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INTERNATIONAL ELECTROTECHNICAL COMMISSION

DC TRANSMISSION USING VOLTAGE SOURCED CONVERTERS
FOREWORD

1) The International Electrotechnical Commission (IEC) is a worldwide organization for standardization
comprising all national electrotechnical committees (IEC National Committees). The object of IEC is to
promote international co-operation on all questions concerning standardization in the electrical and
electronic fields. To this end and in addition to other activities, IEC publishes International Standards,
Technical Specifications, Technical Reports, Publicly Available Specmcatlons (PAS) and Guides (hereafter
referred to as “IEC Publication(s)”). Their preparation is entrusted to technical comnittees; any |IEQ National
Committee interested in the subject dealt with may participate in this preparatory work. Fnational,
governmental and non-governmental organizations liaising with the IEC also pdNici i i paration.
IEC collaborates closely with the International Organization for Standardization (I i corddnce with

2) |The formal decisions or agreements of IEC on technical matters expre y pOskible, an
international consensus of opinion on the relevant subjects g ifttee has
representation from all interested IEC National Committees.

3) |IEC Publications have the form of recommendations for intern National
Committees in that sense. While all reasonable efforts are hnical contgnt of IEC
Publications is accurate, IEC cannot be held responsib I for any

misinterpretation by any end user.

4) |In order to promote international uniformity, IEC ke to apply IEC Puplications
transparently to the maximum extent pessible i al publications. Any divergence
between any IEC Publication and the 4 i pdblication shall be clearly|indicated
in the latter.

5) |IEC provides no marking procedure to indi i annot be rendered responsibl¢ for any
equipment declared to be in conformity )

6) |All users should ensure that they have t

7) |No liability shall attachdo | i ectars, erpl¢ , i ing indivi berts and
members of its technica { i i injury, damage
or other damage of|any na atse indi , i i ees) and
expenses arising qut of Al ication , i , thi icati ther IEC

igations is

Publications,
8) |Attention is
indispensable fo

9) |Attention is drawn ubject of
patent rights\|E

A |PAS i chpi jcati illi i t made

avhilabte to the publi

IEC S Electric

Syistems)and hasybeen processed by subcommittee 22F: Power electronics for electrical

trgnsmission a distribution systems, of IEC technical committee 22: Power elgctronic
systems and equipment.

The text of this PAS is based on the This PAS was approved for publication by

following document: the P-members of the committee
concerned as indicated in the following
document:
Draft PAS Report on voting
22F/129/NP 22F/148/RVN

Following publication of this PAS, which is a pre-standard publication, the technical
committee or subcommittee concerned will investigate the possibility of transforming it into
an International Standard.

This PAS shall remain valid for an initial maximum period of 3 years starting from the
publication date. The validity may be extended for a single 3-year period, following which it
shall be revised to become another type of normative document, or shall be withdrawn.
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DC TRANSMISSION USING VOLTAGE SOURCED CONVERTERS

INTRODUCTION

HVDC transmission was first put into commercial service in 1954 and has since been used
extensively for the interconnection of asynchronous a.c. networks and for the transmission of power
over long distances. The switching elements used for the conversion between a.c. and d.c. were
able to switch on as commanded, but depended on a naturally occurring current zero for the turn-off
process. Thus the technology relies on the presence of an a.c. voltage in the network for the
commutation process, and is known as line commutated converter (LCC) HVDC technology. In this
PAS, it will be referred to as LCC HVDC. This technology is still used extensively for HVDC

trapsmission. LCC HVDC schemes installed by the end of 2004 have a tgtat~rating in-excess of
60[|GW, with more being added each year.

The use of voltage sourced converters for d.c. power transmissio ipn) was
intfoduced with the commissioning in 1997 of the 3MW, + 10kVd. trator at
Hdllsjon, Sweden. VSC transmission enables reliable and controlla between
nefworks. In principle, the operation of its converters (rectifier gnd™i s of the

VYC transmission does not rely on the strength of the connetted as\systems, Furthefmore, it
provides independent control of the reactive power at the ty S, ang.i e active
poer transfer over the d.c. transmission.

W to the

The object of this PAS is to describe the VSC transni
3 5 of 100

isgues to be considered when it is applied at voltz
MV as well
as
Th
€,
Mmission
So erefore,
thi elected
segti
Fo 3 ithoty \particilar” interest in the detailed technical issues, the chapters of greatest

int

Chapterd0£nvironmental Impact
Chapter 13 Life Cycle Cost
Chapter 14 Comparison of Line Commutated Converter and VSC

For readers wanting a deeper insight into the VSC transmission technology, but without knowledge
of LCC HVDC technology, it may be advantageous to read Appendix C before reading the rest of
the PAS.
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OVERVIEW OF VSC TRANSMISSION TECHNOLOGY

Since its introduction in the early 1950s, LCC HVDC technology has undergone continuous
development, particularly in the areas of converter switches and controls. Today LCC HVDC
schemes provide reliable, efficient and cost-effective solutions for many applications. The use of
modern techniques have made it possible to obtain stable operation for LCC HVDC schemes
connected to much weaker a.c. networks than previously.

Other fields of power electronics, such as industrial drives, have contributed to the development of
new semlconductor devrces because the quantrty of devices produced each year for these

ap ve, over
thg years moved on from using Irne commutated converters to the uge of voltage sourced
copverters (VSC) with pulse width modulation (PWM) control, which resutts i ¢ nd more
coptrollable drives. Usually such drives operate at relatively low a.c. ang\d.c. vo not use
sefies-connected semiconductors
Th was an
ex owever,
sefi ilify of the
teg HVDC.
Su of 2004
hayi igsion the
na
VS HVDC
sC
Co 0 make
VS i 3 in an_inCreasing number of applications as research and develJopment
effl e o the capital cost and power losses of the converters.
O\

Where

p033|ble the termlnology for high-voltage d|rect current (HVDC) transm|SS|on as defrned in IEC
60633, has been used. The definitions included in Chapter 1 have been limited to those which are
new, as far as HVDC transmission is concerned.

Chapter 2 describes a VSC transmission scheme as a black box and outlines the main
characteristics of a VSC transmission scheme, in particular the principles of active and reactive
power control, and its operational characteristics. The chapter also outlines potential applications
and the present status of VSC transmission technology.

Chapter 3 presents the operational characteristics of a VSC transmission scheme in greater detail,
starting from the operation of a 2-level converter. The basic characteristics of 3-level and multi-level
converters are described, as well as the use of pulse width modulation (PWM).

Chapter 4 describes different converter topologies which may be used for VSC transmission.
Simplified circuit diagrams are given for each of these topologies, along with their waveshapes.
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Chapter 5 gives an overview of the switches, called VSC valves, which are used to convert
between a.c. and d.c. The chapter includes a description of the various semiconductors that could
be used for a VSC valve, and outlines the design considerations for a high-voltage VSC valve.

Chapter 6 presents a typical power circuit diagram for a VSC substation and outlines the
characteristics of the other major power equipment that may be used.

Chapter 7 discusses the different modes of control that can be used for a VSC transmission
scheme, as well as the information needs and performance required. A possible hierarchy of
controls is described, followed by a discussion of the controls for a number of different applications.

Chagter 8 dlscusses the fault performance and protectlon requwements for a VSC transmission

scl Its (and
tra|

Ch hat can
be piti-pulse
co ¢utlined,
an

Ch ible noise,
elg

Ch of the planning and
im hose needed as backgfround to
the anid those for the simulation of
cri

Ch commissioning associated with[a VSC
tra| ilar to that used for HVDC or FACTS.
Ch I, power
los

Ch

Ch nts that
co ] to an
ing

Ch

Ap

Appendix.B>provides a guideline for a functional specification of a VSC transmission schemie.
Appendix C presents a brief overview of LCC HVDC transmission and is primarily intended for
readers whao have little or no knn\/\/lpdgn of this fnr‘hnnlngy A list of all LCC HVDC schemes in

service at the end of 2004 is included.
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DC TRANSMISSION USING VOLTAGE SOURCED CONVERTERS

1. SCOPE

The object of this PAS is to describe the VSC transmission technology, with a particular view to the
issues to be considered when it is applied at voltages above 100 kVdc, and power in excess of 100
MW. It provides information about the equipment included in a VSC transmission scheme, as well

as the characteristics and performance that can be expected.

1.1 Introduction

Thjs PAS uses the terminology established by IEC 60633 [1-1]. However

copverter technology and operating characteristics of voltage sourced/sonverters-(VS
to Jine-commutated converters (LCC), it was felt to be appropriate to de

this PAS. Those terms that are either identical to, or obvio

temqminology have not been defined.

To|support the explanations, Figure 1.1 presents the ba

M{&> L
N

AC Filters AC Filters

igure_1.14 Basic diagram of a VSC substation

Fof thé 3 RAS, the symbol for a VSC valve is shown in Figure 1.2.

bnces in
mpared
used in
60633

LT

Figure 1.2 - Symbol of a VSC valve as used in this PAS

1.2 LIST OF LETTER SYMBOLS
Ueconv  Line-to-line a.c. voltage of the converter unit(s), r.m.s value, including harmonics

lconv Alternating current of the converter unit(s), r.m.s value, including harmonics
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1.3 GENERAL TERMS AND DEFINITIONS RELATED TO CONVERTER CIRCUITS AND POLE TOPOLOGIES FOR

VSC CIrcuITS

1.3.1VSC Transmission

A high-voltage d.c. transmission system in which the conversion between a.c. and dc and vice versa

is performed by means of voltage sourced converters.

1.3.2VSC Phase Unit

The equipment used to connect the two d.c. busbars to one a.c. terminal.

1.3.

Sy|
prd

1.3.

ge at the a.c. terminals of the VSC unit is switched between m
levels.

Characteristic of a VSC unit connection expressed as the number of non-simultaneous synj

may

ssential

a single

, | control,

ben two

bre than

metrical

COmPAH tatiane Anctierina Abirinesy Al Ayala AfF tha A A s valtaan Acoriminea lnn unluno H

edch VSC

n
T oot O TS O T oo T T g OO g O e Oy e O T o G o v Ot g O oo Sutr ity tiC—varv O o ©U

unit are controlled to achieve full wave rectification/inversion.
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14 VSC Unit Equipment

1.4.1VSC Valve

Complete operative controllable valve device assembly, including its free wheeling diode, which can

function as part of a VSC phase unit.

1.4.2Diode Valve

Complete operative valve device assembly, including its diodes, which may be used in some VSC

units.

1.4.3VSC Valve Level

1. VSC Substation Equipment
1.9.1 Interface Transformer

Transformer through which power is transmitted between th
or more VSC units.

1.5.2 Phase Reactor

A reactor series-connected directly tq

1.8.3VSC DC Capacitor

Cdpacitor bank(s) which sustain(s) the, direct wltage fo
copverter. The capacitor ected eemth
VYC unit.

1.6 Refe@s

[141]  IEC 6063$ i

e operation of the voltage-sourced
d.c. terminals of a VSC unit or wit

“voltage direct current (HVDC) transmission, 1998.

and

hd one

nin the
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2. VSC TRANSMISSION APPLICATIONS
2.1 Introduction

The advantage of HVDC transmission has been proven since 1954, when the first commercial link
from the mainland of Sweden to the island of Gotland was commissioned. The early HVDC

schemes used mercury arc valve technology, but this has now been replaced by thyristo

r valves

because of the superiority of the thyristor technology. With these types of converter switches, the
conversion from a.c. to d.c. and vice versa depends on an a.c. voltage for the commutation process.

For satisfactory operation, a relatively strong a.c. network with a sufficiently high short-circu
is necessary. These converters are called line commutated converters (LCC), and

it power
HVDC

trahsmission using this technology is referred o in this PAS as LCC HVDC.

wpdtation (line com
an controllable semicq

atio, or even to a passive network

anti-parallel to the IGBTSs, and in the event of a

hafmonie filtering is easier for VSC transmission than for LCC HVDC, rendering large sw

ends must be disconnected by opening the a.g.

blication
hen the

>|Several

was the
2, it has
of VSC

current
mutated
nductor

control
peration

>/ since the VSC can functipn when

without

ioh failure

VSC is

fault on
circuit
bnverter
current
he LCC

bn each
ape that
e power
hns that
itchable

harmonic filters unnecessary. As a consequence, the footprint of a VSC scheme is much

smaller

than that of an LCC HVDC scheme of the same rating.

LCC HVDC and VSC transmission are compared in Chapter 14.
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2.2 Examples of Possible VSC transmission Applications

The excellent characteristics of VSC transmission are very promising for a wide range of possible applications,
such as the following.

Point-to-point schemes—overhead lines
Point-to-point schemes—cables
In-feeds to city centres

Transmission to/from weak a.c. systems
Back-to-back schemes

In parallel with an existing LCC HVDC link, for increase of transfer capability

In
VS
sh

2.3

Th

e

=
Q

comverter is tr
tion is considered

Enhancement of an a.c. system

As a parallel link to a.c. transmission lines, to reduce bottlenecks in tran
DC land cable systems

DC transmission cables in areas where it is impossible to obtain pe
Multi-terminal systems

Interconnections of asynchronous power systems
Supply of loads in isolated areas

Connection to wind far.m.s (onshore or offshore) g

nstances where a VSC transmission sche i h low generation and inertia
C transmission supply is dominant com
uld be checked for stability.

ation, the sending and receiving end

of @ voltage“vsou X described in greater detail in Chapter 3. In this ch

lines

and the
h.C. grids

apter the
state op-

AC circuit
U
= emimmnlooy o
— - * FAS
X conv z L
VSO
Interface U
resistor capacitor Inductance z Load
Hassive AcClive
load load

Figure 2.1- Diagram of a generic voltage sourced converter
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Figure 2.1 represents a schematic diagram of a generic voltage sourced converter connected to a
d.c. circuit on one side and to an a.c. circuit on the other.

The VSC can be operated as either an inverter, injecting real power into the a.c. network (I3 x Ug>0),
or as a rectifier absorbing power from the a.c. network (I3 x Uy <0). Similarly, the VSC can be
operated either capacitively, injecting reactive power into the a.c. network (j leony X Ucony > 0), or
inductively, absorbing reactive power from the a.c. network (j lcony X Ueonv < 0). The VSC can be
operated capacitively or inductively in both the inverter and the rectifier mode.

The designation voltage sourced converter is used because the function of the VSC is predicated

on.the connection of a \/nlfngn source onthe d.c. side

To| the left in Figure 2.1, a d.c. voltage source Us is shown with a d.c. res epresenting the
d.g. circuit resistance, and a d.c. capacitor connected across the d.c. tex inal 6Tt . [The d.c.
shunt capacitor serves the purpose of stabilising the d.c. voltage Ug i Qm d.c. to
a.g. takes place in the VSC as explained in Chapter 4. On the a.c_ sid ydtance is
previded which serves two purposes: First, it stabilises the a.c. 9 bles the
coptrol of active and reactive output power from the VSC, as_explai interface
inductance can be implemented as phase reactors, as leak i 3 orasa
cobination thereof. The d.c. capacitor on the input side e on the
ouiput side are important components for the proper furictionihg of@

A passive or active a.c. network can be conneet &si the VSC. If the|VSC is
cohnected to a passive network to its ac. sidenthe pe only from the d.c. input side
towards the passive load on the a.c{sid ¢ i s/sifle’is connected to an active a.c.
nefwork, the power flow can be in bothndiresti ling the a.c. voltage output U}, of the
VSC.

By| controlling the phase angle of U, the agtive\po through the VSC can be controlled as
explained in 2.4.1. By cgntralling okagesamplitude,of U, the reactive power through the VSC
cap be controlled, as explaineyin 2.4.2

2.4 The Principles of Active active Power Control

The VSC ca S \ ivalent of a synchronous generator without inertia, which has
the capability ofNhdividus \ g acki i .

Th power between a VSC and the a.c. grid is controlled by the
ph C output voltage in relation to the voltage of the a.c. grid.

Th can be controlled simultaneously and independently of each|other. If
U, h the\line voltage U, and its amplitude is equal to U, there is no a.c. curfent l¢ony
frof ese conditions, the d.c. current |y becomes zero and the d.c. dapacitor
VO omes, equal to the d.c. source voltage U

2.4.1/The Principle of Active Power Control

The principle of active power control is represented in Figure 2.2, where the active power through
the interface inductance is controlled by regulating the VSC voltage angle.
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I 4 Pconv  lcony
—

] —>
« SRR
o i ™~ | Uconw ULO

Xeony

DC DC
resistor capacitor

canv
Poonw =0 cony <0 Peony > ©
Rectifier

operation

ower to
b drawn
Us - Rd '

If the angle of the VSC output voltage leads the a.c. ¢
thg a.c. grid, i.e., it operates as an inverter. On th
from the d.c. source and the voltage Uy
lg )}

If, on the other hand, the VSC output absorb
aclive power from the a.c. grid, i.e., it current
will be injected in the d.c. ,source and the law (Ugq
= Us+ Rd' Id )

If the VSC is connect i an g.c. output current will be drawn from the VSC
defermined by Ohm s ) in, an equivalent d.c. current will be drawn from the
soprce and t | i the «d.Cx\ capacitor will drop to a value determined by Ohm's|law. No
acfive power C . S , because it is a passive a.c. circuit.

2.4
Th inGi i er control is represented in Figure 2.3, where the reactive power
thn i age ance is controlled by regulating the amplitude of the VSC output a.c.

Vo

Qoo leony
-

= TATAA @
Ucomv  #conv U
oc DC
resistor  capacor U
cony
Ueonv =ML U
AL MU,
A Yeony
'oonv ICC!I"I\:"
Qoony =0 Qupny <0 Qeany ™0
Induycliv Capacitiv
cperalion apstation

Figure 2.3 - Principle of reactive power control
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If the amplitude of the VSC output voltage U, is higher than the a.c. grid voltage U, the VSC will
inject reactive power in the a.c. grid, i.e., will operate in the capacitive mode. If the amplitude of the
VSC output voltage is lower than the a.c. grid voltage, the VSC absorbs reactive power from the a.c.
grid, i.e., the inductive operating mode.

2.4.3 Basic PQ Diagram for a VSC Station

The PQ capability diagram of a VSC shows its possible operating regime. The diagram normally
gives the capability at the a.c. interface point. When active output power P is positive, the VSC is
operated as an inverter, either in capacitive mode, when Q is positive, or in inductive mode when Q
is negative. When P is negative, the VSC is operated as a rectifier, either in capacitive or inductive
mode. A simplified PQ diagram at minimum (U,,;,) and maximum (Un.x) a.c. grid voltage, in which

filters are not considered, is shown in Figure 2.4. The VSC can be operated within all four quadrants
of the PQ plan

P OV

Inverter

U aperation
max

il

/ /‘T min
Inductive mode \

The PQ diagram shqws that the i Z depends on the a.c. grid voltage. At [low a.c.
voltage, a higher curreqt is'\necessa L given output power, and the output capgbility is
limited by the current cagabj er. At low a.c. grid voltage (Umi), full reactive power
cap be prod 2Qci ponding to U,,. However, at high grid voltage (Uax),
thg reactive power isNimi e ‘'maximum a.c. voltage Uy, is limited due to [the d.c.

voltage limitation & W_liitation of the valves. It should be noted that the centre of the
circles is depepde phe converter and may not be at the origin of the diagrgm.

The diagrdm>™e indicates an active power design line (P design) and a reactive powef line (Q
limitation)\The ign line ig"the maximum power rating of the VSC and is mainly determined by
the axin N which the valve is designed. The Q limitation line indicates the maximum
reacti ep rating of the VSC and is determined by the maximum allowable d.c. voltagg on the
stqrage capacitor.\The“maximum d.c. voltage is determined for the maximum a.c. outpuf| voltage
Ucbny, Which;Th~elatjon to the a.c. line voltage U, determines the Q limitation.

The.active power design line in the PQ diagram indicates the desired rated power of the VSC. In the
example—shown,—the—reqtired—power—capability—in—inverter—operation—s—tess—than—the—potential

capability of the VSC.

The PQ characteristics depend on the a.c. voltage U, Therefore, if an interface transformer is
provided, the transformer ratio can be used to optimise the PQ characteristics. With an on-load tap
changer, the transformer ratio can be continuously optimised to maximise the steady-state power
capability of the converter.
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An additional benefit of a tap changer is that it can minimise the power losses of the VSC
transmission system.

2.5 Operating Principles of a VSC transmission Scheme

ac grd1 WSC1 D transmission line W5C2 ac grid?
Rd 14
Ui ~ + U I — Yo
OV [ =F U @ ===/ V(D)
ZL1 xcon\.r1 xcon\n? ZL2
Sending end Receiving end

The point-to-point VSC transmission scheme shown in Figure "2¢
interconnected on the d.c. side via a d.c. transmission line apd.connegted
on|the a.c. side. The basic characteristics of a VSC have 9
characteristics is that the d.c. voltage polarity is alwa)

poper flow on the d.c. line is determined by the direction of the d,

flow and the power flow are from VSC1 ( i i
regeiving end) of the d.c. line.

The direction of a d.c. current is always

The d.c. voltage at the sending end of the d.c\line
thg receiving end. The value of the cyrrent is d
befween sending and receiving ends

In LCC HVDC, the d.c. i
enfl converter (the j
regtifier) control the d.Cs

ong main diff
poper directi

2.6 Losses

an |IIary ervices ke 4.c. voltage support or black network start. VSC transmission is glso well
sulted for-usein_a ljperalised market where rapid and frequent power transmission changes in both
dirpctions ‘can be€xpected. For such applications, it is important to assess accurately trangmission
logsé€s under realistic operating conditions when comparing LCC HVDC and VSC transmissipn.

In general, losses can be divided into no-load losses and load losses. The no-load losses are those
that arise when the VSC transmission is energised without any power being transmitted, and when
no reactive power is exchanged between the VSC stations and the grid.
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No-load losses primarily arise in interface transformers, phase reactors and filters as iron or
dielectric losses. In addition, various auxiliary systems, such as cooling, heating and power supply
to the control system, also contribute to these losses when the VSC stations are energized.

