of over-current setting is set higher than the differential protec-
tion.

The Pole Differential Protection (PDP) is used to detect ground faults,
including faults in the neutral bus.

12.4 PROTECTION AGAINST OVER-VOLTAGES

The typical arrangement of metal-oxide surge arrestors for protecting equip-
ment in a converter pole is shown in the Figure 12-2. In general, overvolt-
ages entering from the ac bus are limited by the ac bus arresters; similarly,
overvoltages entering the converter from the dc line are limited by the dc
arrestor. The ac and dc filters have their respective arrestors also. Critical
components such as the valves have their own arrestors placed close to
these components. The protective firing of a valve is used as a backup pro-
tection for overvoltages in the forward direction. Owing to their varied duty,
these arrestors are rated accordingly for the location used. For instance, the
converter arrestor for the upper bridge are subjected to a higher energy dis-
sipation than for the lower bridge.

Since the evaluation of insulation co-ordination is quite complex, detailed
studies are often required with dc simulators to design an appropriate insu-
lation co-ordination strategy.
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Figure 12-2: Typical arrangement of surge arrestors for a converter pole [2]
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Chapter 13

Case Studies Of AC-DC System
Interactions

13.1 INTRODUCTION

The transient/dynamic behavior of integrated ac-dc systems is closely
related to the characteristics of the inter-connected ac-dc systems and their
controllers. DC controllers are fast-acting and respond within tens of milli-
seconds and influence the transient behavior. AC generators/machines are
slow-acting and respond within hundreds of milliseconds and influence the
dynamic conditions of the power system. Predicting the transient/dynamic
behavior of integrated ac-dc systems therefore requires a suitable tool such
as a powerful simulator to study these.

In this chapter, three typical simulator-based case studies are presented to
demonstrate the capabilities of simulators - with their full representation of
controllers and detailed system models - to highlight some particular system
aspects of multi-terminal HVDC systems and multiple infeed HVDC sys-
tems.

13.2 AC-DC SYSTEM INTER-ACTIONS

This section provides some insight into two aspects which play a role in the
inter-actions between ac-dc systems.

13.2.1 System Aspects

The three major elements concerned with inter-actions in ac-dc systems
(Figure 13-1) are the dc converter, the ac system, and the dc system.
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The dc converter acts as a source of harmonics; current harmonics on
the ac side of the converter, and voltage harmonics on the dc side. It
also acts as a modulator of harmonics between the ac and dc sides of
the converter. Converters also act as modulators of harmonics between
its ac and dc sides. For instance, a 120 Hz current on the ac side will be
converted into 60 Hz and/or 180 Hz on the dc side. Similarly a 60 Hz
voltage on the dc side will be reflected as dc and/or 120 Hz on the ac
side. The dc converter is also a power amplifier and acts a sink of reac-
tive power for both rectifier/inverter modes of operation,

The ac system acts as a source/sink of harmonics, a source/sink of
active/reactive power and as a variable frequency-dependent imped-
ance, and

The dc system acts as a source/sink of harmonics, a source/sink of
active power and as a variable frequency-dependent impedance.

Constant Voltage Source Constant Current Source
Current Harmonics : Voltage Harmonics .
—a

source impedance

ESCR

AC filters

Figure 13-1: AC-DC system inter-actions

The factors which come into play for the system inter-actions are:

AC-DC system strength,
DC power transfer limits,

Control and protection aspects for the ac-dc system,
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* Reactive power co-ordination,

* Instabilities and harmonic transfer capabilities,

* Recovery of the system from faults,

* Temporary over-voltages and insulation co-ordination,
*  Zero or low inertia systems,

*  Harmonic filters and resonance phenomena,

* Non-linear elements (i.e. transformers, arrestors),

*  Dynamic loads, and

¢  Others.

13.2.2 DC Controller Aspects

The operating point for a MTDC system is defined by the intersecting point
of the static V- I; characteristics of the terminals forming the dc system.
Each linear part of the V, - I; characteristic defines one operating mode.
Such operating modes are utilized in dc systems for reasons of security and/
or efficiency of power transmission. Mode shifts (defined as the movement
of the intersecting point from one linear part of the static V- I; characteris-
tic to another) are an integral part of system behavior and can delay system
recovery from perturbations. However, when planned for, they can be bene-
ficial to reduce the impact of system disturbances.

In the case of a MTDC system, the number of operating modes is high; for a
n-terminal system there exist 2n principal operating modes. Consequently,
the range of operation before a mode shift occurs is relatively limited and
mode shifts occur more frequently. The choice of current margin is impor-
tant for MTDC systems with terminals having a large disparity in their rat-
ings. The magnitude of the current margin should be selected to ensure that
the smallest terminal is not subjected to large overcurrents due to a mode
shift.

13.3 MULTI-TERMINAL HVDC SYSTEMS [1,2,3]

Reference [1] describes a now classical simulator study of a four-terminal
HVDC system with a small parallel tap (Figure 13-2). This study represents
one of the largest systems ever to be mounted on a simulator, and has
become a defacto benchmark for such studies.
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Figure 13-2: Four terminal MTDC System [1]
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The system modelled is a 500 kV, 1500 MW four-terminal HVDC system
with a small parallel tap which is inter-connected to an ac network with
weak ac systems at the four dc terminals. The small tap is rated at 25% of
the rating of the HVDC system and the effective short circuit ratios at the dc
terminals are in the ratio of 2.1 to 3.0. The control strategy employed for the
system was the Current Margin method.

The static V- I characteristics of the MTDC system are shown in Figure

13-3. The nominal operating point is point 1, with Rectifier 2 in voltage
control (VC) and the remaining terminals in current control (CC).

Figure 13-3: Static V-1 characteristics of the MTDC system [1]

The relative rating of the four terminals are indicated in Table 13-1, as well
as the Effective Short Circuit Ratio (ESCR) of their respective ac systems.
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Table 13-1: Relative rating of the four terminals

DC System Recl Rec2 Invl Inv2
Rating (MW) | 1500 600 900 1125 375
Rating (%) 100 40 60 75 25
ESCR - 3.0 3.0 238 2.1

In the case of MTDC systems with unequally rated terminals the recovery
of the total dc system will be dictated by the smallest terminal, particularly
if it is an inverter. Although the strength of the ac system at the smallest ter-
minal will affect the quality of the recovery following a disturbance, the
dominant factor for the recovery will usually be the terminal’s relative rat-
ing compared to other terminals in the dc system.

