IEC TR 62543

Edition 1.2 2017-05
CONSOLIDATED VERSION

TECHNICAL
REPORT

colour
inside

High-voltage direct current (HVDC) power transmission using voltage sourced
converters (VSC)

INTERNATIONAL
ELECTROTECHNICAL
COMMISSION

ICS 29.200; 29.240.99 ISBN 978-2-8322-4416-6

Warning! Make sure that you obtained this publication from an authorized distributor.

® Registered trademark of the International Electrotechnical Commission



IEC TR 62543:2011-03+AMD1:2013-07+AMD2:2017-05 CSV(en)

IEC TR 62543

Edition 1.2 2017-05
CONSOLIDATED VERSION

REDLINE VERSION

colour
inside

High-voltage direct current (HVDC) power transmission using voltage sourced
converters (VSC)




-2- IEC TR 62543:2011+AMD1:2013
+AMD2:2017 CSV © IEC 2017

CONTENTS

T A B/ o 1o IN (=1 - T PP PTRPPR 16
3.8 ProdUCHION 1SS Lottt 17
3.0 S AMPIE LB ettt 17
310 Insulation co-ordination eI S T
B Ll P OWEE [0S S S e ittt e 17
VSC tranSMISSION OVEIVIBW ....uuititii ettt et et et et et e e e et e et et et et e e e e e enaennas 18
4.1 Basic operating principles of VSC tranSmiSSiON ........ceuiiiiiiiiiiiiiie e 18
4.1.1 The voltage sourced converter as a black boX ..........ccovvviiiiiiiiiiiiicieens 18
4.1.2 The principles of active and reactive power control...............ccocoviiiiiinianne. 19
4.1.3 Operating principles of a VSC transmission scheme .............cccccoveiviiiinianne. 21
4.1.4 Applications of VSC tranSmMiSSIiON ......vuuiiiiniiiiiiiiee e e eeeas 22
4.2 DESIGN [ @ et e 22
4.3  VSC transmission CONfIQUIatiONS .. ...ouuiieiiiiii e e ee e 22
A.3.1  GENEIAL e 22
4.3.2 D.C. circuit configurationS........ovuiiiiiie e 23
4.3.3 Monopole configuration ........c.iiiiiiii e 23
4.3.4 Bipolar configuration.... ... 24
4.3.5 Parallel connection of tWO CONVEITEIS ......oiiuiiiiiiiicie e 25
4.3.6 Series connection of tWO CONVEITEIS ... ..o 26
4.3.7 Parallel and series connection of more than two converters....................... 26
4.4  Semiconductors for VSC tranSmMiSSIiON ... .c.uiiiniii i 27
VSC transmission converter tOPOI0gIES .....uu i 28
DL GBNEIAL e e 28
5.2 Converter topologies with VSC valves of “switch” type .......ccooviviiiiiiiieee, 29
B.2.1  GBNEIAL i 29
5.2.2  Operating PrinCiple ..o 29
L0720 N o o Yo o o 1 1= 30
5.3 Converter topologies with VSC valves of the “controllable voltage source”
187/ S L= 2PN 33
LG 0 R © 1= o = - | PP 33
5.3.2 MMC topology with VSC levels in half-bridge topology........cccccovvvvviinennnnn.. 35
5.3.3 MMC topology with VSC levels in full-bridge topology.........ccccoeiiiiiiininns. 37
5.3.4 CTL topology with VSC cells in half-bridge topology .......cc.ccoovviiiiiiiniinnnn 38
5.3.5 CTL topology with VSC cells in full-bridge topology ........cccoeiiiiiiiiiiiinn.. 39
5.4 VSC valve design CoNSIderations ......c.ccuuiieiiiiiiiiie e e e e eneeas 39