The load losses occur when power is being transmitted and the VSC stations are exchanging
reactive power with their a.c. grids. Load losses increase with the loading of the d.c. transmission
line and the VSC stations. The load losses arise from ohmic conduction losses in the d.c. lines and
in the VSC stations. Load losses in the VSC station come from ohmic conduction losses, and from
switching losses in the semiconductor switches and their anti-parallel diodes, and in snubber
circuits, if any.

the no-
g the a.c.
grig. Based on this information, as weII as on the expected use and Ioal g oft e SC t an<mission

For an accurate capitalisation of the losses, as described in Chapter 13, it is rucial to know|

Although VSC transmission possesses several inherent teck 1VDC, it
shpuld be emphasised that some functionalities similar to ‘those™ef . with an
LGC if special measures and design are implemented jr ine 5sible to
depign an LCC HVDC scheme for operation at extre icularly if
the i jditional
ingrtia i .C. grids. Thi , , sses and @ts toan LCC HVDC solution

Th
su

PDC are

f the

on the converter topology, if transformers are needed they do not have t¢ be

specially désigned HVDC converter transformers, but conventional a.c. transformerg may be

used.

* The voltage polarity on the d.c. side is always the same. DC cables are always exposed to
the same voltage polarity.

+ The VSC control can be designed in such a way that the VSC stations can eliminate flicker
and selected harmonics in the a.c. grid.

+ The VSC stations can be operated as STATCOMs, even if the VSC is not connected to the
d.c. line.
» The footprint of a VSC station is considerably smaller than an LCC HVDC station.
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* Inherently, VSC transmission can operate without telecommunication between the VSC
substations.

VSC Disadvantages Compared with LCC

+ At the end of 2004, practical experience with VSC transmission was not as extensive as
with LCC.

* The maximum VSC transmission ratings are + 150 kV and 350 MW (receiving end). For
higher transmission capacities, additional parallel VSC transmission schemes would be
required, which would add costs and losses to a VSC solution.

+ DC Iline faults require opening of the VSC a.c. circuit-breakers at both-ends of a scheme in
order to clear the d.c. fault, unless appropriate d.c. breakers are provided in\the schg¢me.

* The switching losses in the VSC valves are higher compared with Simi valves,

Togday, the main obstacles to VSC transmission are its hig for bulk

poer transmission.
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3. BASIC OPERATING PRINCIPLES OF VSC TRANSMISSION

3.1 Introduction

The VSC transmission technology described in this PAS uses self-commutated voltage-sourced
converters (VSC), in which commutation does not rely on the voltage of the a.c. network. The VSC
valves use solid-state devices, like insulated gate bipolar transistors (IGBT) or other devices with
controlled turn-on and turn-off capability. VSC transmission has a number of technical features that
are superior to those of an LCC HVDC scheme.

A simplified one-line diagram of one of the VSC terminals in a VSC transmission scheme is shown
in [Figure 3.1. In a point-to-point transmission scheme, the other half of thessheme wolld be a
mifror image about the mid-point of the d.c. link. The d.c. link may be a cable or ¢ erheac line. In
coptrast to line-commutated d.c. transmission, the polarity of the d.c. va p same at
allitimes, with the d.c. current being reversed to change the direction of different
VYC transmission applications are described in Chapter 2.

Converter Unit

AC Filter ACFilter

a VSC transmission scheme

The VSC appr ;I 3 - S . The term “voltage source” derives from mathpmatical
circuit analysis ah s ij ag “a voltage source which maintains a prescribed| voltage

acfoss its terrii he magnitude or polarity of the current flowing thrqugh the
soprce. Th E ant d.c., sinusoidal a.c., a series of pulses, etc. For a prgscribed
voltage sgurcextf s ent depends only on the impedance connected across its tefminals.”

[3-1].

A VSC itqr £onnected direct across the d.c. terminals, with no intervening impedance
apprt from ubbe and wiring. For short-time transients, a capacitor can be regarded as g voltage
solrce, hence this gapacitor represents an approximate d.c. voltage source. The switching|devices
are controlled to interconnect the d.c. and a.c. terminals in a time sequence in such a way| that an
aq. source of the same type as the d.c. source is produced. Thus, a VSC produces a quas|-square
wave a.c. voltage.

The basic operating mechanism of an ideal VSC is covered in this chapter. The description is
initially limited to a 2-level VSC in square wave operation. The 2-level VSC is the simplest structure
needed to convert a d.c. voltage into a.c. voltage. Although other types of multi-level VSCs are more
complex, their basic operating principle does not differ from that of the 2-level VSC. The different
multi-level converter topologies are discussed further in Chapter 4.


https://iecnorm.com/api/?name=8ecbe25bfdf68a87b165839ad9cd94af

—24 - PAS 62543 © [EC:2008(E)

For the purpose of illustration, the VSC valves are described as ideal switches without any
switching losses. A VSC valve in a real application consists of a large number of series-connected
semiconductor devices, and is described in greater detail in Chapter 5. The stray inductances are
neglected here, and the d.c. capacitors have been assumed to have infinite capacitance, i.e., no
d.c. voltage ripple is shown.

The output of the VSC should be connected in series with a phase reactor, as shown in Figure 3.1.
The phase reactor enables the VSC to control power flow in addition to smooth the output current.
VSC components are further explained in Chapter 6.

3.2 Basic Operational Principle of Two-Level Converters

The basic a.c. output waveform of a VSC is determined by the topology ¢ . The
opgrating principle of a 2-level VSC is described in the following paragrapf
A schematic of one-phase of a 2-level converter is presented in Flgur s|capable
of generating the two voltage levels. In order to improve the qua , pulse
width modulation (PWM) (see 9.3) can be used to produce a ominant
furjdamental component, but also high-order harmonics, as dé and [3-
3].
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igu Basic operatignal characteristic of a 2-level VSC
In a real VSC, thé \ areN nted as solid-state switches and the voltage sourge input
characteristic ig ; nnecting two d.c. capacitors in series, as shown in Figure 3.2
The solid i unidirectional only, therefore free-wheeling diodes are cgnnected
acfoss _th S i , which are shown in the diagram as ideal unidirectional gwitches.
The midpai citors can be considered as the reference point for the a.c. outpuf voltage
of the i bonv- 1 He output terminals can only be connected at two voltage leyels: the
pokitive d.g 8 + 412, or the negative d.c. voltage -Uq /2 (two-level converters).
Thus thejdirect voltage in Figure 3.2 can only have one polarity due to the free-wheeling|diodes,
whereas the current can flow in both directions.

The four possible current paths in a single-phase, 2-level VSC are shown in Figure 3.3. The output
current can either be negative or positive. Positive current direction in the VSC is defined as current
flowing from the d.c. side to the a.c. side (see Figure 3.2 and Figure 3.3b and 3.3d).

If the upper VSC valve is on, the output voltage is +Ud/2. If the current is negative (Figure 3.3a), the
current path is through the upper free-wheeling diode, because the controllable switch can only
conduct current in the downward direction. If the current is positive (Figure 3.3b), the current path is
through the upper controllable switch.
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If the lower VSC valve is on, the output voltage is —Ud/2. If the output current is negative, the current
path is through the controllable switch (Figure 3.3c), and if the current is positive, its path is through
the lower free-wheeling diode (Figure 3.3d).
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It should now be assumed that the current is still flowing in the diode parallel to the lower switch,
when at t = {2 it is required to connect the converter a.c. terminal to the positive terminal of the VSC
d.c. capacitor again.
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The two mechanisms, turning on and off the switches of the VSC phase unit actively in an
alternating manner, entirely determine the switching states of the diodes, and, therefore, the voltage
level on the a.c. terminal. This basic principle of operation can be found in all types of VSCs, and
applies irrespective of any fundamental power flow (in all four quadrants, active power export or
import, as well as capacitive or inductive reactive power). Therefore, the VSC can be represented in
a simplified manner as a voltage source with the magnitude and the phase angle of the a.c. voltage
U, determined by the d.c. voltage and the pulse patterns. This is further described below, where
the VSC in a three-phase configuration is presented.

3.3 Two-Level VSC — Three-Phase Configuration

The basic 2-level voltage sourced converter described above is illustrated in a three-phase (phase
a,b,c) configuration in Figure 3.4. Each of the six VSC valves consists of one switching unit with a
cufrent turn-on and off capabllity and a free-wheelng diode.
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Figure 3.4.- Basic 2-le¥el, C><thfee-phase configuration
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The r.m.s. value of the fundamental frequency component of the phase voltage Ugyy, 0 ON the valve
side of the interface reactance for the VSC in square wave operation can then be defined as [3-3]:
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The relationship between the r.m.s. value of the fundamental frequency component of the line-
to-line voltage on the valve side of the interface reactance and the d.c. voltage can be

ex
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Equation 3.1 includes the voltage ratio factor k; as show
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As shown in Equation 3.4, the active power is mainly determined by the phase angle between
Uy and Ugony (- The reactive power for the VSC (as shown in Equation 3.5) is mainly
determined by the magnitude of the converter side a.c. voltage U1 relative to Uy 4y. This is
indeed similar to the way the reactive power is controlled in a synchronous machine, where the
“‘internal voltage” E is equivalent to the VSC voltage Ugony(1) in Equation 3.5.

As described in Chapter 2, one of the great advantages of VSC transmission is that it can
operate in all four quadrants in the P-Q diagram. This implies that the VSC can generate and
absorb reactive power independently of d.c. link power magnitude and direction.

By vl gSible to achieve fast control of the converter a.c. voltage and, at
same time,\keep the d.c. voltage constant. PWM is further described in Chapter 7. The multi-
leVel converter isd&scribed in Chapter 4.

Bylinereasing the switching frequency, the harmonic distortion at the a.c. system connectior] is
moved to higher orders, which is easier to filter. However, increasing the switching frequency
also increases losses, as further described in Chapter 5. Therefore, an optimisation has to
take place in order to balance the harmonic level, on the one hand, and the capital cost, power
losses, footprint, etc., on the other.

The converter output voltage can only vary between a limited number of voltage levels.
Therefore, in order to obtain a reasonable sinusoidal voltage at the a.c. system connection,
output filters would normally be needed in accordance with specified harmonic requirements.
Similarly, to satisfy the respective grid requirements, a.c. harmonic filters may be needed to
limit the harmonic currents that can flow into the a.c. system.
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Typically, low-order harmonics require filters with a higher fundamental frequency rating than
those used for filtering higher-order harmonics. The low-order harmonic content in the voltage
output of a VSC can be reduced in different ways. Harmonics are covered in greater detail in
Chapter 9.
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4. VSC TRANSMISSION TOPOLOGIES
4.1 Introduction

For a high-power VSC transmission system, the key issue that determines the power-circuit
structure, and thereby the cost and operating losses of the overall system, is the method used
to construct the output voltage waveform. The output voltage waveform should approximate a
sine-wave in order to eliminate or minimise the need for harmonic filtering. The switching
converter considered for practical implementation is a voltage sourced converter operated with
a fixed d.c. voltage. The converter is an array, or matrix, of controlled solid-state switches
which connect the d.c. input voltage perlod|cally, for pre -determined mtervals to the output to

ng referred to as its topology.

It is a fundamental criterion for any viable topology that it enables th
to pe met. Different topologies have different technical characteri
overall scheme to be optimised in different ways. Manufacturers
togologies and be able to best optimise their proposals argund
req
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sr-then describes how different combinationg of
y to create a converter topology for each termipal
with a brief summary and a comparison of the

A major d|ffer e_application of voltage sourced converters for STATCOM gnd
V3C trans p C transmission, it is necessary to control the two d.c. Qus
VO desired real power flows between the two terminals. In practjce

it 1 age is kept almost constant in a VSC transmission system, ile.,
thgredi 8 of freedom compared to a STATCOM application. In particular,| to
co - equency component of the a.c. voltage, and thus the power factol of
opgrati Lis_necessary to allocate one switching edge per half cycle.

4.2 Converter' Phase Unit Topologies

The-basie-ebjective-of-the-converteristo-enable-energy-to-be-transferredfrom-an-a-e—busbar
to a d.c. busbar and vice versa. Under normal operating conditions the d.c. bus voltage in a
VSC transmission scheme can be considered to be stiff, due to the d.c. capacitor, i.e., the
voltage between the two terminals does not change substantially during a power frequency
cycle. The peak-to-peak amplitude of the steady-state d.c. capacitor voltage change within a
power frequency cycle is known as the voltage ripple. Voltage ripple is normally expressed as
a percentage of the d.c. voltage.

The converter switches (normally called VSC valves) perform the function of connecting the
a.c. bus to the d.c. terminals. If the connection is direct through two alternately operating
switches, the a.c. bus voltage will change between the voltage levels at the two d.c. terminals.
Such a converter is known as a 2-level converter. In the 2-level converter, each of the VSC
valves has to withstand the voltage between the two d.c. terminals.
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If the d.c. capacitor is subdivided, or additional d.c. capacitors are added, it is possible to
arrange for the a.c. voltage to move not only to the voltage at the two d.c. terminals but also to
intermediate levels. The number of voltage levels to which the a.c. bus voltage can be
switched will depend on the number of valves and the number of d.c. capacitor subdivisions or
additional d.c. capacitors. These arrangements are known as 3-level or multi-level converters,
depending on the number of voltage levels that can be achieved. The term multilevel refers to
a converter phase unit topology where the a.c. bus can be switched to attain more than three
different voltage levels.

In 3-level or multi-level phase unit topologies, the VSC valves do not normally have to be
designed for the full d.c. terminal-to-terminal voltage. For example, in normal operation each
vaIve in a 3-level converter phase unit topology experlences only 50 % of the terminal-to-

he
he

he

. qto
units_in ahappropriate manner. An additional beneﬁ of
at the si bd.
7
~ he

ive,
of
ient
of

nts
ner
of
ause premature ageing, unless the particular stresses are recogniged
at the design stage. The interface transformer may be protecied
agpi 3 by providing a high-frequency blocking filter between the valves and the
trapsfofmer. Naturally, all of the components of such a filter must be designed with spegial
attention to the high-frequency stresses imposed on them.

The manufacturer will normally determine the number of valve switching operations performed
during each power frequency cycle through an economic optimisation process. Effectively,
more switching operations will result in the following advantages and disadvantages.
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Advantages of increased switching operations:

* simpler and smaller a.c. (and d.c.) harmonic filters;
« smaller d.c. ripple;
» smaller footprint for the VSC substation.

Disadvantages of increased switching operations:

P hiaharnowerlosses in thae converter:
HHEHEepPOWe— eSO e rter

» reduced power capability for each device;

+ stresses on wound components increase due to the more frequer
dv/dt from the converter.

In |the following illustrations, in order to keep the figures si : ch
topgology is shown for the case of fundamental frequency switching. i ng
made is unlikely to be used for a VSC transmission scheme: 2 igth

madulation (PWM) waveform will be given for the 2-level andthe

A P-level phase unit is the simplest switching a\ : but
from a d.c. source in the form of a si = 2-
leVel phase units is illustrated in Figure

2 U conv a ﬂ —
U conv b 2

u > v ~Ys |
R Y

rany of a three-phase 2-level converter and associated a.c. waveform fpr
one phase

Theale: waveform shown in Figure 4.1 is the phase-to-neutral voltage, assuming fundamental
frequency-switchingof thephaseunits—The neutrat-voltageisthe—volttage—atthemidpoint’ of
the d.c. capacitor.

Due to the square-wave output voltage waveform, the 2-level phase unit is unable to facilitate
direct control of the amplitude of its fundamental output voltage without the application of
PWM.

A typical PWM-switched waveform, using a carrier-based control method with a switching
frequency of 21 times the fundamental, is given in Figure 4.2. For the purpose of this
illustration, the d.c. capacitor has been assumed to have an infinite capacitance (i.e., no d.c.
voltage ripple).
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Figure 4.2- Single-phase a.c. output for 2-level converter with PW}
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4.2.3 Three-Level Neutral Point Clamped Converter

The single-phase output voltage waveform, assuming

algo shown in Figure 4.3. The converter has three(d.c
ceptre-tapped d.c. source. As seen, there are twi
phiase unit, and additional diodes ar i
which is the reference zero potential.
voltage rating, the total d.c. supply voltage sambe doubled
valve remains the same.
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Figure 4.3 - Diagram of a three-phase 3-level NPC converter and associated a.c. waveform

for one phase

The a.c. waveform shown in Figure 4.3 is the phase-to-neutral voltage, assuming fundamental
frequency switching of the valves. The neutral voltage is the voltage at the midpoint of the d.c.
capacitor. As illustrated in Figure 4.3, the output voltage of the 3-level phase unit can be
positive, negative or zero. Positive output is produced by gating on both upper valves in the
phase unit, while negative output is produced by gating on both lower valves. Zero output is
produced when the upper and lower middle valves, connecting the centre tap of the d.c. supply
via the two diodes to the output, are gated on. At zero output, positive current is conducted by
the upper-middle controllable device and the upper centre-tap diode, and negative current by

the lower-middle controllable and the lower centre-tap diode.
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As indicated in Figure 4.3, the relative duration of the positive (and negative) output voltage
with respect to the duration of the zero output is a function of control parameter a, which
defines the conduction interval of the top upper, and the bottom lower valves. The magnitude
of the fundamental frequency component of the output voltage produced by the phase unit is a
function of parameter a. When a equals 0° it is maximum, while at a equals 90° it is zero.
Thus, one advantage of the 3-level phase unit is that it has an internal capability to control the
magnitude of the output voltage without changing the number of valve switchings per cycle.

The operating advantages of the 3-level phase unit can only be fully realised with some
increase in circuit complexity, as well as more rigorous requirements for managing the proper
operat|on of the converter circuit. These requwements are related to executlng the current

3-level phase unit provides a useful building block t6
pafticularly when rapid a.c. voltage control is needed.

By
PV
fun
ca

Lane-to-meutral velkaoe (pu)

bl T4

Figure 4.4 - Single-phase a.c. output for 3-level NPC converter with PWM switching at 21

times fundamental fl"nql lency

4.2.4 Multi-Level Neutral Point Clamped Converter

In order to further reduce the harmonic content of the a.c. output voltage, the basic 3-level
phase unit can be extended to a multi-level, 2n + 1 phase unit (n = 1,2,3,...) configuration. 2n
d.c. supplies, provided by 2n d.c. storage capacitors (which are common to all three-phase
units of a complete three-phase converter) are connected in series, providing 2n + 1 discrete
voltage levels.
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Four times n valves are required with 4n - 2 diodes to selectively connect the 2n + 1 voltage
levels to the output.

A three-phase converter using 5-level converter phase units with the corresponding single-
phase output voltage waveform, in which, as an example, the 3rd, 5th, and 7th harmonics are
absent, is shown in Figure 4.5. However, it should be remembered that in practice one
degree of freedom would be needed for control of the amplitude of the fundamental
frequency. Therefore, in practice, in this example only one of the 5th or the 7th harmonic can

be
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. 5"Three-Level Floating Capacitor Topology
- J

The 3-level floating capacitor topology is an alternative to the 3-level neutral point clamped
topology described in 4.2.3. In the floating capacitor topology, the additional voltage step is
achieved by the inclusion of a separate d.c. capacitor in each phase. The circuit is controlled
in such a way that the d.c. voltage on the additional d.c. capacitor is 50 % of the terminal-to-
terminal d.c. voltage. The circuit diagram for a converter using 3-level floating capacitor
phase units, along with the associated output voltage waveform, are shown in Figure 4.6.
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c{pacitors . i SC valves. As an example, Figure 4.7 shows the circyit
di - apacitor converter and the associated output waveform.

TH SWiteh <. buses between the different voltage levels by directing the currernjt
p3 Qugh . dpacitors, adding and subtracting the voltage of d.c. capacitors ap
dgsired. i ediary d.c. capacitors may also be by-passed for part of the powdr
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Typically, the total d.c. capacitor VA rating is considerably larger for this topology than for thie

quency-eycle

2- or 3-level neutral point clamped topologies. This is partly due to the need for separate
capacitors for each phase, but also because the d.c. capacitors carry a significant ripple
current.
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Figure 4.7 - Diagram of a three-phasé 5-level floating capacitor converter and associated alc.
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Egach/ VSC substation may be constructed from a single converter unit of a phase ynit
topology, as described in 4.2. In this case the converter topology will simply be referred to| by
the same name as the converter phase unit topology.

In some applications it may be necessary or advantageous to combine several converter
units, each constructed using the same converter phase unit topology. For example, it may
not be optimal economically to achieve the power, voltage or current rating with a single
converter unit. Similarly, several converter units may be combined to achieve good harmonic
performance with very few switching operations per power frequency cycle, thus achieving
reduced power losses.
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The combination of two or more converter units can be accomplished in a number of ways.
The d.c. terminals of the converter units can be connected in series or in parallel. Series
connection may be an efficient way of achieving high voltage output, as the increase in internal
converter clearances can be contained. At very high voltage the required clearance increases
much more rapidly than linearly, as the voltage rises. This would result in the stray inductance
in the commutating loop also increasing much faster, and the stresses on the VSC valve going
up, resulting in either a disproportionate increase in the number of series-connected levels or
higher power losses. Where the converter unit consists of a very large number of component
converter units, both series and parallel connection of the d.c. terminals can be envisioned.

In principle, the a.c. terminals of the converter units could be connected in series as well as in
parallel. This arrangement has been used for some STATCOM and other FACTS devices, and
was also used in the VSC transm|55|on demonstration mstallatlon |n Japan However series

conne J ating of
10p

Thjs section describes different methods that can be used to combine ¢ all
megthods it is possible to use 2-level, 3-level or multi-level phase units: ici vel
copverter has been used to illustrate the examples. It should be noted Y i g will
nofmally be used for the converters. Selective harmonic elimip ‘ . ee
CHapter 9 for more detail) may also be used together with t 9 ifting| to

inate certain harmonics. With fundamental frequency vel

copverter, a six-pulse converter is achieved.