The study focused on the transient performance of the dc system when sub-
jected to various typical system disturbances. Two tests are presented here
from this study:

13.3.1 Remote 3 Phase Fault At Rectifier 1

A remote three phase fault at Rectifier 1 filter bus reduced its voltage to
about 30% (Figure 13-4). The operating point of the dc system moved to
point 2, with VC at terminals Rectifier 1 and Inverter 1; terminals Rectifier
2 and Inverter 2 are in CC. This is an unusual operating mode but is stable
because the current in Rectifier 1 is forced into extinction since its dc volt-
age is below that of the dc line, being controlled by Inverter 1 operating on
its alpha-min-limit-in-inverter-mode.

In the post-fault period, due to the dynamics of the ac-dc system a number
of dynamic mode shifts between the two rectifiers occur. This is clearly
observed in the trace of “Alpha Rectifier 2”, which goes in and out of alpha-
min operation. Such multiple mode shifts are a result of the breakpoints of
the Vd - Id characteristic being relatively close to each other causing inter-
action between control and system dynamics. Such interactions in MTDC
systems can lead to further disturbances and instability, and should be care-
fully assessed.
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Figure 13-4: Remote 3 phase fault at Rectifier 1

13.3.2 Commutation Failure At The Small Inverter 2

The case of a commutation failure at the smaller inverter is shown in Figure
13-5. A commutation failure at the smaller inverter (Inverter 2) will cause
the total dc line current to be diverted into Inverter 2 i.e. a steady state cur-
rent value of 4 times its nominal value; with the effects of line capacitance
discharging into the fault, a transient peak current value in the region of 6-8
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times is feasible. This peak current can be limited partly by choice of a
larger smoothing reactor at the smaller terminal. This magnitude of fault
current is difficult for the ac commutation voltage to control (even with the
support provided by a strong ac system).

Py

) S CH1S)
—,-,-,-.-,m,BFFI....,....,....,...,

= ]
- Mode shifts E
o._ = A | | I _
0 200 400 600 800
Time (ms)

Figure 13-5: Commutation failure at Inverter 2

The recovery of the system can be obtained by utilizing the capability of the
rectifiers to Force-Retard (FR) their firing angles (alpha) into the inverter
region of operation i.e. 145 degrees or so. The application of the FR can
occur without the need of telecommunications since the collapse of the dc
voltage at the rectifier-end can be utilized as the signal to initiate the protec-
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tion. After a pre-determined time the FR can be removed and the converter
firing angles returned to normal at a controlled speed. However, the danger
from a subsequent commutation failure at the smaller inverter persists under
such conditions, and special control procedures may be necessary, espe-
cially with the weak ac system present at Inverter 2.

The danger of a subsequent commutation failure is highest when the current
at the smaller inverter is nearing its nominal value, especially if an over-
shoot occurs due to, say, improperly tuned control parameters. Furthermore,
the ac voltage is coincidentally at a low value due to sudden reactive power
demand from the converter (Figure 13-5). This danger can be safely mini-
mized by reducing the ordered current at this terminal and avoiding any
transient overshoot of the actual current above this value. Optimization of
the control parameters means having the smaller inverter react as fast as
possible with minimal overshoot. The current regulator of the voltage con-
trolling terminal is biased off such that it absorbs any leftover current. The
means to reduce the current at the smaller inverter can be incorporated into
its dynamic Voltage dependent Current order Limit (VDCOL) characteristic
having special complex ramps (Figure 13-6). The utilization of these com-
plex ramps is justified because they optimize the reactive power capability
of the receiving-end ac system to support the ac voltage whilst accepting the
maximum dynamic energy (MW-sec).

o A Region of the highest probability
of commutation failure
(pu)
1.0
VDCOL
1 min T
» !

Figure 13-6: Dynamic VDCOL with complex ramps

Examples of ramps are shown in Figure 13-6. Ramp D is a linear ramp start-
ing at minimum current order (point O) and ending at reaching nominal cur-
rent order (point N). Ramp C is a double linear ramp and has the same
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starting point and ending points; however, it has a better MW-sec transmis-
sion capability when compared to Ramp D. Similarly, Ramp B with its
delayed double ramp offers a better MW-sec transmission than any other
ramp. One of the simplest yet most effective “ramps” is the exponential
Ramp A. In practice, Ramp B was found to offer the best performance in
MW-sec transmission.

The findings from this study showed that:

1. The recovery of the system shows a marked oscillation at about 20 Hz
due to mode shifts occurring at the rectifiers. This is a kind of limit
cycle and can generate a low frequency oscillation over an extended
period of time. The presence of generators near the rectifiers is of con-
cern since SSR type problems may arise. This test shows the negative
influence of mode shifts in the system.

2. The second case shows the recovery of the system following a commu-
tation failure at the small Inverter 2. This causes a severe over-current at
the Inverter 2. Again mode shifts can be observed at Rectifier 2.

The negative impact of mode shifts was shown in the test case above. How-
ever, mode shifts can be useful too, as was shown in a study of a three-ter-

minal MTDC system (Figure 13-7) [3].
vC
0.3H %}3}1
Sandy Pond

cc
% 0.3H
Radisson Comerford
A Inv. A

Rec Inv. B
(2000 MW) (200 MW) (1800 MW)

<008

1

Figure 13-7: Three terminal MTDC system

The system characteristics of the small inverter B at Comerford, cause it to
suffer from a second harmonic resonance condition, and the dc line is
known to be resonant at 60 Hz. The case is presented from this study where
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the impact of a 3 phase fault at the Radisson (Rectifier) causes a severe
injection of second harmonic voltage/currents into the dc system. With the
presence of a second harmonic ac filter (in itself, an expensive option) at
Comerford, the system normally suffers from a commutation failure at
recovery time and delays the recovery period considerably. Without this
second harmonic filter at Comerford, the system manages to recover inspite
of the resonance condition (Figure 13-8a). However, changing the alpha-
min limit setting at the Comerford from a low to a high value causes the dc
system to recover even with a second harmonic filter present (Figure 13-
8b). The application of this mode shift is, therefore, adapted to be a useful
feature. A further improvement of the condition results if a delayed
dynamic VDCL is employed [3].
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Figure 13-8: Recovery of a three terminal MTDC system (3]

TLFeBOOK



248 Chapter 13

13.4 HARMONIC INTER-ACTIONS AT CHANDRA-
PUR HVDC STATION [6]

In the case of two asynchronous ac systems inter-connected through a dc
link, another aspect of converter modulation is observed. Usually a beat fre-
quency (i.e. the difference of the two ac frequencies) is observed on the dc
link. In the case of two ac frequencies being approximately the same but
slightly phase shifted, a very low frequency (usually under 1 Hz) oscillation
is observed on the dc link. In the case of multiple infeed converters, this
beat frequency will travel through from one dc system into the other.