4.3.2 Combination Using Separate Transformer W

4.3.2.
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extend the d.c. voltage ca iti iSsi i ility of
thg i i ed
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relptive to a ba ic 1
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Figure 4.8 - Two six-pulse units connected in series
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In the arrangement shown in Figure 4.8, the transformer is similar to that in an LCC HVDC
scheme. In particular, the two valve windings have to be capable of operating at an offset d.c.
voltage. It should be noted that high levels of harmonic current might flow at those harmonics
where cancellation is by transformer action. The circulating currents can be reduced by special
modulation techniques, i.e., specially optimised pulse patterns. The transformer will need to be
designed to withstand the relevant currents.

In principle, it is also possible to connect more than two converter units in series on the d.c.
side, with each converter unit being connected to a separate transformer winding. An example
of a system with four converter units in series on the d.c. side is shown in Figure 4.9.

TI 6-pulse

Y converter bridge

U T__ 6-pulse
¢ converter bridge

. B-puls
U
‘ T__ converte%ge

N

LINEE
N

oupconverfer units connected in series on the d.c. side

G bus

JbBs

If, under ba g iti e four transformer windings are phase-shifted relative to edch
other’by ' and +22,5 electrical degrees, a 24-pulse scheme is achieved. The
comments akQve: relating to switching strategy, power-losses and transformer design ajso
apply to thisiconfigyration.

The difficulties in designing a high-voltage and high-power transformer to meet all the technical
requirements imposed on it (for example, insulation requirements), and the need for balanged
impedance between phases and windings, set practical limits on the number of windings.

4.3.2.2 Parallel Connection of Converters

When the current rating of the VSC transmission scheme is increased beyond the capability of
single devices, it may be advantageous to connect two or more converters in parallel.

To prevent undesirable interaction between the two parallel-connected converters, some level
of impedance must be provided between the a.c. sides of the two converters. One method for
achieving impedance between the converters is to use separate transformer windings for the
parallel connection on the d.c. side, as shown in Figure 4.8. Such an arrangement is illustrated
in Figure 4.10.
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U, I _—Il: &-pulse

converter bridge

J— B-pulse
T converter bridge

Figure 4.10 - Converter isolation achieved by use of separate transformer windings

| AC bus

Individual transformers for each converter can be used to avoid the large“sjrculating hts
befween the windings. These transformers should provide appropriatesphase . ang_inter-
phbse transformers between the transformer primaries would provide ‘

4.3.2.3 Series and Parallel Connection on the DC Side

In |principle it is possible to make an arrangement, &
copverters are placed in parallel and then put in serieg

G-piilge
converter bridge

1
T
“l || A \ %;
_L \( 6-puls
Au <con@%§e\

Saisd’

nvertgr bridge

AC bus

6-pulse
converter bridge

Figure 4 11 - Two converters placed in parallel and then put in series with two other cohverters
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The considerations outlined in 4.3.2.1 and 4.3.2.2, also apply to this configuration. Practical
limitations prevent this configuration from being extended to a significantly larger number of
series- or parallel-connected converters. Because the technique is best suited to relatively low
d.c. voltage, it is more applicable to back-to-back than to long distance VSC transmission
schemes.

4.4 Concluding Discussion

Many arrangements can be used in a VSC transmission system. The configuration of the
various converter terminals need not be identical.

4.4.1 Converter Phase Unit Topologies

PWM modulation is typically 60 %, 30 % and 15 % for 2-,
regpectively.

Thie 2-level converter will normally provide the lowest capi to
bel the most compact. However, when used at high d. ies-
copnected semiconductors are needed in the valves, a he
voltage distribution within the valve during turn-on (and repetitive voltdge
exgursions on the converter a.c. terminals betwee ] two d.c. terminals will
regult in high stresses on other equi pe\designed to withstand thgse

stresses. To achieve good dynamic @
switched at a frequency of around 1- thy, switching losses for the 2-lejvel
copverter tend to be relatively high.

Thie 3-level converter wi ) ' - ion, si i ires
adgitional hardware. T X ; MNE i i 3-
level solution will likely % : i on
regulting from valve|switchi z he
same apparent switchi be
switched half g$es
forfa 3-level ¢ ed
that the stray indy V,
bef 3 $ in
the e ddvantages of this arrangement might be negated by more

co es, unequal valve loading (inner, outer or midpoint clampjng
va ol and protection requirements

Co i : i nt 3-level topologies described above, the additional switches will
likely mak pital~cost for the neutral point clamped converter slightly higher than for {he

flopting capatitor converter. On the other hand, the 3-level neutral point clamped converter
may bé more corfipact, with a smaller footprint, since the floating capacitor circuit uges
adflitienal d.c. capacitors.

The multi-level converter will normally cost more than the 3-level solution, due to its
additional hardware requirements. The footprint and volume occupied by the multi-level
solution is also likely to be greater than that of the 3-level solution. However, the valve design
will probably be easier, since the normal operating voltage for each valve in an n-level circuit is
only 1/(n-1) of the terminal-to-terminal d.c. voltage. Similarly, the voltage excursion resulting
from valve switching will only be 1/(n-1) of the voltage. For the same apparent switching
frequency, as seen by an external observer, each valve is only switched 1/(n-1) times and at
1/(n-1) times the voltage. Consequently, the switching losses for a multi-level converter will
tend to be lower than for a 3-level converter. However, some of these advantages might be
offset by more complex commutation processes, unequal valve loading (inner, outer or
midpoint clamping valves), or more complex control and protection requirements.
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Additionally, since each VSC valve will normally incorporate redundancy, the cost of providing
redundancy increases as the number of levels increase.

In practice, the number of levels in a multi-level converter would be limited for several reasons.
For example, it becomes undesirable to reduce the switching frequency for each valve beyond
a certain value because of dynamic considerations and capacitor balancing, even though
harmonic performance may not dictate a higher switching frequency. Similarly, the valve
stresses will depend to a certain extent on the stray inductance in the commutating loop, and
on a per semiconductor level this will tend to increase as the number of levels in the topology
is increased. To avoid higher valve stresses due to stray inductance, it may be necessary to

ad

d or increase the value of snubber capacitance per semiconductor when using many lev

in
be
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the multi-level topology. This would increase switching losses and re ome of
nefit of the multi-level topology.

.2 Combination of Converter Units

nverter phase units may be combined to form a converter te
y be done for one or more of the following reasons.
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els

he

his

se

ter

in

ics,

ucing some of the be fa

her pulse number |n ider
se factors in opti

some ext oW

Ch valve to ing each power-frequency cycle is similar to fhe

ective of usm 2 One spm -off beneflt of switching each valve lgss

=

IEE Proce.ed/ngs Vol. 128, Pt. C, No. 6, pp. 374-381, November 1981.

o S MmBe \ “N A evel-copverte 8

voItage dr|ves’7" IEE Power Eng/neer/ng Journa/ pp 21 26 February 1998

Source Inverter.” Proceedings, IEEE PESC 92, pp. 397-403, 1992.

-6]  Andersen, B.R., Xu, L., Horton, P., Cartwright, P., "Topology for VSC transmission."

IEE Power Engineering Journal, Vol. 16, No 3, pp.142-150, June 2002.

-5]  Meynard, T.A., Foch, H., “Multi-level Conversion: High Voltage Choppers and Voltage-


https://iecnorm.com/api/?name=8ecbe25bfdf68a87b165839ad9cd94af

—44 — PAS 62543 © IEC:2008(E)

5. VSC TRANSMISSION VALVES
5.1 Introduction

The switching operations needed to achieve the conversion between a.c. and d.c. are
performed by the valves. In a VSC transmission scheme, the valves must be capable of
turning on and off in response to control signals, irrespective of the state of the power circuit.
Therefore, the valves used in a VSC transmission scheme are fundamentally different from
those in an LCC HVDC scheme.

Semiconductors are a crucial part of the VSC valve. The advances in semiconductor devices
hagebeen ldplu and—are the Key tothe IULUIB glUWLII ()I V' SCransmission IIEIEIUIE i is

appropriate that this chapter begins with a discussion of semiconductors be to
digcuss the complete valve.

5.2 Semiconductors for VSC Transmission

An| essential function of the semiconductor used in a voltage sourced be
turhed off and on by means of a control signal. Many different devices with this cax dve
enjerged in recent years, and acronyms tend to be used fof each of\them. The d gnd

acfonyms discussed in this chapter are as follows.

FWD Free wheeling diode

GCT Gate commutated turn-off thyrist
GTO Gate turn-off thyristor,
IEGT Injection enhanced gat
IGBT Insulated gate bipolar {
IGCT
MOS

transis

Acfonyms are also 3
thg following.

gristics. The acronyms used in this PAS are

5.2.1 Ovekview © \- Po

The s¢
fothigh p

e

5.2.2 Thyristors

Tr thnno”\l Q|ar~h‘r\n|r\ r\r\n\larolr\n nf glar\frlr\al DOWer |n +|’\Q hlnh DOWer V'Qﬁlf\h hoo haan m4 de
aG Y5 PO HgH-power—regionHaswoeerh

using the principle of line-commutated frequency conversion, using thyristors for control of the
current flow. The thyristor is the equivalent of a “binary current valve” with two discrete states,
either conducting or blocking the current. Turn-on is accomplished by injection of a gate
current, while turn-off occurs naturally when the 50/60 Hz line current passes through zero.
The thyristor cannot be turned off with the gate terminal, which significantly limits the range of
applications for this device. Thyristors have been used to handle high power for more than 40
years, and are now available with impressive power handling capabilities (for example, 12 kV /
1,5 kA, 8,5kV / 4kA) and are used in LCC HVDC.
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5.2.3GTO and IGCT (GCT)

Based on the thyristor concept, gate-controlled turn-off was introduced in the late 1970s with
the gate turn-off thyristor (GTO), making it possible to build converters for control of the output
frequency. The GTO opened the way to high-power voltage sourced converters, which were
used, for example, in variable speed a.c. motor drives (with induction motor), STATCOM, and
similar applications. However, the power losses for a GTO are higher than those for classical
thyristors. The gate current required to turn off the device is also relatively high, and elaborate
units are needed to supply these high gate currents. Usually, additional external circuits must
be used to limit commutation overvoltages and di/dt to mitigate the stresses on the device.
Snubber circuits are often used to control the voltage across the device.

A performance _improvement in_gate turn-off thyristors was achieved when a new device

e ewW
hts
he

er
DM
T.
off
ined
ge

ine/the microelectronic technologies used fi
v integrated circuits with the high-power handling

circuit at the phase output The dewce itself is protected by turmng it off W|th|n a few
microseconds. This feature is specific to IGBTs; by comparison GTOs do not provide any
current limitation. As a consequence, IGBTs are capable of withstanding external fault
conditions with self-protection and protection of the environment.
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The second attractive feature of the IGBT is the linear control through the gate: di/dt as well as
dv/dt can be controlled during commutations. Particularly, a di/dt-limiting reactor is not needed,
as opposed to the GTO which always needs one. In addition, active voltage clamping by the
gate is commonly used to assist the voltage sharing across series-connected elements.

The performance of IGBTs is related direct to the properties of the surface MOS transistor
cells, and their success is largely due to the continuous development of these cell structures.
The IGBT takes advantage of technologies that have been developed for microelectronic
circuits in significantly larger markets.

Th
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e IGBT was invented in 1982. Although substantial progress in the area o BT's for dower
tages (600-1 200 V) was made in the 1980s, it was not until the beginning 9905 that
vas realized that this concept was also feasible for higher voltages (2,5 Kk in
D7, and 6,5 kV in 2002). Lately, a new type of IGBT has becgQ 3 es
bantage of the effect of electron injection from emitter to achieve ge
nilar to that of a GTO. This type of IGBT is called IEGT.

the end of 2004, all VSC valves used IGBT semiconductq ith
capability to both turn on and turn off the current. To ohta enj/capability, the
BT is made of a number of chips connected in para be
anti-parallel free wheeling diode (FWD) integrated in to
sure current capability in the opposite (reverse of
erse voltage. The FWD normally c ay
the IGBT. It is also possible to he
BT. The IGBT chip is designed only se
bction there is always the anti-para List
e the same voltage capabilities.

igu 1 - IGBT and antiparallel FWD
nctional point of view, and its antiparallel FWD are normally referred
Devices
e\JGBT is the most common choice for high-power and high-voltage VSC transmissjon

systems In use today because of Its Tollowing characteristic Tfeatures.

* |t allows active voltage sharing control.

* Low-power control, since it is an MOS-controlled device. This is advantageous when
operating at very high voltage levels.

» Transistor action, which enables precise control of the device in a manner that is not

possible with latching alternatives. For instance, the converter can be turned off even

in short-circuit conditions.
« High-switching speed, thus making high-switching frequency feasible.
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5.3 VSC Valve Design Considerations

In the sections below, only IGBTs are discussed.

5.3.

1 Reliability (IGBT)

In addition to the number of series-connected IGBTs that are needed to sustain the converter
voltage rating, each single valve in a VSC transmission scheme must include a few redundant
devices to enable continued operation in case of failure of an individual component [5-1].
Therefore, a faulty IGBT cannot be allowed to create an open circuit, since the valve must
continue operating with the remaining healthy IGBTs. Instead, a faulty device must enter into a
short-circuit mode and be capable of conducting current until it can be changed out, for
example durlng a scheduled malntenance perlod ThIS capab|I|ty of short circuit fallure mode

no

'mal voltage for a substantial part of its operation time, t at i

50| % duty cycle. The probability that an incident cos ate

cufrent avalanche in blocking mode will therefore be/Substantiallyi ¢ st
be| counteracted by proper design of the IGBT in grdef tg 3 ow
specified limits. This is a common issue for voltage\so for
applications such as drives

The LCC HVDC converters operate nor ow
changes at moderate rates. In contras brs
ma oW
(agti g of
the e of power between separate networks.
Th upon the power cycling capability| of
se led by appropriate test methods

5.3.

On e semiconductor in the VSC valve is rated current| In
adfiti e to handle peak current, including ripple and transients,
as ol and protection actions. The rated phase current gives the
no ent and shall be considered regarding power losses and junctjon

ter

5.3.

lefined in the switching safe operating area (SSOA) shown in Figure 5.2.

important aspegt of IGBTs is their capability to turn off current and voltage. This capablflity
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WVoltage
A

\ Current
>

Figure 5.2 - Typical SSOA for the IGBT

.4 Diode Requirements

During switching the IGBT must be able to turn off the peak current, ipficluding npple

Addltlonally, a margm is added to handle current control regulatl

capability is defined by the SCSOA (short-circuit safe operati
different from the SSOA under normal operation.

The FWD in a VSC bridge act as an uncontr ifi i Thus they are
exposed to special stresses, in particular during fay Tolh use the IGBTs
can be switched off within microseconds during ie he will not be exposed to
some of the disturbances. The dig d off, so they have to

Circuit

breaker ~ aN

ig >\> 2-level VSC bridge with the IGBTs turned off

In casecof\a d.&. side fault, as shown in Figure 5.3, a short-circuit between the two d.c
terminalscreates a fault current path through the diodes. The current in the a.c. phases
in,the VSC bridge is limited only by the short-circuit impedance of the a.c. network and
the reactance in the converter, for example, the phase reactors and/or transformers

T £ 1+ + 3 Aot tad kb +h + tH + hiak HI| +h I 1

TS Tadult CUrTTeTit 1o UTLTUITU Uy urc plULCbLIUII OyOLUIII, \AARLLZ IR AALL U|JCII uic UrCantcTt Ul
the a.c. side and thereby eliminate the fault current. A normal protection and breaker
scheme takes a time equivalent of three 50/60 Hz fundamental frequency cycles before
the fault current is extinguished. If the d.c. system only consists of cables, a fault will be
very unlikely. However, the consequences may not be acceptable if the system is not
designed to handle the fault. The valve should be designed to handle the fault current
with an asymmetrical offset as a worst case. Here, no reapplied voltage occurs since
the breaker has disconnected the a.c. system.

Another transient that the diode may experience occurs if the VSC is energized through
the a.c. breaker when there is either no voltage, or a low voltage, on the d.c. side. In
this case, the converter experiences a surge inrush current and an overvoltage will
occur on the d.c. bus. The valve must be designed to handle the inrush current, or the
current will have to be limited.
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The overvoltage must be damped or limited by external components. One method of doing this
is to include pre-insertion resistors in the breaker (see Chapter 6.) Another method is to charge
the d.c. side with external charging devices prior to energising the converter. Here, a d.c.
blocking voltage will appear after the current surge.

5.4 Thermal Design

In principle, the thermal and cooling system design for a VSC transmission scheme is subject
to the same requirements as an LCC HVDC, since in both cases the device junction
temperature needs to be controlled and low electrical conductivity of the cooling media is
required because of the high voltages involved. However, the generation of the power losses is
dil erent:

5.4.1 Converter Power Losses
A Jmain obstacle to using voltage sourced converters in bulk powen\ tre i he
coparatively high power losses, including IGBT, filter and intepfa .|As

indicated in Figure 5.4, the losses of the first generation of VSC I bre
mych higher than the goal value presented by the comparablg

Converter losses

2-level

Th ng
fre mparatively high in order to keep the current ripple reasonaply
low, high switching losses. One way of reducing the losses is to use more

ad ter topglogies (see Chapter 4), but at the expense of simplicity. The on-go|ng
semi device development and optimisation will contribute to a further reduction| in
overall lesses inthe future. Finally, a leap forward in loss improvement might be accomplished
bylempleying new semiconductor materials, like silicon carbide (see Chapter 15).

A comparison of a 2-level and 3-level VSC converter with an LCC HDVC scheme will illustrate
the power loss issue. With the semiconductor devices available at the end of 2004, a 2-level
converter operating at a switching frequency of 1 950 Hz has a power loss of approximately
3 % for the complete VSC substation, including IGBT, filter and interface transformer losses.
Similarly a 3-level converter with a switching frequency of 1 260 Hz has a power loss of
approximately 1,8% for the complete VSC substation, including IGBT, filter, and interface
transformer losses. The comparable loss figure for an LCC HVDC scheme is 0,8 %, including,
valves, filters and converter transformers.
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5.4.2 Cooling System Design

The IGBT component, consisting of IGBT and FWD, has a thermal rating. Both the IGBT part
and the diode part must not exceed their rated temperature at any continuous operating
condition. This is verified and controlled by defining the coolant temperature, the device power
losses, and thermal resistance of the component to the cooling media. A valve cooling system
needs to be included, which will have the same reliability and environmental requirements as
LCC HVDC converters, but be able to handle higher losses.

5.4.31GBT Losses

The losses in the IGBT part con5|st of three main contrlbutlons the on-state or conduct|on

part, and rectifi
ighest on-state lgss
s for the diode appears

Hig is
su

SW hst
as

In es
(a of
IG on
req her
tha ively
hig

54.

Th the design aspects to be considered when a large number| of
se R.de are put together to create VSC valves for high voltages (>100 kV).
Sin ; design aspects are the same as for LCC HVDC and FACTS devices, the
depcripti willbe limited to the special aspects of VSC converters.

Togday's line commutated HVDC transmission utilizes thyristors with very high power handl|ng
capabifity and excettent retrabifity Converter 10sses are fow and Converter equipment costs are

minimized in this comparatively mature technology. Moreover, the converter must sustain
different types of overload conditions emanating from various contingencies in the electrical
network.

The IGBT will, in principle, experience the same tough requirements for electrical and
mechanical performance and robustness as the thyristor. High power installations, however,
pose demanding challenges for switching devices like IGBTs.
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5.4.4.1 Aspects of Series Connection [5-1]

Because of the very high voltage rating of an HVDC converter, each single valve may
comprise 100 or more series-connected IGBTs. Proper voltage sharing is therefore crucial to
ensure similar operating conditions for all devices. The use of snubber circuits reduces the
difficulty associated with series connection, but they also add to the complexity of the VSC
valve and may increase the power losses. It is possible to design the VSC valve in such a way
that it does not use traditional snubber circuits for protecting the individual IGBTs. In this case,
the IGBTs must themselves maintain sufficient voltage sharing, both during switching and
blocked conditions, by means of gate-control. This, in turn, requires a small spread in device
data concerning characteristic switching times, switching transient properties, and leakage

currents-n-the-blocked-state-

Besides controlling the switching-device in regular operation, the gate-

switching-device within the safe operating area in all other operatighal and

copditions. IGBTs have proven comparatively easy to handle it

fagilitating precise control of switching waveforms. This, in turn, is

prgper control and protection strategies for the converter.

5.4.4.2 Commutation Process

The commutation process in a VSC converter occurs

cufrent is commutated to a diode, or when

copnmutated from the diode to the IGPB

The turn-off process for an IGBT is illus te

ingtantly. During the switching there ig

IGBT, which means mstantaneous power = u(t) * I(t), giving the turn-off Igss
defined above as the intg dt). ise tf itching losses, it is therefore of gre¢at
interest to make the swi e with as high di/dt as possible

The drawback with high bte” stray inductance in the commutating cirguit
will produce a ¢ tage will be in addition to the d.c. voltage acr¢ss
thg IGBT an - the VSC valve design. It is highly desirable to kgep
thg stray inductapce tion circuit as low as possible. This is a major
cofsideration i o erfer circuit.

The desig |nvo ves a total optimisation between losses, di/dt and voltage
acfoss th

Voltage and Current

3

Yoltage
kesses—=t)
/ Y Tirne

Figure 5.5 - Voltage and current across an IGBT and diode during switching
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Losses

Losses = U{t)*I{t)

JTime

Figure 5.6 - Losses in an IGBT and diode during switching
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Fig. 5.7 - Possible arrangement of an IGBT stack assembly
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5.6 Valve Hall or Valve Enclosures

As with LCC HVDC thyristor valves, VSC valves must be installed in specially-designed valve

halls or separate valve enclosures. The requirements for these buildings are the

same as for

high-voltage LCC HVDC converters. However, the repetitive and fast switching of IGBTs with
high voltages causes disturbances at higher frequency than for LCC HVDC schemes. Special
attention must therefore be given to the EMC screening and grounding system surrounding the

valve hall or valve enclosures.

As the VSC technology is more compact than an LCC HVDC scheme, it may be advantageous
to install the entire VSC transmission station indoors, to minimise the environmental impact.