The 1500 MW Chandrapur HVDC system (Figure 13-9) was studied on the
simulator. The Chandrapur bus CHA4 is electrically very close to another
HVDC 1000 MW BB at the bus WES4 which feeds into the Ramagundam
system RAM4.

BAB4 KOR1 I KOR4 BHL1
L1
5 | O O
Eqd Eia
PAD4
Koradi
12 | " L6A

3
_I_—D $_|LON-a¢ PAR4 156

Parli

fihs
:

PADI1
_E 1500 MW South
Eql
Padghe
Chandrapur 1.9 L9A
X Breaker RAM4 Ramagundam
Lo
_ED— Filters and Capacitor banks _I_ RAMI
( ; Eq3

Figure 13-9: One line diagram of the Chandrapur-Padghe HVDC Inter-connection
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In this particular case, the Ramagundam ac system is asynchronous from
the Chandrapur ac system. However, since it is not possible to maintain the
two systems at exactly the same frequency, a small (typically less than 1
Hz) oscillation at the difference (beat) frequency of the two systems i.e. at
(Chandrapur frequency - Ramagundam frequency), is observed on the BB
dc system. Furthermore, this very low frequency beating phenomena is also
modulated by the Chandrapur converter into the bipole dc system.

As a demonstration of this phenomena, a 15 Hz signal was injected into the
Chandrapur current order. Figure 13-10 shows the impact of this on the sig-
nals Ud, Id and firing angles of the Chandrapur and South converters.

Ud Chandrapur (pu)

2 LI AL R [ N L A R N EY BN R i B M e | T T 1

bttt il oty e e oS e R T e

Id Chandrapur {pu)

N R

Ll L ¥ L] 1 L T T T T T T T T T T ¥ T T 1 L] T

), i I O O DR (SO0 PO VAo COTAE O] A0RRY (I TR MRS UG RMeL S 1S T WONE] Lol bl

-
%

(AN AR RN

Alpha Chondropur (Degrees)
L~ e S ) S S T o e e e TR P s P v i e e i

Q
T I|III

N O
£l
H'-
:-
Fad
j-
~
T
&

T TS T N W W

N
[TIRT]TTTT

Id South (pu)
T

IR LR TN D A I A R I B A N B M B B N SN

TEITOT

f

TTT

T PO OO (A [ JRNPR. (R S0 TR | SO TIOS LONYE [FRON PO LU VR OURE (AW0 TR (T L)

LiiiRilgy

Alpha South (Degrees)

SN TWVR SN DU [N TR TN NNNUN OR[N SRR SRR SN SN SO SN NN SN WO WO TN 1

time (ms)

Figure 13-10: Injection of 15 Hz [6]
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The impact of these is also seen on the envelopes of the three phase ac volt-
ages at the four converter buses (Figure 13-11). Thus, any low frequency
modulation effect from one dc system is propagated onto the other dc sys-
tem. This modulation effect was observed for frequencies from 1 Hz upto
about 120 Hz, after which the dc controllers were able to filter out the
impact.
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Figure 13-11: Injection of 15 Hz - Impact on the envelopes of the ac bus voltages [6]

One simple way of reducing the impact of this propagation of low fre-
quency harmonics is to employ a realistically sized dc smoothing reactor.
For the simulator study, this smoothing reactor in the BB link was 30 mH,
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which although small is representative of today’s market place. Alterna-
tively, using a control mode other than current control at the rectifier (such
as constant-alpha mode) may also aid in decoupling this propagation effect.

The impact of propagation of such low frequency oscillations would have to
be studied for particular system conditions. It is important to note that low
frequency oscillations cannot be decoupled by the converter systems.

13.5 CONCLUSIONS

Due to the complex inter-actions that take place between integrated ac-dc
systems, it is presently essential to use a sophisticated simulator to study
their behavior. The equivalent simulator model for study must be carefully
derived from the actual system to be designed/studied, in keeping with the
overall objectives of the study. The representation of the ac-dc systems
should be in adequate detail and the study should preferably be carried out
with a faithful replica of the real controls of the dc systems.

Due to the economic cost of a simulator study and its potential benefits to
the overall system design and performance, the study should be well-
planned and professionally executed by well-trained personnel. From the
case studies presented in this paper and the experience gained, it can be said
that the insight derived from such studies is usually well worth the invest-
ment.
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Simulators For Analyzes Of
Power System Phenomena

14.1 INTRODUCTION

Modelling of power system transient and dynamic phenomena is essential
to study their impact on the network design and operation. Although model-
ling and simulation can be expensive, they can be potentially cost effective
by the savings resulting from the insight they provide in the design and
operation of power systems. Transient Network Analyzers (TNAs) were
used in the past for power system studies. Essentially these TNAs were
scaled-down analog versions of the power system. Today, three types of
simulation tools are in use for the analysis of power systems:

e Hybrid simulator (i.e. IREQ simulator)
*  Off-line digital simulation packages (i.e. EMTP and its derivatives),

* Real-time digital simulators (i.e. HYPERSIM from Hydro-Quebec and
RTDS™ from RTDS Technologies Inc.).

Technical requirements for the simulator should cover the whole spectrum
of:

*  Accuracy/confidence level of the model,

*  Functionality/flexibility of the model,

»  Rapidity/capacity of the tool to perform a complex task, and
*  Repetitive mode in real-time.
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The simulator should provide:

* A 3-phase model to reproduce transient phenomena within the fre-
quency range 0-2500 Hz,

* A facility to interface with actual system control and protection sys-
tems,

*  Detailed models of system components, e.g. dynamic loads,
*  Sophisticated Data Acquisition System,
¢ On-line Data processing facility,

*  Computer controlled configuration changes, test execution and results
management software, and

*  Post-Processing of Data, Graphic Display and Report editing features.

14.2 THE IREQ HYBRID SIMULATOR [4-7]

First commissioned in the early 1970s, this famous simulator (Figure 14-1)
has undergone continuous upgrading and evolution since its conception to
keep pace with technological advances. This simulator was used exten-
sively to study numerous HVDC and AC systems from all around the world
i.e. the Manitoba Nelson River HVDC system, Itaipu Scheme in Brazil,
Chateauguay HVDC BB in Quebec (Canada), the Intermountain Power
Project (IPP) in the USA, the James Bay Multi-terminal DC system in Que-
bec (Canada), the Chandrapur-Padghe HVDC system in India etc.

The simulator is a small-scale, 3-phase replica of an actual power system. It
uses well-proven and reliable electronic (analog and digital) technologies
for the simulation of power system elements by lumped resistor, inductor
and capacitor (RLC) components. Its rated operating voltage of 100 V
phase to phase and maximum short circuit current of 5 A were selected to
minimize the losses and cost in the simulation of power systems in the EHV
and UHV range.