5.7 References
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OTHER MAIN EQUIPMENT FOR VSC TRANSMISSION SCHEMES

6.1 Introduction

According to its principle of operation, only a few components are essential in a voltage
sourced converter (VSC). These are:

Th
Sy

Sir
su

Ha
leq

* ameans to convert d.c. into a.c. voltages provided by a converter comprising VSC
valves and controls;
* ana.c. side reactance provided by phase reactors, transformers, or a combination

thereor;
+ ad.c. voltage source provided by at least one VSC d.c. capacitor.

hddition to these key components, a complete VSC substation may, Reed

* a.c.and d.c. filters;
» transformers;

* surge arresters;

« circuit-breakers and switches;
* measuring equipment.

purposes.

hilarities b
Ch as

wever,\there arg’also some special characteristics associated with VSC technology, wh
d cto—different design principles as well as different stresses of the VSC substati

COl

nponents

One difference results from the ability of a VSC to nearly eliminate harmonics in the lower
frequency range. As a consequence, only filters with higher tuning frequencies may be
required, and such filters are normally cheaper and more compact than those with lower tuning

fre

quencies.

Another difference relates to the high-frequency harmonics that result from the repetitive fast
commutation processes and the associated rapid changes of high voltage (dv/dt) and current
(di/dt). Two frequency ranges may be distinguished, middle and high.

Ha

rmonics in the middle frequency range (from some kHz up to about 500 kHz):
* cause additional losses due to skin effect and induction;
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» excite characteristic frequencies of reactor coils (part of transformers and reactors);
» stress insulation materials due to high-frequency polarization;

* have to be considered in regard to electromagnetic interference, telecommunication
and power-line carrier communication.

Harmonics in the upper frequency range (above 500 kHz)

» spread wavelike;
* appear partly as electromagnetic radiation;
» are transferred mainly by means of leakage capacitance via transfor

s<and reaetdrs.

H4

rmonlc generatlon varies accordlng to the VSC topology chosen, thg typeof co oIIa

SW ve
diff ter
dep he
im Dts
co

Different manufacturers may use different design philg i at di imiged
teg ifi i ] i 3 Lild
cle he.
un on
sh

6.2

Fig ver
co ral
co Bd.
Th he

fol

DC line of
. the second pole

a)| VSC substation circuit-breaker h) VSC d.c. capacitor

b)| 'system side harmonic filter i) d.c. harmonic filter N
c) a.c. side radio frequency [)—__neutral point grounding branch ~
d) interface transformer k) d.c. reactor ¥ ,
e) converter side harmonic filter l)  Common mode blocking reactor
f) HF-blocking filter/phase reactor m) d.c. side radio frequency

g) VSC unit n) d.c. cable or overhead

Figure 6.1- Major components that may be found in a VSC substation

" The location of the neutral point grounding branch may be different depending on the
design of the VSC unit.
Not normally required for back-to-back systems.
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6.3 VSC Substation Circuit-breaker

The VSC substation circuit-breaker is located at the feeder from the a.c. transmission system
to the VSC transmission scheme. Its main function is to connect and disconnect the VSC
substation to and from the a.c. system. There are no special requirements compared to what
is common practice for normal circuit-breaker applications as described in [6-1].

If large filter banks are switched by the VSC substation circuit-breaker, the aspects of
capacitive switching shall be considered, particularly steep inrush currents and high transient
recovery voltages after opening the circuit-breaker.

Depending on the start-up concept of the VSC transmission scheme, a circuit breaker can be
equipped with a closing resistor. The resistor reduces the charging currents of the d.c. circuit,

regulting in smaller temporary a.c. system disturbances and fewer stresses~on thecfree-
wheeling diodes during energization. A closing resistor also reduces the i he
trapsformers and filters during VSC substation energization. The equival uit
breaker, including a closing resistor, is shown in Figure 6.2.

Similar to circuit-breakers that switch | ansmission lines, the closing resistof R
is first connected at time t; by a separate swi ) . at
depends on the design phi osoph ?er
coptacts at time t,. The he
main contacts are clesed.

Wihen the resistar i . it wi .C. ia the
fre -wheelms { - R foro an uncontrolled rectifier bridge. The charging of
thg d.c. circuit Wil S scuit breaker main contacts bypass the resistor. The
rate of the charging 3 d€pends on such system parameters as the short-cirquit
pojer, cIosm resista transformer impedance, transformer secondary voltage, and d.c.
cirgcuit cap Ge. S . d.c. voltage is sufficiently high to charge up the gate power gnd
geperate grtex a.chvolfage that allows the start of operation under no-load conditigns
(i.g., w S ) équency current flowing into the a.c. system), the d.c. voltage dan
be|control ‘c\t i

The minimum g i ili [ i i [ he
eqgpivalént total capacitance of the d.c. circuit and the d.c. voltage to be reached. Moreover,
fayltscenarios can result in much higher energy duties and these have to be considered (for
ex

substation).
6.4 AC System Side Harmonic Filters

Depending on the design concept of a VSC substation, filtering may be required to prevent
VSC-generated harmonics from penetrating into the a.c. system.
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As a side-effect, harmonic filters generate fundamental frequency reactive power. If the a.c.
system is not capable of absorbing this reactive power, it can be compensated by appropriate
control of the VSC, or the use of a shunt reactor.

If low-order harmonics are suppressed using appropriate methods, like PWM, higher pulse
numbers, or multi-level VSC topologies, filters can be tuned to higher frequencies. Filters with
higher tuning frequencies are normally cheaper and more compact than filters for low-order
harmonics.

However, the system design, including the choice of filter branches, requires a global

op

Be
su
red
rel

Th
no
tun

6‘

ImiZation, wnicn IS Intfiluencea py several consiaerations, ncluding

Radi

fre

HF
Cca
neg
sy
prd

investment cost versus capitalised losses (see also Chapter 13);
investment cost versus reliability;

technical performance aspects of the large filters, for example,, i ~ a.C. em
transients and system stability, including dynamic overvdltages . ver
surplus;

space requirements.

cause there is no need to switch filters to balancs i 5C
bstation, circuit-breakers for the filters can be on |ted in S > , it mi be
sonable to equip filter branches w
ability/availability point of view.

do
iple

gh

.[To

is
ng
on

any cases, the VSC substation design will include interface transformers. In general, they

can fulfill the following tasks.

1.
2.

Provide a reactance between the a.c. system and the VSC unit.

Adapt a standard a.c. system voltage to a value matching the VSC a.c. output voltage
and allow optimal utilisation of VSC valve ratings.

Increase the pulse number of the converter system, for example, combining VSC units to
form a 12-pulse system by a Yyd vector group.

Connect several VSC units together on the a.c. side that have different d.c. voltage
potentials.
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5.  Prevent zero sequence currents from flowing between the a.c. system and the VSC unit.

Depending on the design concept applied to the VSC substation, the reactance mentioned
under point 1 can be provided by a phase reactor, a transformer, or a combination thereof. The
reactance is necessary to allow control of the a.c. output current of the VSC. Design criteria to
determine the size of the reactance are:

» {The required dynamic behaviour of the system;
+ the tolerable harmonic content of the converter a.c. current;
» constraints revealed from analysis of transient conditions and fault scenarios.

If items 2 to 5 do not apply under specific circumstances, the required reactance could be
prgvided by phase Teactors, whichrwoutd etimimatethereed for atrarsformer;

Th inteﬁace@r
is possible to optip

be advantageous to mitigate the HF stresses of the interfgce
g time it is desirable to leave the fundamental frequency compongnt
gest possible extent. The mitigation function is best fulfilled by a filter with
gristic, provided by a combination of a phase reactor L and a capacitol to
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Figure 6.3 - Typical structure of an HF blocking filter
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the fi
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bacitor-naturally become smaller with increasing frequency. However, depending on

tuning frequency of the filter and the harmonic generation of the converter, high-frequern

Ccu

ed
ifter
he

rents may contribute considerably to the losses occurring in the capacitor.

cy

Depending on the design concept of a VSC substation, low-order filters can be connected in
parallel to the HF blocking filter capacitor. The filters can considerably reduce the gain factor of
the transfer function |G(jw)| at their tuning frequency.
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6.8 VSC DC Capacitor

The VSC d.c. capacitor provides the necessary d.c. voltage to operate the VSC. It is
connected direct in parallel to the d.c. terminals of the VSC phase units. For the design of the
VSC d.c. capacitor, the following aspects need to be considered.

Commutation circuit inductance. Switching the semiconductor devices of the VSC causes

HF commutation current to flow through the commutation circuit formed by the switching
valves, the VSC d.c. capacitor, and the connecting busbars. Due to the stray inductance within
the commutation circuit, these HF currents result in transient voltage stresses on the switching
valves. To minimize these stresses, the inductance of the connection of the VSC d.c. capacitor
to the valves should be as low as possible (see also Chapter 5).

D(
Th
de
fol

Ch
de
tol
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X

Cu
Cca

d.q.

mu
su
thd

voltage ripple. VSC operation results in harmonic currents flowing ip d.c. circ
ese harmonic currents cause harmonic voltages (also known as d. age.\ript
ermined by the d.c. circuit equivalent impedance as seen from the V8
owing factors will influence the size of the d.c. voltage ripple.

* Unbalances in the a.c. system and/or converter operatio
*  Pre-existing harmonics in the a.c. network.

» VSC valve switching strategy.

+ Capacitance of the VSC d.c. capacitor.

brable limits. The design has to
bmple, element failures.

pstations, thi
VSC d.c.

it
le)
he

in
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for
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me
me
5C

of
5C
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ns

5C
he

be

supstations.

Cdntrol aspects. e influences active and reactive power exchange with the 3.
system. T i aration of the transmission system, it is important to keep the g.
voltage wi ' i anging power orders, a.c. system unbalances, or syst
trap the ogerating conditions of the VSC and can cause d.c. voltage fluctuatia
or psci

Dye to its-energy stgrage capability, the VSC d.c. capacitor stabilises the operation of the V
anf allows the C closed loop control to adjust the control parameters according to
changing operating conditions. This interaction requires the d.c. storage capacitance to
coordinated with the response time of the closed foop control.

Important design parameters of the VSC d.c. capacitor are:

maximum d.c. voltage for continuous operation;

maximum acceptable d.c. voltage variations under transient conditions, such as faults on

the a.c. system;
harmonic currents up to the HF range;

minimisation of the stray inductance of the capacitor bank and its connections to the VSC

valve.
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6.9 DC Filter

DC filters can be an alternative to increasing the size of the VSC d.c. capacitor in cases where
critical voltage or current distortion values occur within the d.c. circuit at a single or a small
number of harmonics.

DC filters can be connected in parallel to the capacitor to reduce the equivalent impedance of
the d.c. circuit at their tuning frequency in order to prevent harmonic currents from flowing into
the d.c. line or cable. Single, double or triple tuned filters can be used.

The design principles of the d.c. filters for VSC-based HVDC systems are similar to those for
LCC HVDC systems [6-3], [6-4].

6. 16— Neutral-Point-GroundingBranch
A grounding branch provides a connection from a specific point in the d.egircuit to

order to define the potential of the d.c. circuit in respect to ground. Dg
concept, the d.c. circuit can be grounded direct or through a circuit coR

e reactors;
* capacitors;
e resistors;

* arresters;
» electrodes for ground return operation.

he
ral

In fhe case of a bipolar transmission s
migpoint of the VSC d.c. capacitors of
po|nt of the VSC substation.

—_
—
o
o
o
=3
=
5
o
o
o
-
1)
o
3.
5

ei

The design of the ined by the need to manage the stresges
mal operation, as well as during several groynd

deyeloped withinthe ; ~
fadlt scenario 5 ing tq the“design philosophy applied to the VSC substatign.
6.11

For long-distange i ‘c. reactor can be connected in series to a d.c. overhgad
trapsmission T serve the following purposes.

In p VSE transmission system, a change in the real power to be transmitted requires a change
in the d:c. current, while the d.c. voltage has to be kept within tight limits. Thus, the dynaric
behaviour of the system largely depends on how fast the d.c._current can be changed. Since a
d.c. reactor tends to prevent rapid changes of the d.c. current, its influence on the dynamic
behaviour must be considered.
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If a d.c. reactor is used in a VSC transmission system, its size can normally be considerably
smaller than the one used in an LCC HVDC scheme. However, the design methodology is
quite similar to that for LCC HVDC schemes.

6.172 Common Mode Blocking Reactor

Harmonic currents flowing into a d.c. overhead line or cable of a bipolar long distance
transmission scheme can be split up into differential-mode component currents and common
mode component currents. Differential-mode component currents circulate between the plus

an

the minus pole of the system. while common-mode currents return to the station thro

thd
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the
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ground path (differential-mode component currents flow in the pole condusiors into
posite direction, while common-mode component currents flow in the pole condugtorsi
same direction).

Be

Th

sides the performance requirements, the design has to cover also issues applicable to
VSC substation components, like transient stresses due to various faults, or insulation
coordination.

ere are other methods, as well, to reduce common-mode currents. These include:

* additional d.c. filters that are effective for the ground mode component;
« improving the cable screen or parallel shielding wires;
« choosing high ohmic d.c. circuit grounding in the VSC substations.
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Special control concepts, if the VSC substation topology allows the positive and negative pole
voltages to be independently controlled

6.13 DC Cable and Overhead Transmission Lines

To transmit electric energy over a distance, both cables and overhead transmission lines can
be used. However, there are several aspects associated with the basic principle of VSC

tra

un|i
ling
fau
cirg
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ling.
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with such breakers for

Th

.14  Special A or Ba ack DC Transmission Systems

nsmission that may influence the choice are as follows.

Cables often have less impact on the environment than overhead transmission lines.

2. Since a VSC allows only one d.c. voltage polarity, the cable does not need to
designed for voltage polarity reversal. This allows new types of cables, such

dad ML DL __d kLl | WA =4 | + | <l ] ~H OO 4

be
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systems.

3. Cables are much less prone to suffer faults than overhead trang
overhead transmission lines are always exposed to lightning

C substation a.c. circui

e choice betwee

hstraints as well
btem reIiab@

vefhead lines is influenced by environmer
that considers total capital cost and transmiss

WO Or more 0 be connected by a d.c. link, and the rectifier(s) g
erter(sy’ca on the same site, then a back-to-back d.c. transmission system (
formed

VS pack-to-back system can contain all the major power compone
pady desc or a general VSC-based d.c. transmission system. However, as the ¢
actor,.commor-mode blocking reactor and d.c. side RFI filter are used primarily to redy
‘monic’ currents flowing in the cable or overhead transmission line, they are normally

on

ce

tal
on

nd

an

hts

ce
hot

uired in a back-to-back system.
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7. VSC CONTROL
7.1 Introduction

Although there are many configurations for voltage sourced converters (VSCs), they can all be
considered to exhibit a common operating concept. All configurations possess a series inductive
interface separating the switching valves from the a.c. system. The switching valves generate a
fundamental frequency a.c. voltage from a d.c. voltage. The magnitude and phase of the
fundamental frequency component of this a.c. voltage at the valve side of the series inductive
interface can be controlled. The control of this voltage magnitude and phase is the essential
controlling function common to all VSCs.

Poinl of phase and magnilude
control of ac volis

DC side

_ I

Active Pover

Equivalent representation of a V5C as

a voliage behind an inductance AC side
Figure 7.1 - R . voltage magnitude U and angle & behingl
The control of the 3 9 is achieved by generating a signal known as the
“‘mpdulation ingex X. index is defined in Chapter 3. The modulation index is a
signal whose_magnkud vithi e range 0 to 1,0. If the voltage magnitude V is high (the
mqdulatiofy inde at 1,8) and greater than the a.c. side voltage, then reactive power Wwill
be| transferted _intoxthg a.c\Side similarly to an overexcited synchronous machine. If the

magARitude i ess than the a.c. side volts, the VSC will be absorbing reactive poyer
i excjted synchronous machine.

a.g. voltage with respect to the phase-locked loop normally synchronized to the a.c. side voltage.
Reggulating the phase angle & causes active power to be transferred through the VSC, becayse
a phase angle in fundamental frequency voltage is developed across the interface reactor so
that power flows into or out of the VSC.

A VSC therefore has the capability of acting as a rectifer or as an inverter, and/or as a
generator or an absorber of reactive power. It is the control of the modulation index A and the
phase angle 0 that dictates the strategies for controlling voltage sourced converters.



https://iecnorm.com/api/?name=8ecbe25bfdf68a87b165839ad9cd94af

~ 66— PAS 62543 © [EC:2008(E)

7.2 Modes of Control

The means of controlling the magnitude of the fundamental frequency a.c. voltage is dependent
on the configuration of the VSC. A multi-pulse VSC (24-pulse or 48-pulse) whose valves switch
at fundamental frequency will generate an a.c. voltage that is directly proportional to the d.c.
side capacitor voltage. Therefore, a.c. side voltage control is achieved by controlling the d.c.
side capacitor voltage. In turn, the d.c. side capacitor voltage is varied by pumping power from
the a.c. side into it or out of it. If power is pumped into the capacitor, its charge will increase and,
consequently, so will its voltage. If power is taken from the capacitor, its voltage will decrease.

Power can be taken from, or fed into, the a.c. side by varying the phase angle 6, as described
above. In this way, d.c. voltage control is achieved by regulating a.c. phase angle &. The d.c.
side voltage can also be controlled from an external source, if needed. One disadvantage of
us|ng d.c. voltage regulation to control a.c. voltage is that it takes a finite time tocharge the.d.c.
side capacitance.

The more usual and preferred case is to maintain the d.c. side volts
achieved with multi-level converters and/or, if pulse width modulation\is Nsed ell or
mylti-level converters.

For some applications, the benefit of voltage sourced con is digai if d.c. age
regulation of the d.c. capacitor is applied to control a.c. voltage. In pagtictilar.VSg issjon
will not effectively operate in this mode of control. Inste an
eqgpivalent method with a fixed d.c. side voltage allo of
mqdulation index A and phase angle &, as describedabove.

Cdntrol of the modulation index A is

uspally achieved by means of either of tw
a)  direct control;

h)  vector control.
Diect control means that the tioq i ) j [ by

thg parameters being rol
strptegy that permlts 2 on
of fhe modulatig S 3 3 in Fi is that
thg current c i S S |m|t overloading of the valves Its d|sadvantagee is
that the currentco is addi

Fi ure733hs h WO
coptrol loops. W harige in the ordered real (or reactive) current also causes$ a
trapsient ¢ i e e (real) current. It should be noted that the method is sensitivg to
any measucementelays and may require additional compensation circuits

With vector cantral phase currents are transformed to d and g axis quantities based jon

thg conventional akc t6 dq transformation, synchronized to the a.c. side three-phase voltgdge
thrpugh_a-phase logked loop (PLL). The d and q axis voltages generated by the vector contrpls
arg transformed to’three-phase quantities and converted into line voltages by the VSC.
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other mode of current control is hysteresis control, which is normally not used in transmiss|

he
nd

on

bu

IS Trequently used Tor lower voltage applications, such as VoUs In distribution systems, ac

ve

filters, flicker control and variable speed drives. Here, a desired current in each phase is created
by the controller and compared with the measured phase current. If the measured phase current
falls outside a band defined from the desired current, the valves of the VSC phase are switched
to bring the measured phase current within the hysteresis band. While the error between the
desired and measured current is within the hysteresis band, the valves of the VSC phase will
hold their status [7-1].

The advantage of hysteresis control is that it makes very fast control of current possible. The
disadvantage is that switching is erratic, so filtering more of a challenge.
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With 2-level converters operating with PWM, and multi-level converters operating with voltage

control, the degrees of freedom available are:
a) frequency control by direct control of the main firing oscillator;

b) the various control options provided by phase-shifting the a.c. voltage that is generated by
the VSC;

c) the various control options provided by control of the magnitude of the a.c. voltage that is
generated by the VSC

These degrees of freedom translate into the various control functions discusse

7.2.1 AC Voltage Control

Ad cy
co /or
tra| ) z the
ma 1 tion index A. The dl.c.
ca

If of
an his
as the sending end of a VSC transmission link, independently
co

7.2.

To| contro into or out of the a.c. system, the VSC must have a means for transferrjng
power intesor~aut the d.c. side without over- or under-charging the capacitor. In a VBC
trapsmission scherhe, this means that the converters at the two ends of the scheme must|be
coptrolled to work together. Generally, one of the two converters will have as part of its objective

thecontrotof the dc- voltage (see 7-247:

Power control is achieved by regulating the phase angle & of the fundamental frequency

component of the a.c. voltage at the converter side of the interface reactance. Power is dra

wn

from, or pushed into, the a.c. system depending on whether & lags or leads the phase angle of

a.c. bus voltages.
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To the control of phase angle 8
either directly or through a vector
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eristic may be difficult to defi
e preferable, with the settings eithe
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required volta§
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To the control of phase angle & either
directly or through a vector controller

Figure 7.6 - DC voltage-controller
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7.2.5 Current Control

Current control is an inherent feature of vector control, as can be observed in Figure 7.3. This is
often a desirable requirement, so that a.c. current through the VSC is limited within an operating
range to ensure the valves are not overloaded. Current can be controlled direct or, as shown in
Figure 7.3, controlled in an intermediate stage for control of other parameters such as power,
reactive power or d.c. or a.c. voltage. Control of current is more effective if a high PWM
frequency is applied.

7.2.6 Frequency Control

There are two ways by which a voltage sourced converter can control frequency.

external a.c. system voltage.

b)| When the VSC feeds into or out of an active a.c. ed
by

Th er,

m4

7.3

The information needed G - or

cufrents to which the VS > i 5 i , .C. and

direct current. Three S i 3 isati ications

wHere the VSC interfa i

Additional in i als

wduld be selec us

any particular sig cal

osgillations.

2" controls is essential for the satisfactory performance of the
The controls can be designed to allow the VSC transmission to ride

filters and transformer windings. Ground mode d.c. side circulating current can occur and play
havoc with the performance of the converter and the controls and increase the load current in
the valves particularly. Controls may not be able to limit these undesirable currents. This is a
problem with multi-level converters.
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When the d.c. capacitor is divided into two series branches and grounded or connected in the
middle, balancing controls are required to maintain an equal d.c. voltage across each half of
the capacitor. Unbalanced d.c. side voltages will add non-characteristic even harmonics to the
a.c. side. DC side voltage balancing is essential for 3-level converters, since the d.c. side
capacitor is in two series sections with the mid-point grounded.