The simulator operates in real-time at the nominal power system frequency
of either 50 or 60 Hz. Real-time operation permits the verification and opti-
mization of real controls and protection equipment which can be interfaced
to the simulator. The performance of the controllers and protection equip-
ment can be verified and optimized under realistic operating conditions.
Furthermore, operating conditions that are very severe but probable and
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contingencies that are often difficult but practically impossible to duplicate
in the field can also be considered.

POWER SYSTEM
SIMULATION
LABORATORY

Figure 14-1: An artist’s view of the IREQ Power System Simulator [7]

A major advantage of these types of simulator is the speed of test execution
i.e. in real-time. Thus, the simulation of a phenomena that lasts 1 second
takes 1 second unlike simulation in deferred (off-line) time where it may
take many minutes or even hours. This feature permits detailed optimization
studies to be undertaken where rapid interaction with the user is necessary
to investigate complex phenomena and trouble-shoot controllers. Often
such studies involve a “what if” type of scenario where the next test may
depend on the results of the previous test. Therefore, it is imperative to min-
imize the time between tests.

The key features of the IREQ simulator are:
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¢ Real-time simulation,

*  Hybrid technology that includes passive, electronic (analog and digital)
models and real-time digital models,

*  Large number of components for simulation of large networks,
¢ Many versions of FACTs (SVC, HVDC) controllers,

* Inter-connection capability with commercial control and protection
systems,

¢  Computerized systems for test automation, data recording, on-line anal-
ysis, post-processing and report editing, and

*  An integrated database system for fast storage and recall of results and
input data.

14.2.1 Modelling Techniques

Passive analog RLC components are used to model transmission lines (Fig-
ure 14-2), transformers (with saturation), shunt reactors, constant imped-
ance loads, series and shunt capacitors and filters etc.

Electronic components are used to simulate arrestors, circuit breakers and
thyristor or other static valves. Negative resistors are used to compensate
for the disproportionate copper losses involved with the scaled down physi-
cal models.

Real-time digital models are used to simulate components such as control-
lers (Figure 14-3), synchronous machines with their regulators [8], FACTs
(SVC, HVDC etc.) controllers and dynamic loads.

Computer controlled electronic switches are used for modelling circuit
breakers with their closing resistors and zero current breaking characteris-
tics. The automated system permits the execution of complex sequences
that can be randomly controlled for statistical and optimization studies.

System voltages are scaled down to 100 V phase to phase on the simulator.
An impedance scaling factor is selected to keep the fault current below 5 A.
The scaling factor makes it possible to study all practical phenomena within
a dynamic range of 10 - 50,000 A. The frequency bandwidth of simulator
components is limited to about 2.5 kHz (note that this bandwidth is also a
function of the complexity of the models used).
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Figure 14-2: Photo shows a row of RLC components connected to model transmission
lines

Figure 14-3: Photo shows a set of HVDC digital controllers, supplied by ABB, for the
Hydro-Quebec multi-terminal dc system at the IREQ simulator
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Monitoring equipment allows the monitoring of system phenomena to well
above 20 kHz. The computerized recording equipment for each test bay is
comprised of one A/D converter with 128, 13 bit analog multiplexed input
channels and 64 digital multiplexed input channels (Figure 14-4) for a total
of 192 input channels. The transfer rate is 1 mega-samples per second. A 12
Mb memory is dedicated to each A/D and since it is directly connected to
the main computer, the data transfer time is eliminated.

Computer controlled network inter-connection panels are used extensively
in each test area. Each model used in a study is inter-connected via these
panels. The network status is therefore automatically monitored by com-
puter such that the network status conforms to the study database informa-
tion for each test. The unique fingerprint of each test is stored and can be
easily verified for conformation of network integrity. This technique has
been found very practical with the simulation of large complex networks.

A waveform playback system is in use for protection system verification
with previously recorded waveforms recorded from either the simulator,
EMTP simulation or field data. This playback system is very useful for
checking corrections made to protection systems after the original simula-
tion set-up has been dismantled [10].

14.3 OFF-LINE DIGITAL SIMULATION PACK-
AGES

14.3.1 EMTP

The Electro-Magnetics Transients Program (EMTP) was developed by H.
Dommel [15,16] at the Bonneville Power Administration (BPA). Its funda-
mental simplicity resulted from the representation of inductor (L) and
capacitor (C) elements by resistor (R) elements with initial (history) condi-
tions. It used the trapezoidal integration method which was both simple and
rapid in the solution of algebraic equations which could be represented by
difference equations. The network equations are obtained using the Nodal
Analysis method. EMTP uses sparsity in the inversion of matrices and the
use of LU factorization techniques made the solution of large systems rela-
tively rapid. The user-specified time-step of integration was kept constant
throughout the simulation. The availability of a sub-routine for the Tran-
sient Analysis of Control Systems (TACS) [12] enhanced its capabilities
and allowed the use of control systems to be added to the simulation. This
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sub-routine was later replaced with another more powerful version called
MODELS [13,14].
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Figure 14-4: A typical setup arrangement on the IREQ simulator
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EMTP rapidly became a industry standard analysis tool for power systems
and is widely used. The program has had a checkered history and numerous
variants have appeared, including the Alternative Transients Program (ATP)
version which could be used on a personal computer.

Initially, the development of the program was supported by the Bonneville
Power Administration (BPA). Some of the drawbacks in the capabilities of
EMTP became more pronounced as the modelling of Flexible AC Trans-
mission (FACTS) with power electronic switches and voltage source con-
verters became more desirable.

Some of the drawbacks of the original EMTP version were:

1. The use of a fixed timestep which cannot take into account the rela-
tively long periods of inaction during non-switching events. This results
in unnecessarily long simulation times and huge amounts of data to be
manipulated. This is particularly problematic for the simulation of
power electronic converters.

2. The use of a fixed timestep results in the modelled switches chopping
inductive currents which causes numerical oscillations. The use of arti-
ficial RC “snubbers” helped to alleviate some of these problems. The
choice of the snubber capacitor was a function of the magnitude of the
current to be chopped and the timestep.

3. The use of the trapezoidal integration method results in numerical oscil-
lations when the network admittance matrix to be inverted becomes sin-
gular. This is the direct result of modelling switches as truly either ON
or OFF without representation of their intermediate non-linear charac-
teristics.

4. The requirement of a one timestep delay between the main program and
the TACS subroutine for controls simulation.

5. The use of new Voltage Source Converters with multiple switchings per
cycle made the problem of switching “jitter” much more evident.

6. The lack of user-friendly input and output processors.

In recent years, considerable effort has been made by the EMTP Develop-
ment Co-Ordination Group (DCG) to restructure the program. This has
resulted in the latest version called the EMTPWorks RV (Restructured Ver-
sion). The entire code of the program has been re-written and graphical
input and output processors have been added. A sample of the graphical
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input file is shown in Figure 14-5 and a sample of the output file is shown in
Figure 14-6.

A | B | C | D

EXAMPLE 03: Single—phase, double source supply
with automatic transfer switch and PLL

1 POWER SYSTEM +Fault time setup

0z
1.1 AC main source E/

=

F,flﬁ Eﬂ@ﬂ -

&
=
-—

1.2 Standby source (PWM Inverter)

1 1
e B 7 Load
1 — M3 — =
18 n{} tJ:} +PF=0.85
3l | o 0 .
L !
0= N2 '—1;‘:} N — )
; L | |
B [ R
2 TS CONTROLLER 3IPLL 4 PWM Inverter firing signal
generator
4 4
L e |
5 Exomple03 5
Single-phase, double source suppl
with automatic transfer switch and PLL
July 2003
Prepared by: V.K.Sood and L.Yansong
_spod.vijuyﬂlreq.cu
A B | C | )]

Figure 14-5: Sample graphical input file for the latest version of EMTPWorks RV
(courtesy of EMTPWorks RV)
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Q‘m . Aug 23, 3000 B:47:28 PM
e

Figure 14-6: Sample output file from ScopeView - the graphical output processor for
EMTPWorks RV (courtesy of TransEnergie Technologies))

14.3.2 EMTDC/PSCAD

This is a second-generation software simulation package based on the Dom-
mel algorithm (i.e. EMTP) for the study of power systems. This package
succeeded in the market place due to the inherent limitations in the original
EMTP program such as the lack of user-friendly input and output interfaces.
The original software was written in standard FORTRAN 77; however, the
current releases of PSCAD/EMTDC Version 3 and Version 4 source code
are Fortran FO0 compliant.

The EMTDC program was originally developed as a research project in the
mid 1970s by employees of Manitoba Hydro and researchers at the Univer-
sity of Manitoba [17]. These developers then took this product to market
under a new not-for-profit enterprise named Manitoba HVDC Research
Centre (established in 1981) which is a research centre for Manitoba Hydro.
In 1988, the Centre began development of a graphical user interface to
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enhance the EMTDC simulation software. The result was PSCAD with Ver-
sion 2 being released in 1994 and Version 3 in 1999. Version 4 was released
in the early part of 2002.

In recent years an interpolation algorithm has been included to permit the
accurate modeling of power electronic switches. For the modelling of large
power systems, the network can be split into smaller sub-networks con-
nected by transmission lines (which effectively de-couples sub-networks by
the time delay encountered between the sending and receiving ends). The
solution of these individual sub-systems has been made efficient by the use
of Gaussian Elimination sparse matrix techniques.

The PSCAD/EMTDC Master Library includes, but is not limited to, the fol-
lowing components:

* Network Components

- Passive RLC components

- Transformers (with saturation)

- Frequency dependent transmission lines and cables
- Synchronous and Induction machines

- Breakers

- Surge Arrestors, and

- Sources

¢ Control Blocks

- Derivative

- Delay

- Differential lag
- Integrator

- Limiter

- Complex pole
- Real pole

- Lead lag

- Ramp

- Timer

*  Power Electronics

- Thyristors, Diodes and GTOs

- 6 and 12 pulse HVDC converter bridges
-SVC

- STATCOM
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*  Meters

- RMS volts and current (1 or 3 phase)
- Real and Reactive power

- Peak detector

- Relative phase angle

- Frequency

The software also has many motor models, new control functions, transmis-
sion line, and transformer models that are not listed above.

14.3.2.1 PSCAD Graphical User Interface (GUI)

This is a proprietary GUI (Figure 14-7) which can be used with EMTDC.
This is a powerful GUI which facilitates the user to manage, prepare, run
and analyze simulations.

et Wiy L

g .....,;Nm:‘_;ﬁ:’-gmm._.:_ B

Figure 14-7: An example of the PSCAD GUI used with EMTDC
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14.4 REAL-TIME DIGITAL SIMULATORS

A real-time digital simulator [1,2] is an important study tool for power sys-
tem engineers involved with the analysis of complex power system inter-
actions caused by the increasing use of fast-acting controllers and protection
systems. The cost considerations for deployment of this tool are not insig-
nificant and must take into consideration the infrastructure, operational,
maintenance and upgrading costs.

Real-time simulators exist at the following organizations:

¢ Hydro-Quebec Research Institute (IREQ), Canada [4,5],
¢ Manitoba HVDC Research Center, Canada [3],

¢  Kansai Research Center, Japan,

¢  CEPEL (research center), Brazil,

*  CESI (research center), Italy,

e CPRI (research center), India,

e EPRI in China,

* ABB, Siemens, GEC-ALSTOM, GE & other suppliers,
* EdF in France,

¢  Korea Electric Power Corporation, (with the largest RTDS installation),
*  Others.

The main limitations of real-time simulators are:

¢ Limited number of models available at one site due to cost and physical
constraints which limit the size of the power system that can be mod-
elled,

* Single user capability of most installations limiting the availability of
the simulator and the number of studies that can be performed within a
limited time frame, and

e Operating costs (maintenance, operator training, model set-up, etc.).
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It is noteworthy that the maintenance and operating costs and some of the
limitations mentioned above are reducing all the time due to the digital
approach. While real time digital simulators are not without cost, they are a
fraction of the price of analog/hybrid systems (~1/10) and an even lesser
fraction in size.

From the point of view of an utility, the needs for a real-time simulation
capability are:

¢  Verification/Commissioning of actual control and protection systems in
closed-loop mode,

* Feasibility studies and investigation of new technologies (i.e. FACTS
devices),

* Investigation of complex systems with interactions possibilities, and

*  Training of operators and engineers.

In many applications, it is necessary to compute the current and voltage
wave forms at the same speed as they would occur in reality, independently
of the size of the power system network being investigated by real-time
simulators which can be made of:

*  Physical passive component such as resistors, inductors, and capacitors,

* Electronic components such as operational amplifiers, zener diodes,
thyristors etc., and

*  Special Digital Signal Processors (DSPs) programmed to execute their
program in real time.

Modern real-time simulators interface to these three technologies to maxi-
mize the operating flexibility and the precision of the simulation. However,
due to the frequency bandwidth of physical components and to the speed
limitation of actual digital processor technology, real-time simulators can-
not be used to evaluate very fast transients with rise time smaller than 10 -
50 micro-seconds initiated by lightning strokes and arc breaking and re-
ignition phenomena. With the exception of these very fast transients, all the
other transient phenomena occurring during and after a system disturbance
can be simulated in real-time including the reaction of fast and slow control
and protection systems and electromechanical oscillations. This is a key
feature necessary for the analysis of complex interactions between HVDC
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and FACTS controllers, line & equipment protection, automatic controls
and the AC networks.