VSC transmission must limit the d.c. voltage across and current through the gate turn-off solid-
state valves. An a.c. system fault that depresses a.c. voltage on one or more phases may lead
to d.c. overvoltage and overcurrent. The protective action applied, such as blocking, may disrupt
the performance of the VSC transmission, and the principal functions being controlled may in fact
be out of control until the converters resume a regulating operation.

It is required that any protection action in VSC transmission be resolved q |ckly Wi
20|ms). Care needs to be taken in designing and rating the controls and pirot

cofverters are sized to meet the expectations of its owner and transmission opekator.
system is recovering from a disturbance, the controls must be fully fynct
limits, and not suffering from prolonged blocking of firing pulses.

7.8 Levels of Controls

The three levels of controls for a VSC are shown in Figur

VALVE
|—/ VALVE
Firing Pulses

7.8.1 Firing Contro
e organiza@ d s

meet such standards, the converter configuration and valve firing control play essential roles in
the design.

The firing control is very much dependent on the oscillator used. It can be either phase-locked,
if synchronised to an active a.c. system, or independently locked if feeding into an isolated
system with no other form of frequency control.
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7.5.2 Converter Unit Control

The converter control determines the d.c. voltage across the capacitor if the VSC is configured
as a multi-pulse 2-level converter. This is done by adjusting the phase of the phase-locked
oscillator so that the phase angle difference created across the interface reactor causes the
necessary power to flow into or out of the converter. The d.c. side capacitor is charged according
to the level of d.c. voltage required.

If the converter is multi-level or operates with PWM, the converter control acts to change both the
phase angle of the generated fundamental frequency component of the a.c. voltage at the
converter side of the interface reactor and the magnitude of that voltage.

Any frequency control desired of the VSC is also generated by the converter control and either
ad[usts the frequency of the oscillator in the 1iring conrols, 1t feeding into an isojated a.c. sysiem,
or modulates power if feeding into an a.c. system with active generators.

=

The converter control system may perform the following functions.

*  Protection of series converters.
* Balance currents between parallel converters.

*  Perform negative phase sequence control and(minjrmi C fects that result in

*  Control the d.c. voltage balance for

@ev co

Syptem control enables the\y'S an a.C. power system to perform the following syst

furjctions. <}
«  Control

7.3.3 System Control

[
3

G

In prder to-achieve system control, the appropriate measured signals must be provided as
ingquts and‘feedbatk quantities.

7.6 Coordination of Controls

The degrees of freedom and flexibility offered by the VSC result in significant advantages for
VSC transmission compared to LCC HVDC or a.c. transmission. These advantages are realised
by judiciously utilising the various control options described in 7.5 and coordinating them into
the application required. Several example applications presented below demonstrate how the
control features can be applied to advantage.
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The basic control strategies can operate in all applications of VSC transmission, including back-

to-back VSC.

7.6.1 Supply to a Load with No Other Source of Generation

To supply an a.c. load that has no other source of generation, the rectifier connected to the main

grid or generation may have the following controls:

* d.c. voltage control;

* a.c. voltage control at the sending end system.

The receiving end may have controls as follows:

» frequency control (defining the frequency of the load);
* a.c. voltage control of the receiving end system.

With these control modes in place, the load can be supplied with excel
freguency within ratings. As the load changes, the transmission e
simply by maintaining a.c. voltage and frequency.

If gn a.c. synchronous generator or an a.c. transmission line
thg VSC transmission is relieved of providing the freg
coptrol to the load, the firing pulses may be switched from aq i
logked onto the a.c. voltage. Alternatively, a droop i
a.g. voltage control may be invoked so that the V$

aclive system that the receiving end has cl ed t

7.6.2 Interconnection of Two or More AG Powe

Wmen a VSC transmission scheme conn
symchronous or asynchref i
Each converter can control axg.

high short-circuit ratic
Cdnsidering the casge

may include t@
+ d.c.voltage

At

Th
if electromechanical damping in the a.c. system is required, the power control should
lodated at the converters along with the damping control

a.c. systems, which can either
hat control modes may be appli

e d.¢ voltage softrol and power control between converters are interchangeable. HoweV

be
Bd.
ery
ro.
brs

er,
be
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The basic rules for two or more converters connected in shunt, i.e., a multi-terminal scheme, are

as

follows:

* one converter controls d.c. voltage Ud (see 7.2.4);
» all converters except one control power Pd (see 7.2.2).

If the d.c. voltage control is taken as a fundamental control for example, a Ud-Pd characteristic
can be achieved as shown in Figure 7.8 [7-6]. The Ud controller tries to keep the d.c. voltage to
the reference value Ud,qe by adjusting P, (sending power at Terminal A) until P, reaches the
upper limit or the lower limit. When the P, is equal to Pg (receiving power at Terminal B), the d.c.

Cu
ge

L Pa=Pg

P.<

Upper limit

s is very simijlar fo the coordination control of conventional LCC HVDC. Because LCC

rent(_sourced

Axebntrols d.c. voltage, Ud, and a converter at terminal B

n orderto.avoid Yinfavourable interference between d.c. voltage controllers
nargin is introduced. At terminal B, Ud,qer is subtracted by the

controller with Pd,qer controls the lower limit of d.c. voltage

ler

He

P}

1.9.

al A

e, and terminal B controls the power. Changing Pd.qer at the magter

i5 a

onverter, the d.c. current control is selected as a fundamental control in
heral, and the current margin is applied to coordinate the controllers at the two terminals. For

IS - LA IO L H - - | ) 1 = LIz o1
murtFtermmar v oo trarnsnisSSIon, a Simiar iaea calt oe daypicu [7=9].
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Terminal A Terminal B

1L 1. 2t
w7 PO TIITIT

Udgger ]é]d IAI\& —
onteollet (7 N
ud ﬁ(}\@\@ni
X,

Pdorder i
Controller N\ m& N
Pd | i1 Pd

Terminal A Controller E rminalB Contiall
Pd d: ,U'on:ler
e o
e gt N

Figure 7.9 - Coordination ontr@m two-terminal VSC transmission

erminal B Ud-Pd characteristic

Operating point
=
=4 |¢ﬁ Terminal A Ud-Pd characteristic

in AUcii

i Upper limjt A
i »Pa
Pdypder

Figure 7.10 - Operating point in voltage margin method

7.6.3\Tel mmunication Between nv r Station

For VSC transmission control, there is no need for fast telecommunication signals between the
ends. However, fast telecommunications between the converters may be applied for conditions
such as:

* when fast power control is required between converters for a multi-terminal configuration,
such as for coordinated damping of electromechanical oscillations;

« when damping of electromechanical oscillations is required at the converter that is not
controlling power;

« ifitis desired to reconfigure the control modes between converters.
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7.6.4 Supply from a Wind Farm

When d.c. transmission is required to bring power from a wind farm to a substation, VSC
transmission can be integrated into the wind turbine design for maximum performance and
economy. This technology may be particularly applicable for offshore wind farms. At the sending
end, a.c. voltage control, power control and frequency control can be coordinated with the
generators, which can be induction machines. Best overall performance is achieved when the
controls of the VSC sending end converter are coordinated with the turbine pitch controller (if
used), the generator type, and the wind velocity. The sending controls for a wind farm may
consist of:

* a.c. voltage control;

a froaauane\ nr\nl-rnl
TequChCy—C N

*  power control.

Th receiving end converter may incorporate the following modes of co

* a.c. voltage control;
* d.c. voltage control.
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8. FAULT PERFORMANCE AND PROTECTION REQUIREMENTS
8.1 Protection System Philosophy

For most components in the VSC transmission system, the protection requirements are similar to
those of an LCC HVDC scheme. The purpose of the VSC substation protection is to protect the
facility from any damage caused by an external fault or an external overvoltage, to limit the
damage in case of an internal fault within the VSC substation or, in some cases, to feed the
fault (for example, to permit the operation of fault detection relays in an isolated system).

In case of external temporary faults in the a.c. grid, the VSC transmission may have to stop
power transmission until the fault has been cleared. Once a temporary external fault has been
cldared, the VSC should be able to restart and recover its transmissionautomatically| or
manually, depending on the requirement. However, the VSC can be desig DN-
permanent fault should not cause it to trip.

Wihen VSC transmission supplies power to an isolated network, the protection, phi as
to |be reviewed. The main change is that the short-circuit currept™is g f inal
cufrent that classical protection relays (overcurrent detectlo i : bm
opgrating correctly. In such cases, the VSC scheme may be désigned tg C. i Her
to make classical protection relays operate.

In pase of external faults in the d.c. line, the performange of the v 3Si i on
whether a cable or an overhead line is used. For a cable,(the faultis li t0 be permanent gnd

thg VSC substation should be shut down. Wif i the fault is likely to [be
temporary. However, to clear the faultit we 4 < e/a.cC. circuit-breakers af all
terqminals or the d.c. breakers (if any), y ise continue to be fed ipto
thg fault by the free-wheeling diodes in SNNe vals/After all terminals have bgen
disconnected, a short period should y air\insulation to be restored before fhe
trapsmission is restarted.

In oh has to isolate any faulty element and
prq . Internal faults can be a short-circuit| or
ab e—t0 equipment or interfere with the effective
opge afion should not be returned to service before|an
inV

Th

The proetection system should be reliable and selective. The protection functions should |be
provided with backup protection, in case a primary protection should fail.

How the required protection performance is obtained depends on the VSC design and control
philosophy. Typically, two sets of protection circuits are included, each of them fed by separate
measurement units/cores. The protection functions may be implemented in the control system or
by protective relays, or by a combination of the two.

If both protective systems are “active,” a trip order may be generated from either of the two
systems. This may, however, lead to unnecessary trips in case of measurements faults.
Therefore, in instances where a redundant control system is provided, the standby controller can
be activated and the trip executed only if the trip order remains.
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The protection system may also be required to detect faults within the protection system itself and
must be able to discriminate between internal and external faults so that the appropriate action is
taken.

If the primary protection fails to operate, the backup protection must ensure that overcurrent,
overvoltages or other abnormal stresses do not damage the converter components.

8.2 Type of Protection and Fault Clearing Actions

For most components in the VSC transmission system, the protection requirements are similar to
those of an LCC HVDC scheme. The essential exception is that a VSC is equipped with free-
wheeling diodes. These diodes prevent reverse overvoltage stresses from getting to the valves,
and may require overcurrent protectlon (inrush current and short-mrcurt feedrng W|thout control)
an
indestment.

ault:

¢ [blocking of the converter, temporarily or permanently;

o [isolation of the converter from the d.c. line;
¢ [rapid discharge of the VSC d.c. capacitor and cable
required.

might command temporgry

blg diodes from overcurrents. After a rw
milli : made to restart. If the automatic
de i i i , %t blogking should be carried out.
Permanent Blocking. Af intefnal fauks\and perfsahent external faults, permanent turntoff
control pulses will be £ chi blocking. At the same time the a.c. cir¢uit
br¢akers will be tripped™MR ill st switching and no current will flow through the
IGBTSs. After , Ri ave to be deblocked manually.

AQ Circuit-breaker Trip/ .’ citeuitbreaker trip disconnects the a.c. side of the interfgce
trahsformers frort ) e. This prevents the a.c. power source from feeding a
faylt on the va i e transformer and on the d.c. side via the free-wheellng
diqdes. f a.c. voltages from the valves avoids unnecessary voltdge
Ives have suffered severe current stresses.

ailure Protection. At the same time as a trip order is sent to the a.c.

cceed in'Ope the breaker failure protection orders a trip of the next breaker further out.

Set Lockout Relay for the AC Circuit-breaker. If a protection trip order has been sent to the a.c.
brgaker, a simultaneous order is sent to the lockout relay to prevent the breaker from closjng
before the operator has checked the cause of the trip.

Pole Isolation. The isolated pole sequence implies discharging of the d.c. circuit and the
subsequent disconnection of the VSC from the d.c. line. This is either done manually during
normal shutdown or during faults which require the disconnection of the d.c. line
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8.3 VSC Substation Protection

VSC substation protection will differ depending on the VSC design and protection philosophy.
Therefore, the protection system described here is only representative.

I

. 1 DC-line

—_

) pvercurrent protection of a.c. circuit breakers.
2) abnormal a.c. voltage protection.

3)

4) a.c. filter protections.
5

parth fault protection. itors.

~

Hifferential protection. jate

Dgpending on the VSC substation design.and\th
u

@
L —
[

<
Q

o

=2
=
Q
=2
@

« loss o@
*  trip from.exje
8.4
The
crgate anf{ hazards

8.4.

The consequ

The protection systegm has to be designed to cope with each particular fault scenario.

Mechanism: Insulation failure somewhere between the transformer secondary winding and
converter switches or failure of equipment connected to the a.c. bus.

Type: Permanent fault (even when self-restoring insulation breaks down).

Detected by: AC overcurrent protection.
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Protective actions: Since a fault inside the converter is very serious, the converter must be
tripped and the fault investigated.

8.4.2DC Bus Fault

The consequences of a d.c. fault will depend on the grounding philosophy of the scheme. The
protection systems must be designed to cope with each particular fault scenario.

Mechanism: Insulation failure between the d.c. connection and the VSC valves.

Type: Permanent fault (even when self-restoring insulation breaks down).

Detected by: Overcurrent protection.

Protective actions: Permanent blocking and tripping of the VSC sub

protection. Since a fault inside the converter is very serious, the nd
thg fault investigated.
8.4.3 Component Failure
8.4.3.1 VSC Valve Failure (see Chapter 5)
Mechanism: Each VSC valve is rorms i i [s.
Th e ijed
IG ijed
IG
Type: Permanent fault.
Detected by: Appropgiatennon or ng o itches. [ hre
detlected, the converterNs i« C

of

Proptective a@: '
failed IGBTs in &'va

of
gnd
Type: Progressive, eventually leading to a permanent fault.
Detected by: IS not as sensitive 1o .C. capacitance value as, for example, a

tuned filter. Therefore, it may be acceptable not to have specific detection of the gradual failure
of elements, but rather to rely on occasional off-line monitoring of the capacitance. As an
alternative, the voltage across each capacitor could be monitored, since the d.c. voltage ripple
will increase as the capacitance drops. However, in either case it is desirable to ensure that a
decrease in capacitance due to aging of the VSC d.c. capacitor is taken into account in its
initial value.
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Protective actions: Trip of a.c. circuit-breakers when a significant change in the VSC d.c.
capacitance is detected.

8.4.3.3 Phase Reactor Failure

Mechanism: The phase reactors will normally be air-cored and air-insulated. Thermal
overstressing and exposure to repetitive high-frequency transient voltage may weaken the inter-
turn insulation and lead to eventual turn-to-turn breakdown. Such faults are very difficult to detect
on-line without the use of thermal imaging. It is recommended that the reactors be carefully
inspected at each maintenance outage.

Type: Permanent and progressive fault.

legd to other turn-to-turn failures. Short-circuiting of a significant part‘Q
lower the performance of the VSC.

Protective actions: Block the converters and trip the a.c. circui
detected.

8.4

The design of the VSC substation and its protection
dops not suffer any damage from extegral fault
grig.

8.9.1 AC Voltage Dip

: @v
Protective acti z ge

difference can be c par
anfl the overcyrrent i he

Type: Temporary overvoltage.

Detected by: VSC d.c. capacitor overvoltage.

Protective actions: A very large overvoltage cannot be mitigated by the control system due to
the freewheeling diodes. In case of high and prolonged overvoltage, the converter will be
tripped and blocked by the abnormal a.c. voltage protection system. However, d.c. voltage
clamping, if used, can mitigate such overvoltages and thus reduce their consequences.
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8.5.3 AC Lightning Overvoltage

Mechanism: Lightning strike to overhead lines in the a.c. network close to the converter.
Type: Fast-front overvoltage.

Normally, phase reactor, clamping elements, shunt a.c. filters and interface transformer (if in
use) will significantly prevent any fast-front overvoltage from occurring across the converter
equipment.

Detected by: Surge arrester operation or operation of digital transient recorder, if fitted.

Protective actions: The equipment must be rated for this duty, taking into account the
OveTvoitage protective devites Used(ie-, SUrge arrestersy:.

8.5.4 AC Switching Overvoltage

Mgchanism: AC line energisation, etc.

pe: Slow-front overvoltage.

I

Pr he
ov
8.5
Me tal

Detected by: A sudde ' ) of

thg phase ang| 9 ; his

phpse chang 5 he
copverter cont i

by

todo so, the subsequent overcurrent will be detected by the

ot in VSC blocking and tripping.

Detected by: The converter must be able to operate with the specified maximum phase
unbalance. Depending on the requirements, a.c. voltage phase unbalance protection may be
necessary, since prolonged operation with severely unbalanced a.c. voltage may be
unacceptable.

Protective actions: Alarm, block and trip, as necessary.
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8.5.7 DC Overvoltage

Mechanism: A VSC d.c. capacitor overvoltage may be caused by an external overvoltage, by a
sudden blocking of the inverter terminal, or by incorrect energisation of a VSC substation, as, for
example, during the fault clearance of a local a.c. system short-circuit when d.c. voltage drops to
zero and the IGBT switches are not operational (for example, if their gate power supply has
been depleted). This event can be prevented in design by d.c. circuit discharge or d.c. voltage
clamping devices.

Type: Temporary or permanent.

Detected by: Measurement of the VSC d.c. capacitor voltage.

Pr

to

8.9

pef

us
ten
pef
co
its

mi

Ty

educe the overvoltage

.8 Post-Fault Recovery

bd as the power evacuation of a wind farm, the ma
hporary transmission stop is I|m|ted by the characteristies

pe: Permanent fa

Detected by: pth
amplitude and

Protective action > i i i i pst
likgly require r i Lt is
thd

8.6

Mecha c

Ty

pe: €Can be a non-permanent fault but may be permanent if the d.c. insulators have been

da

maged.

Detected by: DC overhead line faults are detected by measuring the d.c. voltage and current,
both amplitude and rate of change.
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Protective actions: It should be noted that when insulation breaks down on overhead
transmission lines, the VSC’s free-wheeling diodes will continue to feed current into the fault even
if the converter is blocked. This means that besides blocking the converters, they also need to be
isolated from the a.c. system to enable the air insulation to de-ionise. Another method is to
introduce d.c. breakers and open these when a fault is detected. If d.c. breakers are used, the
outage time can be shorter than when the a.c. breakers have to be tripped.

8.6.3 DC Bus Overvoltage (d.c. overhead line only)

Mechanism: Lightning strike close to the converter.

Type: Fast-front overvoltages.

Protection measures: The equipment must be rated for this g - i he
overvoltage protective devices used (i.e., surge arresters).

8.6.4 DC Overvoltage

Mechanism: Sudden blocking of the remote cony ge
coptroller.

Type: Similar to the consequences of 8 be
mitigated by converter control action.

Detected by: DC bus voltage measure

Pr ed
by Elp

mi
8.6
Ot

firezprotection;

+/ ,“mechanical protection.

Additional protection may be necessary, depending on the application, as, for example, when the
VSC transmission is feeding an isolated a.c. power grid with insufficient short-circuit capacity. If
the VSC cannot provide sufficient fault current to operate the overcurrent protection in an isolated
a.c. grid, it may be necessary to provide an external trip signal to the VSC substation from the
isolated a.c. grid.

8.7 References
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9. HARMONIC PERFORMANCE

9.1 Introduction
Many aspects of the harmonic performance of a VSC transmission scheme are similar to those of
an LCC HVDC scheme. The main difference between the two comes from the LCC HVDC

scheme being based on a current sourced line-commutated converter, whilst the VSC
transmission scheme is based on a voltage sourced self-commutated converter.

For the purpose of this chapter the converters are treated as ideal sources. For real systems

Vo
bo
en
copverter statlon but could be propagated over great distances.
thg harmonics to acceptable levels are:

* pulse width modulation (PWM) techniques ;
°* multi-pulse techniques ;
°* multi-level techniques ;

In [line-commutated converters, the a.c. filters ser ¢ iminishing 3.c.
hafmonics and supplying reactive pows : . Si at

any desired power fa ¢
copfigurations are chose achi armonic levels for utility application with
small harmonic filters. | S bination of series and shunt filters, may|be

ance set by the network operator. In addition| to

cessary to achie e the
¢rs, since Q

generated by the dlfferent conﬂguratlons of VSCs the|r effects on the ut|I|ty power system and
their interference with telecommunication systems.

9.2 Wave Distortion
The individual voltage distortion factor (D,), total voltage distortion factor (D,ss), telephone harmonic

form factor (THF), telephone influence factor (TIF) and total harmonic current factor (IT), as
defined in CIGRE Publication 139 [9-1] are relevant also to VSC transmission schemes.
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It should be noted that with VSC technology it is relatively easy to shift the amplitude of
harmonics to higher orders of the fundamental frequency. When setting the distortion limits for a
VSC transmission scheme, it may be appropriate to assess harmonics to a higher order
than has been the case for LCC HVDC schemes, for example, to increase the order to be
included from the 50th harmonic to, say, the 100th harmonic. Naturally, if the impact of such
high-frequency harmonics is considered to have negligible impact on the performance of
equipment in the network, this increase is unnecessary.

9.3 Fundamental and Harmonics

9.3.1 Three-Phase 2-Level VSC

A 2-level converter is shown in Figure 9.1.

+U 42

If f] he
ex ng
reg i or)
ap nic
cu he
sa

In SC
tra of
co . i pifching is used to create the a.c. waveshape, as explained in

Ch

9.3.%

Th v VSC phase unit output may consist of a sequence of square wavs,
as| shown\in~Eigure 9.2. Many different modulation methods can be used to control the
copverters'to achieve a specific waveshape. The most commonly used methods are:

s _carrier-modulated-method-(voltage reference-as-sinewave-orother with-a-triangular

waveshape) [9-19];
» selective harmonic elimination modulation (SHEM) [9-19], [9-20], [9-21], [9-23].