However, the transient stability performance of a very large power system
cannot be investigated with today’s real-time simulators due to the rather
limited quantity of models available at one site. These studies are performed
with off-line transient stability programs neglecting the simulation of all
electromagnetic transients in order to decrease the simulation time and to
allow the simulation of very large power systems.

14.4.1 Methodology

Most real-time digital simulators employ the well-known EMTP-based
Nodal Analysis approach for simulating the network. This permits a global
approach to the representation of RLC elements (Figure 14-8) as well as
switching components. Each element is represented by a resistor in parallel
with a current source; the current source represents a history term which
contains the energy stored in a reactive element. Kirchoff’s Nodal Law
enables the building of a set of linear equations:

Figure 14-8: Nodal method of modelling RL.C components

[G][V]1=1[I] (14-1)
Vi=[Gr! (14-2)
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By calculating the inverse of the admittance matrix [G], the solution to the
system is obtained.

The trapezoidal integration method is usually utilized for efficient and rapid
calculations, although care has to be taken to avoid singularity of the matrix
[G] due to one branch having a very high impedance compared to the rest of
the branches. This can lead to numerical oscillations; however, most power
systems have enough damping in the circuit to avoid such problems.

A fixed time-step (typically 25-75 micro-seconds) is necessary with a trape-
zoidal integration method which is commonly employed. Since the current
in a switching element in series with an inductive element will normally not
coincide with a switching requirement, current chopping occurs and can
lead to numerical oscillations. However, techniques are now available to
include interpolation techniques to avoid numerical problems from occur-
ring. The extra burden imposed on computation is not too severe with mod-
ern processors.

Jitter problems can arise when modelling control functions with very long
time constants as compared to the time step. Use of powerful double preci-
sion processors is therefore recommended (i.e. DSPs and RISC processors).

Decoupling of the power system network is necessary to distribute the com-
putational burden between parallel processors (Figure 14-9). The power
system is decoupled due to the propagation delay in transmission lines, thus
this technique is used to break up the power system network into smaller
sub-systems for parallel processors.

Since real-time calculations need to be fast, iterative computational tech-
niques for non-linear elements which may result in convergence problems
are often not used. The simulator retains the feasibility to run in deferred
time also for debugging and set-up purposes.
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transmission line

Figure 14-9: Technique to distribute tasks to parallel processors

14.4.2 Hardware Considerations

Since computational speed is of the essence, parallel processors are
required. A time step of 50-75 micro-seconds is considered essential. The
processor nodes must be capable of inter-nodal communication with at least
4 other nodes to minimize communications overheads. Usually each node
will have an I/O capability to reduce the inter-nodal communications bur-
den.

The availability of the computational nodes must, therefore, be a mature,
stable and easily available technology. Furthermore, due to the coding
requirements, portability to other machines is usually a consideration.

14.4.3 Software Considerations
Due to code portability requirements, a high level language such as C/C** is

commonly employed. Furthermore, Object Oriented Methods (OOM) (Fig-
ure 14-10) are used for the flexibility, modularity, expand ability and main-
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tenance purposes of the code. Another benefit of OOM is the ability to
employ inheritance relationships to reduce the number of object classes.

Network
(Object)
Power Elements
(Sub-Object)
| | Sub-Station
|
|
|
Control Elements Transformer

(Sub-Object) !

[ Control Blocks

|
I

Figure 14-10: Object Oriented Methodology for software

14.4.4 Graphical User Interface (GUI)

Since this is the main interface with the user, its friendliness and ease-of-use
is of primary concern. Three separate functions of the GUI are identifiable:

1. Editing Mode

The usual tendency is to employ a graphical window for drawing the power
system network from a library (palette) of elements. The user usually has
the facility to develop in-house icons and elements which can be added to
this library. The icons can be manipulated for easily entering the data
parameters.

2. Control Mode

This mode enables the user to manipulate the simulation and control it on-
line. Features such as ending and re-starting a simulation with modified
parameters are common. Added facility can be the operation of multiple
case studies for performing sensitivity analysis or optimization type studies.
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3. Data Analysis Mode

In this mode, the vast amount of data that is acquired during a simulation is
manipulated for fast analysis and visualization. The use of sophisticated
data processing techniques is a requirement.

14.4.5 Validation Of Real-time Digital Simulators

Validation is both necessary and essential to any analytical tool. Validation
can be performed with results from field tests, other simulators/TNA and
deferred-time digital packages. The use of benchmark tests i.e. the CIGRE
Benchmark HVDC system has become standardized now.

14.4.6 Hardware Implementations

There are two well known versions available. The first one is from the
RTDS Technologies Inc. An example is illustrated in Figure 14-11 along
with current and voltage amplifiers that are used in testing power system
relays.

Figure 14-11: A typical real-time digital simulator from RTDS Technologies Inc.
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The other is the HYPERSIM version of a real-time digital simulator which
is marketed by TransEnergie Technologies Inc. It is available in two for-
mats: SGI (UNIX based) and PC Cluster (LINUX based). The simulators
utilize parallel processors techniques. Each format uses a central server
node and other processors as computation nodes. The server node does both
functions: computational as well as distribution to the other nodes.

14.5 PRESENT AND FUTURE TRENDS

With the increasing capabilities of digital computers and DSPs, the analog
simulator has evolved gradually first to a hybrid and now to a totally digital
implementation.

These trends are visible in replacing key components from analog to digital
versions to minimize set up times e.g. micro-machines to replace physical
machines [8]. In the 1970s, analog computers were used to solve the
machine equations in real-time. These models are now totally replaced with
a DSP version eliminating adjustments and setup times. Furthermore, dif-
ferent machine models can easily be pre-programmed and re-used many
times.

Improvements have taken place also in the valve models used in the simula-
tors. Previously, these were composed of a single thyristor to model a large
thyristor valve. By using digitally controlled transistors, the behavior of the
valve can be better represented in terms of recovery and protection charac-
teristics. Furthermore, these valves can also represent the self-commutating
switches like GTOs and IGBTs which are now required for newer VSCs.

As far as real-time digital simulator approach is concerned, continual devel-
opments in the following areas are to be expected:

¢ Lower cost,

¢+ Reduced space requirements,

¢ Improved robustness (repeatability) and portability,
¢ Modularity, and

e  User-friendliness.

One aspect that will continue to improve will be the calculation time step.
With this, the detail of individual system models will also improve.
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Chapter 15

Modern HVDC - State Of The Art

15.1 INTRODUCTION

This chapter will look at modern trends in HVDC transmission in the
present decade 2000-2010.

15.2 PAST DECADE VERSION

The driving forces for the developments of HVDC Converter terminals in
the past decade were increased performance, increased reliability, reduced
losses, higher overload capacity and better filtering with lower audible
noise requirements. All of these requirements led to increased costs for
HVDC transmission systems. The industry matured over this period and
was characterized by the following features:

*  Valves: Typical of the state-of-the-art valves during this period was the
+500 kV water-cooled valve for indoor utilization, having a 12 pulse, 3
quadri-valve configuration which was suspended from the ceiling for
seismic reasons,

*  Converter Transformers: These were three 1-phase winding trans-
formers which were mounted close to the valve-hall with protruding
bushes,

* AC Filters: These were mainly of the conventional, passive double-
tuned and high-pass filters type with internal fused capacitors and air-
cored reactors. Reactive power control was offered by switched capaci-
tors,

¢ DC Filters: These were of the passive type with either air or oil cooled
reactors. The DCCTs were of the zero-flux type, and
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¢  DC Controls: These were mainly digital, but with some analog parts
for the protection circuits and firing units. The controls were housed in
the control room and were duplicated for hot standby.

15.3 PRESENT DECADE VERSION

The new trends in the present decade are being led by a commitment to
reduce costs so that dc transmission can become competitive with ac trans-
mission. These cost reductions are coming about due to reduced engineer-
ing costs as modular, standardized and re-usable designs are being
employed. Furthermore, developments of the past decade in the areas of
digital electronics and power switches have borne fruit.

15.3.1 Thyristor Valves

The ratings of thyristors has progressed almost linearly since the first thyris-
tor valve became available in the early 1970s. Today, thyristor ratings of 8-9
kV and 1500 kW on silicon wafers of 150 mm diameter are commercially
feasible (Figure 15-1). This has led to a dramatic decrease in the number of
series connected thyristor elements comprising a valve, thus simplifying the
design and reducing the power losses.

The thyristors can be either light or electrically triggered. It is claimed that
Light-Triggered Thyristors (LTT) will offer performance and cost advan-
tages in the future (Figure 15-2) by eliminating the high number of compo-
nents in the electronic firing unit. Monitoring and protection features are
also incorporated in these devices.

The valves are now of the air-insulated type and can be housed in outdoor
units or modules with one valve per module. This will improve reliability
and reduce costs due to the omission of large valve halls.

An important development in the usage of outdoor valves is a composite
insulator which is used as a communications channel for the fibre optics,
cooling water and ventilation air between the valve unit and ground (Figure
15-3).

An outdoor valve of this type has been in operation at the Konti-Skan I sta-
tion since 1992 for 275 kV dc voltage (Figure 15-4).
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Figure 15-1: Development of blocking voltage and power handling capacity for HYDC
thyristors
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LTT. The light guides appear in the bot- pipe entry.
tom right hand corner.

Photos courtesy of Siemens.

Figure 15-2: Wafer and construction of the LTT thyristor
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Figure 15-4: Outdoor valve in operation at Konti-Scan I station [ABB]
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15.3.2 Self-commutated Valves

The increased interest in Voltage Source Converters (VSCs) has been a
result of the development of self-commutated switches at increased power
ratings. These switches now permit the use of sophisticated algorithms for
deriving sinusoidal output waveforms from the VSCs for controlling active-
reactive power and the generation-absorption of harmonics. A comparison
of the power switches now being developed is made in Table 15-1.

Table 15-1: Comparison of power semi-conductor devices

Thyristor | GIO | IGBT SI | MCT |MOSFET
% * % i Ywioa B ;

Max. Voltage | 9000 6000 1700 2500 3000 1000
rating (V)
Max. Current | 4000 6000 800 800 400 100
rating (A)
Voltage block- | symmetric/ | symmetric/ | asymmet- [ asymmet- | symmetric/ | asymmetric
ing asymmet- | asymmet- | ric ric asymmet-

ric ric ric
Gating pulse current voltage current voltage voltage
Conduction | 1.2 2.5 3 4 1.2 resistive
drop (V)
Switching fre- | | 5 20 20 20 100
quency (kHz)
Development | 10,000 10,000 3,500 5000 5,000 2000

target max.
voltage rating
v

Development | 8,000 8,000 2,000 2,000 2,000 200
target max.
current rating

(A)
* GTO - Gate Turn-Off Thyristor,
IGBT - Insulated Gate Bipolar Transistor,
SI - Static Induction Thyristor,
MCT - MOS Controlled Transistor, and

MOSFET - MOS Field Effect Transistor.
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15.3.3 Active Filters

An active filter is a device that injects harmonic current at the same magni-
tude into the line in opposite phase so as to negate the influence of the har-
monic. These devices become prominent in recent HVDC installations due
to the following:

¢ Stringent requirements from the utilities for filtering harmonics,

¢  Availability of fast, economic power switches so that PWM VSC con-
verters at high power and low losses are possible, and

o Increased capability of DSPs so that complex algorithms can be
cheaply implemented.

It is feasible to have active filters on either the ac or dc sides of the HVDC
converter. However, due to the combined requirements of reactive power
supply and ac harmonic filtering on the ac side of the converter, the usage of
active filters on the ac side has been somewhat muted as compared to the dc
side application where reactive power supply is not required.

Figure 15-5: Active dc filter contained in a pre-fabricated module
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Theoretically, either a current source or voltage source converter can be
chosen for an active filter function, although VSC converters are more com-
mon.

15.3.3.1 AC Side Of The Converter

Conventional ac filters supply both reactive power to the converter and
function as harmonic filters. With active filters the supply of reactive power,
although feasible, is somewhat limited due to the cost factor associated with
a large dc capacitor. The primary function of the active filter is therefore to
counteract the influence of the harmonics, and let the reactive power be
handled by other techniques.

15.3.3.2 DC Side Of The Converter

On the dc side of the converter, the active filter is concerned with mitigating
the harmonics from entering the dc line and generating telephonic interfer-
ence.

Figure 15-6 shows the cost of the active dc filter compared to the passive
filter as a function of the equivalent disturbing current. The cost of the pas-
sive filter increases dramatically as the disturbing current is reduced. How-
ever, the cost of the active filter remains virtually constant since it consists
of a simple passive filter in series with an active part which covers the fre-
quency range.

A
Cost o
Passive filter

Active filter

p Disturbing current

Figure 15-6: Cost of dc filter with disturbing current
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As with all active filters, the possibility of either series or parallel (shunt)
operation is possible. The choice between them is made by consideration of
the following:

*  Measuring points,

*  Harmonic source,

* Integration of the active filter within the system, and
*  Regulation aspects from the circuit point of view.