Other modulation methods are also available, such as:
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* space vector [9-23], [9-22];
» hysteresis [9-23], which is often linked to “sliding mode” techniques.

In this PAS, only two methods will be discussed. The first is the carrier-modulated method,
which uses the comparison of the sinewave with a triangular waveshape as the carrier; the
second is SHEM, which uses pre-calculated switching angles.

Figure 9.2 refers to the first method, i.e., the carrier-modulated method. Figure 9.2(a) shows
the control signals (the carriers and the voltages references as sinewave) for a PWM VSC.
Figure 9.2(b) shows the resulting voltage V., at the a.c. terminal a, with respect to a hypothetical
migpoint m of the d.c. capacitor. In this example, the frequency of the carrie iangular wave
signal) is nine times the fundamental frequency.

Q

_ [1+ ey cosnaf,\}
nx e 91

If the triangular waveshape (the carrier) frequency is an odd integer multiple of the fundamental
frequency, the waveform of Figure 9.2(b) does not contain even order harmonics. In a three-
phase bridge circuit, all of the triplen harmonics, i.e., 3rd, 9th, ... are eliminated in the phase-to-
phase voltages. Also, if the triangular waveshape frequency is a multiple of 3, the harmonics of
the order of the triangular waveshape frequency are cancelled in the phase-to-phase and
phase-to-floating neutral voltages (three-phase converter considered). The order of harmonics
present in this type of PWM VSC is determined by Kim £ K,, where K is the frequency multiplier
of the triangular waveshape frequency and m and K, are integers including zero. Practically, K,
need only be taken up to 2, after which the magnitude of that harmonic order becomes rather
small.
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Figures 9.3(a) and 9.3(b) show the typical harmonic spectra of the voltage wavefor.m.s for phase-
to- floating neutral and phase-to-phase, respectively, for a 2-level VSC using PWM switched
wavefor.m.s with a carrier-based control method using 21 times fundamental frequency and
assuming infinite d.c. capacitance (i.e., no d.c. voltage ripple). These harmonics spectra would
be changed under different specific operating conditions.
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Figure 9.3
harmonic

harmonics. For Figure 94 M =2 and therefore control of the switching could be used to
eliminate one harmonic, for example, 5th.

Figure 9.4 is a graphical presentation of the basic principle for the elimination of the 5th harmonic.
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9.3[3 Multi-P-@n

Multi-pulse and v but,
as lexplained id iqual
wayeshapes:

As fan gxa ay.
This ent
d.c| voltage (egualto~E ith a
suifable phase-shift from one to another. Figure 9.5 shows the three voltages (in the three ugper
windows)<delivered by the three corresponding cells, and the voltage at the phase unit oufput

(lowerwindow), which is the sum of the above three waveshapes.

Note : the term ‘cell" IS specifically used when multi-level topology is considered. A cell
includes two complementary switches combined to their d.c. floating capacitors. For
example, a 4-level multilevel topology includes three cells in series per VSC phase-unit.
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9.3{4.Comparison of the Harmonic Content at the AC Terminals of the VSC Valve Units|

As a first approximation, VSCs can be characterised according to two key features:
1. “N”: number of levels (or equivalent number of levels);

2. type of modulation pattern.

As a first approximation “N” is an indication of the harmonic voltage distortion at the a.c.
converter valve unit’s output. The harmonic distortion here includes all harmonics up to infinity.
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Table 9.1 - Typical harmonic distortion at the VSC valve a.c. terminals (thd)

“N” Topology example Typical total harmonic
distortion at the valve
terminals
(“thd!!)
2 |2-level converters 50 %

6-pulse converters

3 |3-level neutral point clamped converters 30 %
3-level floating capacitor converter
12-pulse converters

5 |5-level converters (multi-level topology)

%

& totaMarprionic content

umber;
qf the\ht!

Ui rms \ F somponent of Ugony,
The¢ main assumptiohs\im\ra ) :

4  |4-level converters (multi-level topology) 2
3-level converters combined by
transformers (\
AN
X

9.2

and

but

The modulation pattern influences the distribution of harmonics versus frequency. As an
illustration, Figure 9.6 shows the phase-to-phase voltage spectrum (at phase unit output) of a 2-
level VSC, for full-wave modulation and for carrier-modulated method on the upper and lower

graphs, respectively.

As shown in Figure 9.6, the full-wave pattern produces relatively high-amplitude low-order
harmonics, with the amplitude of higher-order harmonics falling as the order increases. The
carrier-modulated method is usually used for medium or high-switching frequency (for example,
ranging from 600 Hz to 2 000 Hz, i.e., harmonic rank from 12 to 40 on a 50-Hz basis). Compared to
the full wave method, this method moves the low-order harmonics to higher orders, but the “thd”

remains largely unchanged or is perhaps even slightly increased.
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The harmonic voltage amplitude of order n at the PCC is given by

Figure 9.7 - Equivalent circuit at the PCC of the VSC

9.3
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Since both Z,, and Z,, are a complex impedance, a resonance may occur. Therefore, it is essential

to have knowledge of the utility-harmonic system impedance at the PCC. The frequency-
dependent system impedance characteristics at the PCC are especially affected by:

+ the impedance of transmission lines, cables and transformers;
» capacitor banks and filters installed for voltage control;
+ systems loading level and dynamic characteristics of the load.

A good utility practice is to utilize a single-phase representation of the utility system to calculate
the frequency-dependent system impedance for various orders of harmonics. These computer
simulations need to include accurate representations of the above-mentioned sys

* single-phase capacitor banks;
* single-phase or unbalanced harmonic sources;
+ triplen harmonic voltage sources.

Fon satisfactory VSC design and rating, the following inforpati

» the characteristics of any other

» existing background harmonic
seasonal patterns);

* harmonic measurement and eva

Clo
proplems that can lead t0
filters.

Where the sy z
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Figure 9.8 - Boundaries of harmonic impedance loci at the PCC
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Typical values for R, and 6 are 200-1 000 Ohms and 75-85 N respectively. Ry represents the
minimum value of network resistance. Usually higher damping is provided in the a.c. system for
higher-order harmonics.

From the knowledge of harmonic distortion limits and existing harmonic levels/trends, utilities can
make an assessment of the acceptable contribution by the VSC to harmonic distortion at the PCC.
Guidance on recommended practices and requirements for harmonic control for utilities are
provided in the international standards and recommendations [9-1], [9-3], [9-4], [9-9], [9-18].

9.5 Design Considerations for Harmonic Filters (AC side)
If the evaluation indicates that the VSC contribution to harmonics at the PCC will exceed the

permissible level, harmonic filters must be designed and installed to keep the harmonics within the
regpired limits. The filter configuration for the VSC is determined in a similar ma as thosq for

Filtgring for a VSC is normally easier than for an LCC HVDC scheme, singe arm s.1q be
filtered may be at higher frequency. However, it is desirable to keep the YjltenMv i | as

gd me.
the

The filter arrangement must also be different from that of an LEC H DG

corjverter is a voltage source and cannot be connected direcito~anothexvolt low
imgedance filters. Thus, a series reactance is needed, the va wt i ent
degendent on the level number “N”, as well as on thé switghing ) N is
normally performed by the phase-reactor, which also the
a.c| side equipment. A shunt filter is connected op L. f rin
order to reduce harmonic levels to the S, Z inted des
further series reactance, but if a tran 3 iti be
provided as a final filtering step.

Th bd.

. Detun
or elements

coupling between power circuits and telephone circuits is through both electric and magnetic
fields. However, unless the spacing between the two circuits is small, the magnetic coupling
predominates and the electric coupling is negligible. For bipolar d.c. lines, this coupling is
usually calculated using the “equivalent disturbing current” [9-3].
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Weighting factors and limits for telephone noise are given in CCITT directives. If filtering is
required on the d.c. side, a common mode reactor, d.c. reactor, or a d.c. filter can also be used to
perform the role of RF filtering.

Note 1: CCITT: Consultative Committee for International Telegraph and Telephone; a
predecessor organization of the ITU-T.

[9-3] CIGRE WG 14.03, “DC side hafmonics apd

[9-4] JTF 02 of CIGRE 3 = 36.05/CIRED 2), “Connection of harmg
producing mstall i i S orks with particular reference to HV
Guide for i 3 s armonic currents with special attention
telecommunicati X Ele eference No. 159, 1995.

[9-%] Mohan, ¢ M. Nl.P., Power Electronics. Converters, Applicati
and Desigh /3ot i S Moboken, NJ, 1995.

[9-6] CIGRE W@\ hfonous Compensator (STATCOM).” CIGRE Techn

[9-1] IEE actices and requirements for harmonic control in electrical po

Standard 519-1992 (replacing IEEE Standard 519-1981)
[9-8] oltage\ c Stics of electricity supplied by public distribution systems, Europ
[9-9] IEC 6108Q-2-1:4990, Electromagnetic compatibility (EMC) — Part 2: Environment — Sec

2] Hingorani, N.G., Gyugyi, L., Uné

Note 2: ITU-T: Abbreviation for International Telecommunication Union—
Telecommunication Standardization Bureau. The Telecommunications Stg
sector of the International Telecommunication Union (ITU).

International Radio Consultative Committee (CCIR).
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10. ENVIRONMENTAL IMPACT
10.1 Introduction

This chapter covers the main environmental impact resulting from the development of a VSC
substation. The environmental aspects discussed are audible noise, visual impact, EMF and
EMC. Other factors of a more generic character that result from VSC substation development are
not covered, nor are the impacts from the development of a cable or overhead-line system. End-
of-life issues, like recycling and disposal, are similar to those for an LCC HVDC scheme and are
discussed in Chapter 13, as are power losses.

10. Audible Noise

The CIGRE report produced by WG 14-26 [10-1] covers in a comprehens
noise related to line commutated HVDC converter stations, and is
tranpsmission. Audible noise theory is, therefore, not covered here.

corfventional a.c. substation. In existing VSC transmission sc¢he
the| transformer are similar to those of a substation trg
corjverter side results in a very low level of harmonics /i
noise characteristics may be different. The filters,
cagacitors typically have noise components at high

The¢ main sound-emitting sources in i e ted in Table 10.1, along With
the|sound power levels of typical comporentsy

Compenhents nd‘pg?er Component sound power Ly
Lwanin dB(A)\with no'se)\/ in dB(A) without noise

h attenuat attenuation
Intprface transformer| \60~90 90-110
Harmonic filtefs < 7090 80-100
Cdpacitors ~55-80 60-90
V§Cvalve A ~ 5070 60-100
Cdboling equipment\ \_70-90 75-100
Au

iliary eduipraent N, 50-70 60-90
N\

Noise a g-achieved by a number of reduction measures that can be incorporgted
intg SC station. For many components, such as transformers, cooling
equipment—an fliaries, the measures taken to reduce noise are similar to those df a
corjventional a.c. substation. Table 10.1 shows typical sound power levels when noise mitigagion
is gpplied on the components. The need for such mitigation will depend on local environmehtal
regulations and any Specific licensing requirements or conditions.

An effective reduction measure is to locate noise producing a.c. and d.c. components inside
buildings or enclosures designed for acoustic attenuation. Whether this measure is appropriate
depends on the trade-off between the noise requirements, the amount of noise reduction needed,
the visual impact, the cost of other attenuation measures and the value of the other advantages
that would obtained by locating the equipment indoors. If an indoor design is chosen, the
measured sound pressure at the fence (30 m from VSC building) is typically damped by 30 dBA.
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In general, noise abatement measures should be developed to meet specific national
requirements and regulations.

National regulations, such as the British Standard [10-2], establish the noise level at which new
noise sources may provoke complaints. It advises that where there is a difference of around
+10 dB or more, complaints are likely, whereas a difference of around +5 dB is of marginal
significance. Other national regulations, like that of Norway [10-3], define the highest acceptable
sound level, which for a quiet area during night time is 35 dBA, and for rural areas 40 dBA. If the
noise limit is of a tonal character, the acceptable noise levels should be reduced by 5 dBA.

10.3  Visual Impact

Th(l visual impact of a VSC station is highly dependent on the spe ificati

the
mahufacturer’s particular design. Typically, a manufacturer will have a basiq ign
for Ja scheme. The basic design will take into account the need for main{e a all
opgrational requirements. The visual impact can be improved relative ‘ ] i for
exgmple, by architectural features or screening. Therefore, in order velOk j it is
important that the developer has a conceptual design that can Ke used\ i fing
phgse as input to the project development. In addition, it may be S g bod
dedcriptive VSC design as input in the early stage of the licenging pratess
Pictures of existing VSC transmission substations can A. Typically, a SC
suljstation will have a considerably smaller footprint tha substation, sihce
relgtively small a.c. harmonic filters are requwed ip ission scheme, and these ay
not|need to be switchable. A VSC substation’s foo — 40 of the size of a similarly
rated LCC HVDC substation.
1 O.I Electric and Magnetic Fields (|
The electric and magnetic fields (EMR ool /SC scheme can be separated |nto
a.c| and d.c. fields. The ae\fi e ’ .cY’components of the substation, and|the
corlnection between the YSC and \G\gri ields (also referred to as static flelds) are
produced by the cable/OH Yipe, t 's to the d.c. equipment, and by the d.c. equipnent
itsef.
In peneral, t around a VSC facility, including the substafjon,
corjnections and\d’ e, are similar to those for an LCC HVDC scheme.
10.6
The operation igh-volfage\electrical equipment can generate electromagnetic fields ovgr a
wide range of 2q i om power-frequency to radio-frequencies. It is possible | for
elegtricahorelec ‘ uipment in the vicinity of such electromagnetic fields to be affected, gr to
have ) 5 . Interference limits imposed on facilities typically

corlsider

- radio interg

“Aelevision interference (TI) ;

- telephone interference (see Chapter 9);

- power line carrier interference (see Chapter 9);
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The commutation frequency of a VSC is typically in the range of 1 kHz, and the normal
associated harmonic level is usually in the 9 kHz range. However, VSC switching actions produce
distortions. VSC valve-switching can generate high-frequency emissions up to several hundred
MHz. The SVC design must ensure that such noise does not cause unacceptable interferences
for others. Different mitigation methods can be employed, such as proper grounding, the use of
passive radio interference filters, and shielding of the sources by EMC barriers.

Radio-interference is associated with noise in the frequency range of 50 kHz to several hundred
Mhz. Television interference, on the other hand, results from noise in the frequency range

54 VAIHZ t\J 1 CHZ CUI IDU\.'UUIIU‘Y thU VVhU:U I‘IU\.‘UUI I\Jy Iﬂl IyU U'J tU 1 CHZ muol bU tcl:\Ull nto
acgount when designing the VSC substation.
Elegtrical interference and noise are transmitted in two for.m.s: radiated gud co \ the
VS, conduction on power lines is a more significant source than radiation. ! na
metal enclosure generally reduces the radiated component of disturhanc
The conducted phenomena consists of two categories, commonly k e, diffecenti bde
and the common mode. The differential-mode disturbance t red
betveen the power lines of the VSC, while the common red
betveen the power lines and ground. Any filter desig 5 Of
noige.
The path of the common-mode di ray
cagacitances exist between any systen rce,
other predominant coupling paths should hce
field) and/or magnetic fields (low-impedans will
be predominant
A d 5 at
thelr source. In addition | D S E i . issi sed
by simulation and meps i
Note: E an
equipment; EV
161-01-06)
Thg ena
in 1 ds,
acg
Phen at
hig iftee
774 tlng
loa ithin
the[scope’of CISPR (International Special Committee on Radio Interference) of IEC. Traditionglly,
fouf frequency bands are considered: 9 kHz to 150 kHz, 150 kHz to 30 MHz, 30 MHz to 1 QHz,
and above T GHz. The two Towest frequency bands mainly relate to conducted emissions for which

the disturbance voltage is measured. The highest bands relate to radiated emissions. Frequencies
above 1 GHz are usually not relevant. Special attention must be paid in restricted areas such as
airports and hospitals. The most relevant publications from CISPR relate to method of
measurement (series CISPR 16 [10-7]), and to emission (for example, CISPR 18 [10-8], which
includes the corona effect, and CISPR 11 [10-9], which sets out emission limits of ISM and covers
measurement in situ).

A CENELEC guide [10-10] deals with in situ measurements in response to complaints.
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11. APPLICATION STUDIES
11.1 Introduction

This chapter discusses the studies performed as part of the planning and implementation of a
VSC transmission scheme. The discussion is from the standpoint of a party acting as a client
to a scheme supplier. Usually this means a grid company, but different cases may exist, for
example, power producers and/or investors may have a crucial role in a VSC transmission
project. In any case, the internal dimensioning studies of the VSC scheme are done by the
scheme suppliers and are not discussed in this chapter.

sollitions before making the final decision.

The emphasis in this chapter is on the technical a.c. gystem>stutli
spdcify the VSC transmission alternative. In additi
facjors that must be taken into account are describ
the|implementation phase of the VSC ‘ 5 b S:
feapibility studies, specification studies, ant\i ' i¢al
flow chart of the studies needed. The sex 3 ies i ive i

Feasibility Studies Implementation Studies

Identifying the needshand citi ?l*@u{ft/he’cxisting Detailed equipment
a]temative/Qluti ns systeny properties — > requirements
Eoonom]
environm
BO[]IparlSO)}\t a] I,

rfofmance requirements for Protection and control system

the scheme settings
on jon of the . Simulation of critical svstem
Se[e he Awarding a contract tests

v

Vs

T~ 2

Investment decision

Figure 11.1 - A typical flow chart of the application studies
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The chapter also includes a brief description on the modelling of the VSC transmission system.
The intention is to minimise the amount of studies to be performed and to use as simple models
as possible. This is because the user of the technology may wish to consider the VSC
transmission system as a "black box" giving the required amount of transmission capacity.
However, the excellent technical characteristics and fast controllability of a VSC scheme make it
possible to utilise it not only for basic power transmission but also to improve the performance of
the a.c. system. Typically, the power transmission or voltage support capacity of the VSC scheme
is quite low compared to the feeding a.c. system. However, the receiving end can also be a small
isolated a.c. system In any case, the studles needed to determme the exact charactenstlcs of
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Steady-state load flows are\usuall
coritrollable e@.- : )
power flows, powérfesses G

shd uId be calcul g

he party planning to invest in the scheme. The Just|f|cat|
es where an |solated area will be fed with the transm

Jequate for technical feasibility studies involying
Wdy gives the busbar voltages, the active and reactive
ation requirements for a given situation. Load flpws
ransmission levels (both P and Q) in various a.c. grid

ops ent transfer, generation and loading patterns, as wel| as
out ents should also be studied with likely cases.

In 3 dies may have to be performed as part of the feasibility studjes.
These X sonfirm the results of the load flow studies or to determine the suitability
of ] ability constrained case. However, these studies can be quite time-
cor i . mce imsonie cases the user may have to create his own VSC stability models.

Oneg factorto be rerembered is that a d.c. connection does not typically increase the a.c. sysfem
shdrt-eircuit current as much as would an a.c. connection. Depending on the control strategy, a
Sm ” ;IIL;I CdoT |||ay IGOU:t, but thU bUIIIIUUt;UII wdarll a:au bc b:uu'r\cd dul;lly A.U. fau:to. In
comparison, an a.c. option results in an increase in short-circuit currents which may require the
reinforcing of the the a.c. system. If such results are anticipated, some short-circuit studies may
need to be conducted as a part of the feasibility studies (see 11.3.1 and [11-9]).
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11.2.1 Economic Justification of a VSC Scheme

A new HVDC transmission link (either VSC or LCC) may be economically justified for one or more
of the following reasons (this list is not exhaustive and there could be additional factors which
should be looked at in specific cases).

+ If the link will be feeding an isolated load growth area, it may be economically justified
by avoiding the cost of installing more power generation capacity. In this case the link
would usually be owned by the local power producer, thus making the comparison quite
straightforward.

» If the link will be of the interconnector type and located inside an open market area, no

transmission tariffs will usually be applied to the power and energy flowing through the
link. In this case the link will probably be owned and operated by a grid-—¢ Dse

fee

ircuit
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ent.
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erof the link will naturally have an ef]
°rs at the a.c. terminals are independ

idally
, Bnd
» polymeric cables for d.c. transmission. The short implementation
he economic benefits of the VSC scheme compared to the other

iSe control of active and reactive power of the VSC scheme, it is bgtter
nt congestion in power-flow corridors. This controllability also provides

benefits conCerning system security and/or loss reduction.

11.B-

If a VSC transmission scheme is found to be economically attractive, the focus will shift to more
technical studies. The following studies should be made when choosing the termination points
(many of these studies are usually performed by the grid company).

» Calculating the a.c. power losses in different situations. In some cases one may end up
using the VSC scheme for loss optimisation. This can be the case when there are a.c.
connections parallel to the controllable VSC scheme. Optimisation studies may also be
performed with an optimal power flow (OPF) programme.
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Investigating whether any a.c. voltage profile violations may be caused in normal network
operating conditions. In case of problems, it should first be determined if they can be
overcome by changing the reactive power of the VSC scheme and using its voltage control
capabilities. In the end, it may be necessary to specify the maximum allowed reactive
power to be fed into, or taken from, the a.c. system. In case the violations happen farther
away from the VSC scheme, the studies will give the locations and ratings of the additional
reactive power compensation units needed in the a.c. grid. Selecting the optimal reactive
power compensation strategy may require using an OPF programme.

11.
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Investigating if there are any critical contingencies that could lead to gverloading ang/or
undervoltages. These may result in the setting of transmission capacity limits\forthe'ja.c.

the
the
the

used for transmission, there
termination points. In some ca
choice of location

bm,
ven
ated as an alternative [11-5]. Capacitor commutgted
th studying in instances where the short-circuit levels jJare
dge violations after certain a.c. contingencies. In the cas¢ of

System, there is also the alternative of using synchronous compensators
me or of increasing the local power generation. The following

the technical benefits of the alternatives (for example, voltage quality, fault currepts,
overload r‘npnr‘ify) and pneeihln economic benefits nriginni‘ing from Qnr‘illnry sen/ces

the power supply reliability level achieved with the alternatives;

the operation and maintenance costs of the alternatives;

the time-frame for permitting and for implementing the project alternatives;

the environmental effects of the alternatives, including space and weight requirements.