Due to the cost of components required to operate in series with a high volt-
age dc line, the shunt option (shown in Figure 15-7) has been developed.

pole

_active
 filter

converter

£ neutral

Figure 15-7: Circuit diagram of active dc filter

This option is selected because the ac filter components are sheltered from
the dc line by the small series passive high-pass filter. The operating princi-
ple of an active dc filter is shown in Figure 15-8. A prototype of this type of
filter was installed in the Konti Skan II terminal in 1991. The dc filter
injects a current in the filter in opposition to the harmonic current from the
HVDC converter so as to cancel it. The active filter is connected at the low
voltage end of a small passive dc filter connected between the pole and neu-
tral buses.
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Figure 15-8: Simplified circuit diagram for HVDC Converter with active dc filter

When the active part was connected, a significant reduction in the harmonic
current in the dc line was achieved (Figure 15-9).

[l With passive filter only

1(f) B With active filter

(A, rms)
L5
1
0.5

0 . .

2000 3000 Frequency (Hz)
Harmonics 12 24 36 48 60 72

Figure 15-9: Harmonic current on the dc line with passive and active dc filters
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15.3.4 Tunable AC Filters

Traditional ac filters provide both reactive power compensation and har-
monic filtering. Using high quality factors with these filters maintains a low
filter impedance which reduces losses, and provides better filtering. How-
ever, due to a possible resonance with the ac network impedance, it is also
necessary to maintain a certain bandwidth of operation. The network
impedance varies within a wide range due to topological changes in the net-
work caused by lines connections/disconnections etc. Also, the detuning of
conventional filters can be caused by frequency deviation and component
variation e.g. capacitance changes due to varying temperature. These varia-
tions can result in inadequate filtering and reduce the performance of the fil-
ter.

Using continuously tunable filter inductors is not a new idea, and was
attempted many years ago. The idea was abandoned due to operational and
maintenance difficulties in maintaining tuned filters caused by temperature
fluctuations and aging of equipment.

Various techniques for achieving tuning are possible i.e. using either
mechanical or electronic taps on reactors etc. However, the active tuning of
a reactor by means of the orthogonal magnetization of an iron core inside
the reactor provides an attractive solution with no moving parts. The mag-
netization of the core can be controlled by a direct current (Figure 15-10).

‘—b Insulating tube

Coil winding for filter current

v

Tube-shaped core

DC control winding

Figure 15-10: Orthogonal magnetizing of ConTune Filter reactor
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15.3.5 AC-DC Measurements

An optical current transducer is now used to replace earlier more compli-
cated measuring equipment. The new transducer is based on a high-preci-
sion shunt in series with the line (Figure 15-11).

Optical Current Transducer
(OCT)

Block Diagram, OCT

Power

Optical Converter
Power
Link

Optical |

Data [~

Link

Figure 15-11: Optical Current Transducer (OCT) [ABB]
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The A/D converter at high potential is powered by a light (laser) source sent
to the OCT via a fibre optic link from the control room. The measured cur-
rent is transmitted in digital form to the detection equipment in the control
room. The length of the fibre optic link can be upto 300 m long. The accu-
racy of the measurement technique is better than 0.5% in the frequency
range from dc to 7 kHz. The use of an optical link provides better reliability,
compact design and lower costs.

15.3.6 Digital Signal Processor (DSP) Controllers

DSPs have grown exponentially in the last decade and now can have a cal-
culation capacity of 2000 million instructions per second (MIPS). This has
led to improved reliability and fully hot standby redundant control systems.
Even the final stronghold of analog controls i.e. main converter firing con-
trol systems are now fully digital. The number of cubicles required in the
control room have decreased leading to lower costs for buildings. Addition-
ally, improved control algorithms, lower maintenance, fault diagnosis fea-
tures and online monitoring are now being offered by manufacturers.

15.3.7 Compact Station Design

The station layouts of a typical 2000MW HVDC station designed and built
in the 1980s and a modern layout are illustrated in Figures 15-12 and 15-13
(figures are to scale). The conventional station has an area of 300 x 300 m
and the modern station has an area of 100 x 200 m i.e. a 25% reduction.
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Figure 15-12: Comparison of a 2000 MW HVDC station of the 1980s with a modern
design [1,3]
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Proposed Layout of a modern 2000 MW bipolar station.

Figure 15-13: Comparison of a 2000 MW HVDC station of the 1980s with a modern
design [1,3]
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An artist’s impression of the modern station is shown in Figure 15-14. The
most important factors in the size reduction of future HVDC terminals are
active ac-dc filters, outdoor valves and the housing of control and auxiliary
systems in pre-fabricated modules. No buildings will be needed, and all
controls will be factory tested. Site work is, therefore, likely to be substan-
tially reduced, with lowering of erection and commissioning costs.

Commutation Capacitors AC filters

ConTune and
High-pass filters

Converter transformers

Control and Service
Building

Valve cooling equipment
Smoothing reactor

Active dc filter

Figure 15-14: Artist’s impression of the modern HVDC station layout {ABRB]

15.3.8 Deep Hole Ground Electrode

The ground electrode is an important part of an HVDC system, and contrib-
utes to the overall cost of the terminal. In a submarine cable link or a termi-
nal close to the sea, it is feasible to build compact shore or sea electrodes.
However, often a terminal will be in a location where access to a good
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grounding point is not conveniently available. In such cases, a land elec-
trode requires a large area and must be located where the earth resistivity is
low. Under such conditions, a deep hole ground electrode (Figure 15-15)
can be placed in a earth layer with low resistivity resulting in low electric
potentials and potential gradients at the surface.

Electrode Line

Nvitch House

Cable

Surface of Earth

High resistivity layer
500-1000 m

Electrode element
100-200 m

Low resistivity layer
10m

R
+—>

Figure 15-15: Deep earth electrode [7]

The advantages of such an electrode are:

¢ Allows the electrode to be closer to the converter station,

¢  Usage of a shorter line with reduced power loss,

¢ Reduced interference and reduced risk of lightning strikes,

+ Easier to find a suitable electrode site, and

*  Enhanced possibilities to operate the dc link in mono-polar mode.

15.4 CONCLUDING REMARKS

The future use of HVDC systems will also consider forced commutation
techniques which offer a greater control of active and reactive power, with
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the reduced generation of harmonics. The use of self-commutated switches
will eliminate the problem of commutation failures. With the increased rat-
ing of power switches, the requirement of expensive transformers may also
be affected.

Since HVDC terminals are now considered part of the FACTS domain, an
awareness of the deregulated utility market will lead to an integrated
approach for meeting new challenges. The use of wind, photo-voltaic,
micro-turbines and fuel cells to provide new sources of power will provide
new opportunities for HVDC applications.
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