Each of these issues will normally result in an equivalent investment cost for each alternative. An
outline specification will be needed in order to evaluate the capital equipment costs and cost of
losses for the VSC scheme.
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This specification should include the transmitted power, reactive power capability, d.c. voltage (or
distance and terrain), characteristics of the a.c. connection point and networks at either end,
control and harmonic requirements, and availability requirements. These requirements may in
some cases affect the pole topology (see Chapter 4), which will in turn affect the costs.

11.2.4 Preparing an Outline Specification for the VSC transmission Project

If VSC transmission is found to be technically and economically feasible, the total costs of the
scheme will have to be defined more closely in order to make the investment decision possible.
To better define the cost_a project description and an outline Qpnrifihafinn of the \V\SC scheme

mugt be prepared. These will typically contain the following (see also Appendix

+ termination points and connection arrangements;

» possible a.c. grid reinforcements and compensation requiremen
» possible a.c. power transfer constraints;
» list of contingencies and initial conditions for additional

ing

as
and

11.B Specification Studie

Specification studies| are(isy are
ne{ded to prep S 1ce gpecifications for the tendering process (see glso
Appendix B). A S 5 to
engble them to desj

Firgt of all, env 3 | um
and maximumns ise
corjstraint e K ical
sol(itio i

ate
calgulations\tk Dre-
exigtingdevels ofsshort-circuit currents and harmonics must be defined so that the requirements to
be specified to the manufacturer can be evaluated. These studies also define the properties of|the
a.c| system at the connection point, which will be used by the supplier in designing the Y\SC
scheme.

In the specification stage, dynamic studies are also needed. These can be divided into stability
studies of the electromechanical system and transient studies of the electromagnetic system.
Dynamic studies may be needed especially at minimum a.c. system strength and maximum a.c.
transfers. The purpose of these studies is to simulate the behaviour of the ac/d.c. system as a
function of time and search for instabilities, overvoltages, and overcurrents. The modelling
requirements sharply increase as the time scale of the studies is reduced and as more details of
the dynamic behaviour of converter units and lines are taken into account.
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11.3.1 Specifying the Performance Requirements for the VSC Scheme

Short-circuit studies are needed for the following purposes.

To calculate the needed dimensioning values for the VSC scheme a.c. side equipment.
Usually the maximum fault current levels are of interest.

For protection coordination studies. Both maximum and minimum fault current levels are
of interest. Usually the VSC scheme may contribute to some short-circuit current. The
amount of contribution depends on control modes, operation points and control
strategies [11-9]. If the scheme feeds a passive load, it should be verified that the fault
currents are big enough for the eX|st|ng protectlon scheme (designed for a.c. infeed).

Ha
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monic studies are needed for the following purposes (so
formed in the implementation phase, see 11.4).
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In some cases an eigenvalue analysis programme may also be needed to checklthe

performance of, and interaction between, different control systems within the a.c. system.
Eigenvalue analysis is particularly useful in performing a screening prior to time
simulations or in determining the cause of instability. The eigenvalue analysis programme
employs numerical linearisation of the full power system model and is usually a
supplement to a stability programme that uses the same dynamic models.
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Transient studies are normally needed for the following purposes:

evaluation of electrical stresses caused by a.c. system temporary and transient
overvoltages on the VSC scheme;

requirements for voltage control and protection coordination;
requirements for internal fault clearing time of the VSC scheme;

investigating the possibilities for using the scheme to mitigate power quality problems, for
example, for flicker reduction.

11.
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B.2 AC System Data for the Design of the VSC Scheme

a minimum, the following a.c. system data is required for the baSic ‘desi SC
smission scheme. This data should be provided as a part of the te ecification (kee
b Appendix B). In case these are not directly available, some_a.s vdies /or

Range of a.c. voltage and frequency during norma)/opetation\g i DNS

Maximum allowable voltage step in the connécti Qi i fion
(depends on the a.c. short-circuit level).

AC system earthing principle and earth-fa

system.

Harmonic impedap kgrgund harmonics of the a.c. system at
both connection

AC fault clearirng s in

Insulaglz? S

5 to
and
k if
del

ration
veen the client”and the supplier. The amount of implementation studies needed depends
gelylon the project. These studies are usually very similar to those of an LCC HVDC schemnje.

Examples of implementation studies are as follows.

Detailed requirements and settings for voltage control and protection coordination,
especially nonlinear control design and validation. Interaction between different control
systems and with other controlled components in the a.c. system (for example, other
HVDCs nearby).
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Specifying the internal protection functions and insulation coordination of the VSC scheme.

Investigation of harmonic

interaction.

Finding out if there can be a risk of subsynchronous resonance (SSR) in one or more
connected a.c. networks. This concerns the critical torsional frequencies of large turbo
generators in the close vicinity of the VSC transmission system [11-2]. In this case a quite
detailed model of the turbogenerator is also needed. As a solution, the control should be
designed so that it does not contribute to the critical frequencies. The alternative is to
equip the generator with SSR-protection.

Calculating some of the most critical control and protection system tests in advance.
Finding out what kind of tests should be performed.
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11.5.1 Load-Flow Modelling Requirements

The steady-state modelling of the VSC scheme does not necessarily require any specific
knowledge of the VSC technology. A PU-bus (i.e., generator bus) or a PQ-bus (i.e., load bus)
model is usually quite adequate in the feasibility study-phase.

The d.c. control strategy usually means that one converter controls the d.c.-side voltage and the
other controls the active power. In addition, the a.c. voltage can be controlled freely within
certain limits on both termination points. This means that the VSC scheme appears usually as a
generator or machine at the a.c. terminals. The machine MVA base is set to match the MVA
rating of the VSCs. The active power output of the generator bus is positive on the inverter side
and nnga’ri\/n on the rectifier side_The active power losses in the VVSC transmission system can
be faken into account by setting a corresponding difference between the negati¥e and the positive
output. If the voltage control properties of the VSC are not used but the reactive power.is kept
corfstant, the scheme appears as a positive and a negative load bus a espectie ends.
Actpally, in case there are no parallel a.c. ties to the VSC scheme, o »
haq to be represented in the a.c. network studies. Also in this case,
intd account when setting the output power.

In gase the active and reactive power performance is only givenfor\thexeonverter units, the 3.c.-

* \\¢
reactor and/or the transformer can be modelled with nérmal oranch ¢ XC filters can| be
moflelled as fixed capacitive shunts at the a.c. bus to which i

VS issi ing i p pregrammes. These models
take S y.placing a set of boundary
corlditions on the a.c. buses where it is sonn ¢ i i ,|var
and voltage control. A VSC transmission & > -also be approximated by using a
badic d.c. transmission model with STATCOM or S els at each terminating a.c. bus.
11.5.2 Short-Circuit and Ha i irements

Th i i8S freme is/usually very simple in short-circuit studjes.
The scheme appears stan curent™source according to its current capacity and control

d during the fault). Fault simulations may alsq be
ient programme, where a more accurate model of|the
imulations also give short-circuit currents on the f.c.

strgtegy (it mayifinso
performed usi

VS scheme is Usg
side.

In harmonigc~studi me itself is usually modelled only as a source of harm@nic

volfages t \ to the a.c. system via impedance. However, the filtering equipmert of
the|sche ety modelled. The modelling of the a.c. system is in many parts|the
sa iNNQs hort-circuit studies (for example, transformers, generators and shunt
deyices): w_data of the system can thereby be used as a basis for the harmonic

mofel. Howe 2 model has usually to be more specific in the case of transmission lines
(thnee-phase mo ihg) and nearby loads [11-1].

Harmaonic studies may also be made in time domain if, for example, control interaction |(for
example, SSR) or inrush currents are studied. In this case, the simulation model is very detailed
and also includes the VSC controls. The tools for these time domain studies can be analog,
digital or hybrid ones (see 11.4). Usually, the same tools can be used for electromagnetic
transient studies.

11.5.3 Electromechanical Stability Modelling Requirements

The purpose of the electromechanical stability studies is to evaluate the interaction between the
VSC and a.c. transmission systems. Balanced, positive sequence system behaviour is
represented as a set of differential and algebraic equations.
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The results of a load-flow study are used as initial conditions for the simulation. The bandwidth of
stability studies is typically between 0-10 Hz. The dynamic behaviour of the VSC scheme is
dominated by its controls. However, because the bandwidth of the controls is far greater than in

the

dynamic simulation in general, it is not practical or necessary to represent the detailed

dynamics of the VSC controls. In many cases, it may be enough to model the system level control
loops, such as d.c. voltage control, active power control, a.c. voltage control and reactive power
control. The first and simplified approach is to use an LCC HVDC stability model with STATCOM
or SVC models at each a.c. termination point.

maE be necessary [11-7].
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« {»For harmonic interaction studies, the valve-firing circuits are represented in detail, and|the

high-frequency elements _such as the switching-frequency filters _are also represented

» For system-transient studies and controller response analysis, the high-frequency elements
may be omitted and a shunt filter used on the a.c. side to prevent the simulated converter
harmonics from entering the network. Sometimes the switching-frequency is reduced in
order to permit the use of a larger simulation time-step. Often, the PWM converter is
represented by a simplified model in which the a.c. voltage is a scaled product of the
modulating-wave (derived from the modulation index) and the VSC d.c. capacitor voltage.
Likewise the d.c. side current is modelled as a scaled sum of the a.c. currents.
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12. TESTING AND COMMISSIONING
12.1 Introduction

This chapter provides general guidelines for testing and commissioning VSC transmission
systems. Emphasis has been put on subsystem and system tests rather than those for
components. This emphasis is due partly to time constraints, but also because VSC
transmission equipment is evolving so rapidly in terms of technology, unit power size and
voltage levels.

lany
of the tests described in that brochure are applicable to VSC transmission uld

: ore
dethiled system tests and tests for key VSC transmission equipmén 8 S es,
phgse reactors, d.c. capacitors, etc. This would be similar to the process-gl ble,
for| LCC HVDC thyristor valves and converter transfopmers. i est
recommendation for VSC valves, a future working group ni senth in [EC

Tegting and commissioning are part of's procesy ths i 2 ith [the
ha dlng over of the equment for co ion. isti : or

it N ent,
including the control-system, meets the design ctjterja. issioni dfter

the| equipment has been delivered to(the site ang ed. i est
It i especially important to retaig test resords followi i i ere

Id need to verify tha
equipment be i
commissioning

mo

Alth
pur
img
wo
ang

Co

power transmission tests by performing tests on each terminal of the VSC transm|SS|on system in
high-voltage open circuit a.c. and STATCOM modes.

Besides the various factory tests and other off-site tests, prerequisites for commissioning
include the following site verifications and inspections:

»  verification and inspection during civil work;
» pre-installation verification and inspection;
» verification during installation.
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The on-site inspection and test activities can be described as follows:

* equipment tests;
* subsystem tests;
* system tests;

» trial operation;

+ __acceptance tests

12.3 Factory Tests

12.3.1 Component Tests

These tests concern the verification of the single components, ingtuding s atéction
eqyipment, before they are sent to site. They may be subdivi i ins s, ained
esgentially at quality control, and type tests which verify thaja component ha erly
dedigned to sustain the stresses from potential transients S ically,
independent standards (IEC, IEEE, ANSI) are cited for t Sts.
ors,
cap Brs,
sur|

For ilable. For operational tefts,
IEQ oh even for a high-voltage {SC
in 4 mendation for VSC valves, a fufure
wo s a basis for its work. Parts from |EC

60060 can be used for jes syand IEC 60270 for partial dischgrge
mepsurements. These sta 3 e ysed with careful consideration of the actual
strgss the converter wi i i 3 jssion system. Some adaptation are likely to

12.3.2 Cont
As ystéms, the control system for a VSC transmission system
including hardw sftware and_docdmentation, can be tested and verified in a factory sysiem

tes{ (FST). A i be required that can represent power components and parts

of the a.c.system ir _a suffisiently detailed way. Every effort should be made to test as complefe a
sysfem ' iclydingyédundancy, so as to minimise work on site. Factory system tesfing
is gn<extensive afd: thoro gh check of the control and protection system under normal and fault
cor|ditions, with¥ onstraints imposed by the real system. Selected on-site system tests|will

reppat some actory system tests, but will include the actual transducers and main cincuit
as actual system conditions (as permitted within system constraints).| All
soffwate-and hardware functions, including redundancies, should be tested before the equipment
is shipped to site for installation and commissioning.

Extensive control testing in the factory can explore many cases that are either impossible, too
risky or too expensive to do on site, and will allow overall functional performance to be verified
under both normal and transient conditions. For example, simulator testing can involve multiple
fault cases that would be impractical to test in the field.

Besides simulator tests identical to those for conventional HVDC, other tests should be
considered that account for the additional modes of operation possible with a VSC. Each mode
should be tested both in the factory and during commissioning (for example, operation of the
converter like a STATCOM, black start capabilities, and feeding a passive network). The results
obtained from real-time simulator tests and system studies (in particular the dynamic
performances studies), are the main references used to define the commissioning plan and
validate the test results in the field.


https://iecnorm.com/api/?name=8ecbe25bfdf68a87b165839ad9cd94af

-114 - PAS 62543 © IEC:2008(E)

12.4 Site Tests (Commissioning)

12.4.1 General

Site tests are conducted after the equipment has been transported to the site and installed, and
are organised in a succession of phases.

The first phase is the so-called “precommissioning tests” executed on single station components in
order to check their conditions and functionalities after transport and assembly. This phase is
foIIowed by the subsystem tests,” which test several components workrng together to perform a

tis
ake

Lide
. The
n. If

3 Jipment operational tests can be performed with
able or tempira spliesy is stage, settings are verified in protection and cortrol

ent

rmaln
agon

tin
em
tesfing should be déne with as big a functional chain of equipment and controls as possible, pnd
shquld/check as many functions as possible.

During subsystem testing, complete control, protection and measurement functions are tested
along with the associated equipment and interconnections. Subsystem tests are performed after
all equipment tests in that particular subsystem have been completed.
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Subsystem testing of the auxiliary power subsystem should be done as early as possible, since
both a.c. and d.c. power are required for tests on other subsystems, and in some cases even for
equipment tests.

Typical subsystem tests are as follows.

»  Subsystem functional testing.

Subsystem functional or circuit tests check the equipment in a specific subsystem along
with its associated control and measurement interconnections. This process involves
; N . Lo ; ; erified

O C A crcaragra c JTC grTal_pPa c vV

o U U vV U U c c
and correcting errors discovered in either the connections or documentation\These t¢
are confined to the external circuitry, as internal connections in the &b

site) test of the control and protection equipment.
»  Start-up of auxiliary systems.
The start-up of the auxiliary systems and the demonstrati hel ange with|the

The low-voltage injection test (230 V 1 kV)|of transforns Wi indi the

protections.

Note 1: These tests can ofter ary
injection tests, with the main a.g-Ti da

short-circuit at another, are aqarried~out of
“secondary circuitsl on curreni\tra ers and. gther transducers, all the way into|the

& imultaneously on a three-phase basis for a Igrge
including\transformers, by energising with a low-voltage three-

he following tests depends on the design and rating of the applicafjon.
arriedout with as few modifications as possible to the hardware gnd

.c. energisation tests of the interface transformer and volthge
to check phasing of the firing-control system (open-circuit

=~ Checking of the gate signals from the valve-switching control by testing the valjve-
switching pattern compared to the reference voltage. For high-voltage valves, this
may be done with-a - d.c. powser Qllpply across-one-valve level at g time This would

typically be done for each VSC valve in the converter.

- Low-voltage a.c. energisation of the VSC and d.c. capacitor from the a.c. side using
low a.c. voltage via rectification from the free-wheeling diodes in the converter to
generate a d.c. voltage. To get sufficient voltage per valve level and keep the d.c.
voltage low, all but one element in each valve may be shorted-out with test wires. It
may be necessary to override the valve level failure detection system. This test
enables functional operation of the entire converter from its valve control system.
This only needs to be done with one valve level in each valve in operation, as each
level will already have been checked with the low-voltage d.c. energisation.

- Optionally, if an adequate capacity d.c. power supply is available to charge the d.c.
capacitor, the full converter can be operated to generate full or partial a.c. voltage.
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12.4.4 System Tests

The system tests involve operating the converter(s) in conjunction with the interconnected a.c.
transmission system. These tests should not only check for proper performance of the automatic
controls during normal changes in references, set points or operating modes, but also take
place, as far as possible, under different network conditions. System tests should also include
selected disturbances to verify dynamic performance and robustness. Disturbances can consist of
nearby capacitor bank-switching, transformer energisation, line-switching, generator-tripping, step
responses or even staged faults, and should cover the most critical conditions evidenced by the
system stud|es and by S|mulator tests as far as the networks aIIow Some tests W|th high

simulator, together with system stud Mmic

performance”).
Sygtem tests can be described as follows;

* high-voltage energisation;
* converter operati§

When all prereguis i isati , i rity
is transferred to s to 6 em
corjstraints /a arved, i i gh-
vollage engrgisatiQg.i ’f ute
the|preCedqure WA

Eng¢rgisation. oika. uipment follows a step-by-step sequence for the a.c. buses, bays, filfers
and transfar . TR i i i igh- inatipns

where disconnectswitches are not provided. Equipment should be initially energised for several
rs{ Checks are made for corona and any abnormal audible noise. Phasmg and phase rotati

load checks are made. Visual |nspect|ons of all equipment and surge arrester counters are made
before and after energisation.

Energisation of the converter and d.c. equipment follows that of the a.c. equipment. In most
cases, valve cooling should be running before energising the converter. With the VSC, the
connected d.c. side equipment (i.e., d.c. buswork, d.c. capacitors and d.c. transducers) is energised
through the valve anti-parallel diodes when the main a.c. breaker is closed thereby energising the
converter. During energisation, d.c. voltage measurements and status signals from individual
semiconductor positions should be checked via the valve monitoring.
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If other converters or d.c. cables are included in the particular application, they should be
initially energised separately while isolated from the other converter(s) and interconnecting
cables or buswork.

Compared to LCC HVDC systems, the VSC includes free-wheeeling diodes which energise the
d.c. system immediately when the a.c. is energised. Therefore, the energisation will also check
the correct performance of the energisation process, including the timing of pre-insertion
resistors, if any, and any other steps taken to minimise the voltage overshoot on the d.c.
capacitor.

12.4.4.2 Converter Operational Tests

On
car
cor
pur
the

Co
trar

Tygi

Ce the converter and d.c. equipment have been energised and ¢ erter
be deblocked, sending switching pulses to the valves. Initiall 3 bne

verter at a time, with the VSC operated in a.c. voltage controkOr reacti . The

pose of the converter operational tests is to check that th NEFS vith

a.c. network

verter operational testing is the first time that All subs , DS,

sducers, auxiliaries and main circuit equipment, are tegtad tog

Sequences. Check that breake
operate properly in response to

Cces
3 the

e disturbance to the network, | for
jth net zero reactive power exchapge

e d.c. voltage is controlled to its reference voltdge,

Is, indications and measurements have cor'ect

the
ver
ant,

hge
dqtep

Observe the temperaturesand sequencmg of the coollng equment as the Ioad is
increased.

Note 3: Operating restrictions on a.c. voltage may limit the amount of reactive power
that can be exchanged with the a.c. network, and special provisions must then be made
to reach full output.

Disturbance tests. In addition to the testing of the step responses to regulator
references, the converter and its controls should be tested for various internal
disturbances (for example, auxiliary supply changeover, control system changeover,
and external disturbances in the a.c. transmission system) to verify proper performance,
stability and robustness. External disturbances can consist of switching nearby
capacitor banks, transformers, transmission lines or tripping generators.
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12.4.4.3 Transmission Tests

Transmission tests involve operation of converters that work together to control the power flow.
Such testing requires a very high degree of coordination with the system operator (dispatcher).

Typical tests performed during transmission testing are as follows.

+ Sequences. Check that breakers, disconnects and deblock/block and trip sequences
operate properly in response to manual, automatic or protective orders. Check that the
initial operating condition is neutral, minimising the disturbance to the network, for
example, zero net reactive or active power exchange.

+ DC voltage control. Energisation of high-voltage d.c. cables, bus work or lines
interconnecting the converters. Repeat with the other converter conneeted. D ding
on appllcanon and protective strategy, check that the d.c. voltage( is co olled tb a

+ Power control. Check that the power flow and power ramp sate™ollow, the nce
values. Check the power-control stability by step response or syste i Lich
as line-switching. Check transmission in both directions.

+ Reactive power control. Check, if relevant, the joi

wer

control and active power control at the different converters by changi i five
references during the different operating modes s VA
limitations

+ AC voltage control. Check, if relevant, the |join e a.c. voltage coritrol

stability by step respopse
ugBances such as capagitor

. . S A-ednverter rating for the diffefent

. Measurements T 3 a.c. and d.c. harmonics, a.c. voltage

Note 1: Flnal

*+ Redundancy ¢ is equipped with redundant control and protection
system e from,_the) active to standby system. Transfers betwgen
redun i steins should/also be checked during operation, for example,
auxiliary )

jon from remote locations. Check all remote indicatipns

rk is done beforehand during subsystem testing, but this is|the
stem operators have direct control of the system. Previously,
the local level with authorisation only from the system operator.

sts. In addition to testing the step responses to regulator references, [the
d its controls should be tested again for various external disturbances in|the
ion system to verify proper performance, stability and robustness. Extefnal
disturbances can consist of switching nearby capacitor banks, transformgrs,
transmission lines, tripping generators or even staged faults, for example, d.c. or p.c.
overnhead line faults, as relevant.

12.4.5 Trial Operation

Trial operation allows the owner to operate the integrated system according to its intended
purpose from the normal control location. Trial operation does not start until almost all system
tests have been successfully completed. During trial operation, observation of the complete
system and subsystems takes place. All alar.m.s or abnormal conditions are dealt with as
required.

12.4.6 Acceptance Tests

Acceptance tests verify the performance of the system according to the specification on a
selected basis. Acceptance tests may involve measurements to verify that interference levels
are within the design limits and that other fundamental performance criteria are met.
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» Heat run. Operate at rated and overload capacity for specified periods of time in
different operating modes, if applicable. Monitor temperatures and cooling systems. This
test usually takes several hours due to the slow heating of the transformers.

* Interference measurements. Verify that harmonics on the a.c. and d.c. sides, audible
noise, radio interference, PLC interference, etc., meet the performance requirements.

+ Disturbance response. Test auxiliary supply changeover, control system changeover,
line-switching, shunt bank switching, generator-tripping or staged-faults, as necessary.

A measurement of power losses may be included in the acceptance tests. However, it should be
noted that measuring power losses is somewhat imprecise, due to the inaccuracy of transducers
and-the fact that actual power losses will depend on npprating conditions and environmental
factors. Consequently, for the purpose of the power loss guarantee, power 0SSt
baded on calculated values and factory measurements. The power loss calg

a methodology similar to that used for LCC HVDC, but must take in«
opgrating stresses and the characteristics of the VSC valves ang/ ol
mehtioned elsewhere, it is recommended that a new working group be
the|evaluation of power losses for VSC transmission.

12.b6 References

[1211] Working Group 14.12, “System Tests for HVDC Instalation
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LIFE-CYCLE COST
1 Introduction

The selection of VSC transmission as an alternative to LCC HVDC, a.c. transmission, or local
generation is normally motivated by financial, technical or environmental advantages [13-1]. When
evaluating different technologies, it is important to compare their life-cycle costs. This chapter
discusses how to determine the life-cycle cost of a VSC transmission scheme. Some of the
discussion is, of course, relevant to the cost of the schemes of other technologies.

13.

Inve

2—Determination-of the-Profitability- ofaninvestment

abdolutely profitable when it causes a positive result in itself, whereas it i

cayses a better result than an alternative investment.

In

dis

cydle cost.

The electrical equipment procured at th
cogts the least sum of money during
cosgt could be quite significant. The life-
equi

Lifg

payments, which is the difference between the income an

inve of i

eqgyal to zero. The capital value is the sum of the present va REymen
v S ich\is k own as the |i

budgeting, selecting amop

corjcepts, and deciding
VSC [

13.
The

* acompdriso
example, ac.

proéuremenjcost of the transmission system;
« {~installation cost of the system;

*——costof spare parts;
* annual cost of system losses;
»  cost of periodic refurbishment;


https://iecnorm.com/api/?name=8ecbe25bfdf68a87b165839ad9cd94af

PAS 62543 © IEC:2008(E) -121 -

« annual operating cost of the system;

» annual maintenance cost of the system;

» annual cost of unavailability;

» salvage value or disposal cost of the system.

13.3.1 Operational Life

The technical design life of transmission systems is normally very long — 30 years or more. An
investment, however, should only last as long as it can provide the highest capital value, and this
is designated the “optimal life.” The optimal life will always be equal to or less than the technical

des

ign life_Some investors may require a short-operation lifetime of 10 years _for example

13.

Lifg
pre
and

The
as:

Sin
res

13.

Init
exd
lice
not
ma

13.

B.2 Interest and Inflation Rates — Calculation of Present Value

-cycle costs can either be calculated as current costs or as fixe
sent values, the present value of future costs should be calculated
the interest rate. An estimated value of the true rate can also

Using:

Life of the system

Average interest rate per year
Average inflation rate per year

1
-]

+ [ (1+1)"] ) 13.1

B.4','Cost of Spare Parts

we of A can be calculatedl

ting

ate

for

environmental assessments and

ms
the

The cost and amount of spare parts are closely related to the requirements specified for the
transmission system. If a very high availability of a transmission scheme is specified, it will imply
more spare parts in reserve, especially of those parts with a long repair time and, consequently, a
potentially long down time. If a spare transformer is required, for example, it will have a significant
influence on the cost of spare parts, as the transformer is one of the most expensive single
components of a scheme.

The bidders should offer the required number of spare parts in accordance with the specified
availability.
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13.3.5 Annual Costs of System Losses
The total scheme losses are the sum of the transmission losses and the losses in the converter
stations. The losses can be split up into the following components:

* no-load losses;
* variable losses.

No-load losses are constant losses in transformers, converter valves, auxiliary systems, and
filters that occur when the equipment is energized at no load. The auxiliary systems include power
supply of cooling, heating and control equipment, and can be taken as a percentage of the full
load losses.

Va iable losses are dependent on the operatlng mode. In order to evaluate the vari bIe losges,

pov
los$
we
addi

A

Ch

de\]i

inctease with the switching frequency.
thellifetime of the VSC system.

Th
Thi
cogt and the life-cycle cos

13.B.6 Cost of Periadi

The cost of periodic re
* interna :

13.B.
The

* » labour cost;

o cost of material;

» cost of supplies (auxiliary power supply);
* insurance.
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13.3.8 Annual Maintenance Costs of the System

The estimation of the annual maintenance cost must be made in accordance with maintenance
guidelines and instructions for each type of equipment. The cost includes materials and the
hourly rates of maintenance technicians and expert personnel.

13.3.9 Annual Cost of Unavailability

Unavailability can either be forced or scheduled:

forced energy unavailability (FEU) is the amount of energy that could not be transmitted
overthe dc Q\J/c’rnm due to forced ol |fagne;

» scheduled energy unavailability (SEU) is the amount of energy be
transmitted due to scheduled outages.

The unavailability of power can have a great impact on society. FEU Has\a g 3 han
SED. It is difficult to estimate the cost of non-delivered power and ailabiity,
singe the inconvenience and financial impact vary with the custa . 4 may| be
usgd as guide line for determining the cost of unavailability.
Thg
13.B.
At the end of its operational life, the sysje
13.3.10.1 Salvage Value
If th ikely
hay the
tec
The
cost.
13.B.
The dispasal “sqst i pense associated with disposing of the assets, including pny
envi be required
The posal cost should be added as a cost in calculating the life-cycle cgst
In g disposal cost of a VSC transmission system, the raw materials used for|the
varfous equipmentmust be specified.
Th\l Tavy matcria! ) k Iﬁnn l-hv-r\ cate "nrn

volume waste;
dangerous waste;
recycling waste.
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Volume waste can be concrete, bricks and other types of remaining waste that can be disposed
of on a normal dump. In instances where the concrete can be crunched and reused as filling
material, the deposit costs will be reduced.

Dangerous waste has to be disposed of at special sites or be burned in incinerator plants. The
cost of such disposal can be significant.

Typical recycling waste is metal, such as copper, aluminum and iron.
13.4  Benefits of Controllability

A VSC can be designed with one or more of the following control features:

* real power control;

* a.c. voltage control/Reactive power control;
* power reversal;
» damping of oscillations.

When comparing a VSC transmission system with a gdmparabte temy the net benefit
(adfitional cost of the control features less the benefi gs) of these conffols
mupt be credited to the life cycle cost of the VSC tra issi

13.6 References

[13t11] Dhillon, B.S., Life Cycle Costing:. and Breach\Scienge Publishers, New York,
1989.

[1312] 3 ,” CIGRE Brochure No. 186, 200/1.
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[1314] 0 Consider Interruption Costs in Power
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14. COMPARISON OF LINE COMMUTATED CONVERTER AND VSC
14.1 Introduction

This chapter presents a brief comparison between LCC HVDC transmission and VSC transmission.
14.2  Differences Resulting from the Commutation Principle

This section discusses the differences between LCC HVDC and VSC transmission technologies
that are deﬂned by the types of switches each uses: LCC HVDC uses thynstors which are closed by
-_-- a—aa—oPpe—HattH<a AHHEH He G4 eA SedcHeS eFo—3a eS—0 e :-: AHRHE a
VS uses switches with a controlled turn-on and turn-off capability t} enables salf—
commutation.

14.2.1 Dependence on an AC Voltage Source

jon
er.

An |LCC HVDC scheme depends on an a.c. voltage source in the
progess, i.e., the current in the converter valves being brought to
If there is no generator in the a.c. network, a synchronous cé
usgd to provide the necessary voltage source.

usgd in the LCC spera
gate pulses furtk

alwpys delayed coy

brepkers, such at fheir generation of reactive power matches the LCC HVDC reactive power
abgorption."A few CCC schemes use a different converter topology, in which a capacitor is insefted
in geries’ with the converter transformer to provide reactive- -power compensation. This technolggy,
whi aited—Capacitor CommutatedConverter HVDT SCHVDC), Teduces reactive-power
absorption.

The VSC can be controlled to generate or absorb reactive power, as required. Moreover, the
control of reactive power is independent from the control of active power, subject to overall design
limits. Very rapid and versatile reactive-power control is available in the VSC application, which can
bring significant benefits to the a.c. network.
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14.2.3 Short-Circuit Level Requirement for Stable Operation

The short-circuit ratio (SCR) at the a.c. connection point is an important parameter, and has to be
checked when installing an LCC HVDC transmission scheme. The SCR is defined by the following:

SCR = Psc / Pdc, where Psc is the short-circuit power at the connection point, and Pd.c. is

the

nominal d.c. power of the transmission. A certain minimum SCR is required for stable operation of
an LCC HVDC scheme. This is because an active power change causes an equivalent reactive
power change, resulting in an a.c. system voltage fluctuation. A voltage drop in the a.c. system

causes additional reactive power consumption and thus further voltage drop. This phenomeno

nis

known as voltage instability. To avoid voltage instability, an SCR of more than 2 would typically be

required [14-1].

The VSC does not have any limit on the SCR for stable operatlon smce the V&C can ontroI I

vieyed from the VSC s a.c. terminals.

14.2.4 Harmonics and Filter Requirements
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14.2.5 Overvoltages in the AC System

As mentioned above, the LCC HVDC requires substantial filter and shunt capacitor banks. When
the LCC stops operation due to a fault or other reason, its reactive power absorption becomes 0,
resulting in an a.c. overvoltage due to the surplus reactive power from the shunt capacitor and
filter banks. In addition to the fundamental frequency overvoltage, resonance type overvoltages
may also appear if the system impedance is relatively high.

Since any filters associated with the VSC will normally have a low-rating, large overvoltages are not
caused when a VSC transmission scheme stops working, unless the VSC was absorbing a
considerable amount of reactive power before stopping.

14.2.6 Robustness against AC System Faults

¥DC system. After the de-ionisation period,|the
(100 ms to 300 ms).

tto
t is
5 of

the
ore

not possible to change the d.c. current direction in an LCC HVDC scheme. To reverse the
of pewer—apolarity-change-ofthe d-c- em-voltage-is-recessarnThisisnota-problem-inatwo-
terminal HVYDC system. However, the need for voltage reversal to change power direction means
that some of the low-cost extruded polymeric cable designs cannot be used with LCC HVDC. In a
multi-terminal HVDC system, however, the polarity change of the d.c. system voltage would mean
a power-flow reversal at all terminals, although normally the power-flow will be reversed at only
one or two terminals. To accomplish this, mechanical switches are needed to reverse the d.c.
terminals and the converters must be provided with full insulation at both terminals.
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In a VSC transmission scheme the voltage polarity is constant and the power direction is changed
by changing the current direction. Therefore, in a multi-terminal scheme it is possible to change
the power direction at each terminal very rapidly and without switching operations [14-2]. The
coordination between the different converters becomes relatively simple, and fast
telecommunication between the terminals may not be required for VSC transmission schemes.

14.3.3 Cost, Losses, Reliability and the Availability of the Large-Scale HVDC System

The development of VSC technology has been remarkable. At present, however, LCC HVDC is
superior to VSC transmission in terms of capital cost and power losses for large-scale HVDC
systems. Reliability and availability information for LCC HVDC has been collected by CIGRE for
mafy years and the evidence shows that this technology perfor.m.s very well. [ar nformation
hag not yet been collected for VSC transmission. The relative superiority of LCC HVDE systénts is
like]y to decline as VSC transmission technology develops and costs go downy misgion
car also utilize low-cost polymeric cables, which are not required to withsfs ari sal.

14.4 Summary
Table 14.1 shows a comparison between LCC HVDC and VSC tran

S
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Table 14.1 (1) - Summary comparison between LCC HVDC and VSC
transmission

LCC HVDC

VSC Transmission

Dependence on an
ac voltage source

An ac voltage source is mandatory.

If there is no generation, a synchronous compensator or a VSC
is required for the operation of LCC.

A voltage source is not required,

LCC HVDC consumes reactive power of 50% to 80% of the

active power, Sy

Requirement
for ac system

\
@

Reactive power
consumption or
generation

@Q

for reactwe power compensation.
QA Lead

Converter and shunt cap
switching compensat{ocn

Lag

The HVDC with DC transmission line, however, the hatched
area should be deleted since for the converter only, Q=0.6*P
and no degree of freedom exists. The above diagram
corresponds to the converter only.

Reactive power can be generated or

fthe VSC

3

Ldg

Short circuit ratio
(SCR)

In general, a SCR of more than 2 is required for stable
operation.

There is no special limit on SCR.

1

Shading shows the superior part.

e controlled
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Table 14.1 (2) - Summary comparison between LCC HVDC and VSC
transmission

LCC HVDC

VSC transmission

Harmonics and filter
requirements

Filter banks are required to absorb the
(12n + 1) harmonic currents on the a.c.
side.

For overhead lines, filters are required to
absorb 12n harmonics on the d.c. side

Increasing the number of the switchings
per cycle can reduce the harmonic
generation. Physically small filters can
be used on the a.c. and d.c. side .

Additional filters may be required to deal
with non-characteristic harmonics on
both the a.c. and the d.c. side.

OV
SYS

ervoltages in the a.c.
tem

A sudden LCC HVDC stop can cause
fundamental frequency overvoltages,
sometimes exacerbated by resonance\

OW
QuevoKa |f ,
case o CC

a.c. filters, the
ll|be smaller than
HVDC scheme.

m

Ro

a.g.

bustness against the
system faults

transmission may stop

system fa&r

Z\nsmission may stop

hot suffer from
ion failures, gnd the scheme
tinue to transfef some power,
ject to the current rating limit of the
nverter. If the fault is|very close,
until the a.c.

ission can

system fault is cleared|

Co
the

scgle HVDC system (\

5t, losses, reliability and
availability of the large-

Better at piént \s

The differences are deg
of improvements in VS

reasing because
C technology.

Prdtection against theud.c.\|Fast restart 55|ble Fast restart is difficult wlthout d.c. circuit
sygtem faults N breakers.
Figxibility of péwer Iov(w\/\ wenflow véﬁsél at each terminal Power flow reversal at pach terminal is
reversal in multitérpi echanical switching easy.
schemes (\ BK
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15.

VSC TRANSMISSION OUTLOOK

15.1 Introduction

The VSC transmission technology commercially available at the end of 2004 uses VSC valves
with high-power transistors of the IGBT type. The highest transmission capacity in operation that
year was 330 MW and +£150 kV d.c. By the end of 2004 six VSC transmission schemes and one
back-to-back scheme were in operation worldwide. Of these, five schemes have a transmission
capacity of less than 100 MW and two have a capacity above 100 MW (see Appendix A). As VSC
transmission technology is presently in a state of rapid development, different technical solutions

maly appear in the next few years.

15.2  Future Trends

VSE transmission is a relatively new technology compared with the ¢

trapsmission, which has existed for about five decades. Given

promise to become the technology of the future, it is worthwhile ide

help it to develop further. The following are some areas that the Wo

leadl to more widespread use of VSC transmission.

15.2.1 Reliability

The use of VSC technology in transmission applicatio lly demonstrated |n a
number of full-scale installations, as shown i Jendix-A. because of the youth of|the
technology and the few schemes in dperation f ile’to demonstrate that SC
transmission can provide reliability and 3 ( 0 or better than LCC HVDC
trapsmission. It is expected that thi Strated, as new projects [are
commmissioned and more service expe . It is recommended that CIGRE
begin to record reliability and availabilj ansmission schemes, as is currently
done for LCC HVDC.

15..2 Capital Cost

Sinpe the power\el igher
proportion of it a ing
development in Sg igant
impgact on the capita

15..3 Co

One lity.
Incfeasing the v red
in the V : i Ilkely reduce the cost of the valve, prowded that the current capalility
car| be maintai order to maintain the current capability, larger semi-conductor areas |will
propably-be required

By [thevend of 2004, the rated voltage of the silicon-based turn-off IGBTs had reached aljout

6,5 kV. However, VSC transmission requires press-pack devices, and for these the maximum
rated voltage was limited to 4,5 kV. As the market for VSC transmission grows, the development of
high-voltage press-pack devices will become more attractive.
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However, as the device voltage increases so does the capital cost and power loss per device.
This is offset by the need for fewer series-connected devices in the VSC valve. As mentioned
above, larger area devices will be required, and it is expected that overall cost and power losses
for the VSC valve will decline while its voltage rating increases.

Figures 15.1 and 15.2, from a semiconductor manufacturer, show the manufacturer’s view of the
history and expected future development of controllable switching components.

Fower-hana ng capability (VA =
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Figure 15.2 - Silicon carbide (SiC) switches compared to silicon (Si) switches


https://iecnorm.com/api/?name=8ecbe25bfdf68a87b165839ad9cd94af

PAS 62543 © IEC:2008(E) 133 -

In the coming decade, new-generation devices, based on wide-band gap materials such as silicon
carbide, or perhaps later gallium nitride (GaN), are expected to provide superior performance on
several fronts.

Significantly increased device voltage rating appears to be possible. This would result in a
reduction of the number of series-connected devices in the VSC valve and allow either higher
MVA ratings for VSC installations, or more compact converters. Furthermore, because there
would be fewer series components, reliability and maintenance costs should improve.

Such devices could also increase the peak junction temperature at which full control of the device
car] be maintained to about 200 °C. This would result in a dramatic incre i rge
capability of the device and the possibility of simpler and less costly cooling s

Switching losses could also be dramatically reduced, making it possibl i i ase
the|2 kHz operating frequency of today’s silicon devices. Higher freque e Lice
the|size of the harmonic filters.

15.2.4 Power Losses

Power losses in VSC schemes today are significantly highertha C HVDC. Thip is
largely due to higher power losses in the converters. imp S jconductor and SC
technology should considerably reduce the power 3

15.2.5 Increased DC Voltage and P

VS transmission technology can make x rdt are not required to withstand
volfage reversal (steady state or transjent). These ed polymeric cables may be easief to
ins [

Cable installations are uswally i \ snvingnimentally benign than overhead lines. SC
schieme reliability is giso li i e of cables, since cables are not subjedt to

frequent faults from lighthipng 0 po||t|o W At the end of 2004 the maximum commercially availgble

volfage rating f

Further resear§ > S \ t increasing the voltage rating of cable technology and
redlcing its cost m S igsion more attractive for a number of applications.

15..6 Uti tionality and Controllability of VSC transmission

A VSC SMissi s the unique capability of providing mdependent control of readtive

powef._and SHine ure

Ong can.envision, fof example, “implanting” a VSC scheme to support an existing a.c. grid. \SC
transmission could provide flexibly-controlled interconnections for a.c. grid areas and, at|the
sametime, robust voltage supports at the points of interconnection. In this way the \SC
transmission could improve the controllability, flexibility and stability of a.c. grids (see [15-1]). In
addition, the converters could be used for active filtering of low-order harmonics in the a.c. network.
Further functionality could be provided when economic energy storage becomes available.

Because VSC transmission does not require the direct voltage to be reversed when the power
direction is changed, and does not suffer from commutation failures, it is well suited to multi-
terminal applications.
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VSC transmission technology is suitable for the use of standardised modules, since its
implementation can be less dependent on the specific network conditions than is the case for
LCC HVDC. Furthermore, less extensive study of the interaction between the VSCs and the a.c.
grids may be acceptable (except where special system network conditions prevail), because self-
commutating VSCs can operate with a fully-controlled power factor, a high-speed of response,
and without generating low-order harmonics. These capabilities also mean that VSC transmission
is well suited for unusual network conditions, where specific studies may be necessary to optimise
the control settings.

15.3 References

[1511] Johansson S.G., Asplund G., Jansson E., Rudervall R., “Power sys
with VSC DC transmission systems.” CIGRE Paper B4-204, 260
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16. CONCLUSION

VSC transmission, which is based on voltage sourced converter technology used extensively for
large motor drives, became a reality with the 3-MW demonstration project at Hellsjén, Sweden, in
1997. Since then, the technology has been further-developed and had, by the end of 2004,
reached a d.c. power level of 330 MW at £ 150 kVdc, with a single converter. The total in-service
rating of VSC transmission schemes at the end of 2004 was 813 MW — a much more rapid
gropth—than—occurred—with—the first generation—of HVDC transmission—the—line-commutated

corjverter technology (LCC HVDC).

Inherently, VSC transmission technology has many advantages over LCC

. VSC substations can be designed to be very compact

. VSC transmission will not suffer co iufe du@ faults and disturbances in|the

. VSC transmission is well suited for ed cables, which do not neefl to

be able to withstand polarity reversat.
al features that may be valuable for

At |present, a VSC |[s
suljstation. Ongoing

significant redyctions ™
corjverter topolQgigs ca
0 &

spdce, which must

igher power losses than an LCC H\DC
ions of semiconductors may provide or enable
transmission. Multi-level converters and other
and

In 3 will
mof

It i uch
gre 3pid
deV hge

SOy

The Working Group has not identified any technical reason why, in principle, VSC transmisgion
car|nef\be developed for very high direct voltage and power, say 500 kVdc, 3 000 MW. Howeyer,
whether or not such research and development Is done will depend on the projected cost of the
developed product and the demands of the marketplace.

Working Group B4-37 believes that VSC transmission will become increasingly attractive as the
technology develops and matures. As a consequence, not only will the niche applications
mentioned in the foreword become more numerous, but VSC transmission will gradually encroach
more and more on the LCC HVDC market, and the number of applications within a.c. networks
will increase.

When this Working Group was set up in 2001, VSC transmission was at a relatively early stage
of development, so it was not considered appropriate to give detailed guidance on the test
requirements for VSC transmission systems or for the individual equipment in such schemes.
Since then, however, VSC transmission has become more established and schemes with power
ratings of more than 300 MW and up to +150 kVd.c. are in service.
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