5.4.1 Reliability and failure mode ... 39



IEC TR 62543:2011+AMD1:2013 -3-
+AMD2:2017 CSV © IEC 2017

10

L A O U [ =Y o A = [ PP 39
5.4.3 Transient current and voltage requirements........ccocovviviiiei i i, 39
LN A B TTo To L= =Y LU [T =T ¢ =T | £ 40
5.4.5 Additional design detailS. ... 41
5.5 Other CONVErter tOPOI0GIES ouinii i e e e e 41
5.6 Other equipment for VSC transmission SCheMesS ..........ooooiiiiiiiiiiiiceceeeee 41
B.B.1  GBNEIAL it e 41
5.6.2 Power components of a VSC transmission scheme.............ccccooiviiiiniinns. 42
5.6.3 VSC substation circuit breaker..........oooiii 42
5.6.4 A.C. system side harmonic filters........ccoooviiiii i 42
5.6.5 Radio frequency interference filters ... 42
5.6.6 Interface transformers and phase reactors..........ccccovviviiei i, 43
B5.6.7  VaAIVE TRACTON ...t 43
5.6.8  D.C. CAPACITOIS ettt e e 44
5.6.9 DLl FBACTON . et 46
5.6.10 Common mode bloCKING reaCLOr ........iuiiiiii e 46
B.B.10 D, fl O et e 46
5.6.12 Dynamic braking SYStemM .. ..o 46
OVErVIEW OF VSC CONIOIS . cui it 47
B.1 GBNEIAL e e 47
6.2 Operational modes and operational OptioNS .......c.ovuiiiiiiiii i 47
6.3 P OWET TraNS O et 48
B.3.1  GNMEIAL i 48
6.3.2 Telecommunication between converter stations...........ccovvvviiiiiiiieneennn. 49
6.4 Reactive power and a.c. voltage CoNtrol ... ..o 49
6.4.1  A.C. vOoltage CONIOl...iu i e 49
6.4.2 Reactive POWET CONTIOl . ... e 50
6.5 Black start capability .....ccooeniiii 50
6.6 Supply from a Wind farm ... 51
Steady State OPEIALION ... . e 51
7.1 Steady state capability ... 51
7.2 CONVEIET POWET 10SSES .uuitiiiieii ettt ettt et et ettt e e e e e s 52
(DY F= T a1 Toll o 1T o o] 41 =1 [ PP 53
8.1 A.C. SYStemM diStUIDANCES .. cuieiiiiii e e 53
8.2 D.C. system diStUrDanCeS ... ... 54
8.2.1  D.C. cable faUlt. ... 54
8.2.2 D.C. overhead line fault.........oouiiiiii 54
8.3 INternal faUILS ... 54
HVDC performance reqUITEMENTS .. ...i. e e e e e e e e e e e e e e e aeeeas 55
9.1  HarmoniC PeIfOIMANCE ...uu it e e e e e e e e e eaeeaas 55
9.2 WAVE ISTOITION Luuitiiti et 56
9.3  Fundamental and harmomniCS ... 56
9.3.1 Three-phase 2-16VEel VSC ... 56
9.3.3 Multi-pulse and multi-level ConVerters..........cooiiiiiiiii e 59
9.4 Harmonic voltages on power systems due to VSC operation ............cccoeevevviinennnnn. 59
9.5 Design considerations for harmonic filters (a.c. Side)......ccooviiiiiiiiiin 60
9.6 D.C. SIAE fIlLEIING . .oenieiie e e 60

ENVIroNmMeEntal iMPacCt .....oou i e 60



-4 - IEC TR 62543:2011+AMD1:2013
+AMD2:2017 CSV © IEC 2017

O 1= =T - 1 PP 60
10.2 AUAIDIE NOISE ..oeiii e 61
10.3 Electric and magnetic fields (EMF) ... 61
10.4 Electromagnetic compatibility (EMC) ....ocuiuiiiiii e 61
11 Testing and COMMISSIONING t.uvuuiiiiii e e e e e e e e et et et e e e e eneeneeens 62
11,1 GONEIAL i 62
T = Vo 0 YA == 62
11.2.1 COMPONENT TESTS .ttt ettt et e et e e a e e 62
11.2.2 CoNntrol SYSteM tESTS cuuiin i e 63
11.3 Commissioning testS / SYStEM eSS ...cuiu i 63
L11.3.0 GENEIAL ¢ eiiii i 63
11.3.2 PrecomMmisSSiONING 1ESES .ouuiu it e e 63
11.3.3 SUDSYSIEM 1SS ot 64
11.3.4 SYSIEM LSS ettt 64
Annex A (informative) Functional specification requirements for VSC transmission
)Y AT (=] 10 PP TPPRPRRPRN 69
Annex B (informative) Modulation strategies for 2-level converters .........coocoovviiiiiiiiincnennn. 86
B O gAY e e 89
Figure 1 — Major components that may be found in a VSC substation ...............cc.coevviiennn. 10
Figure 2 — Diagram of a generic voltage source converter (a.c. filters not shown) ................. 18
Figure 3 — The principle of active pOWer CONtrol ... ..., 20
Figure 4 — The principle of reactive power CONtrol....... ..o 21
Figure 5 — A point-to-point VSC transmission SCheme ..........ccooiiiiiiiiiii i, 21
Figure 6 — VSC transmission with a symmetrical monopole.........ccocovviiiiii i, 23
Figure 7 — VSC transmission with an asymmetrical monopole with metallic return................. 24
Figure 8 — VSC transmission with an asymmetrical monopole with earth return..................... 24
Figure 9 — VSC transmission in bipolar configuration ............ccocoviiiiiiiii i 25
Figure 10 — Parallel connection of two CONVErter UNItS .......cooeiiiiiiiii e 26
Figure 11 — Symbol of a-controllable-switch turn-off semiconductor device and
associated free-wheeling diode.... ... e 27
Figure 12 — Symbol of an IGBT and associated free-wheeling diode ........coccoeviiiiiiiiiininennn. 27

Figure 13 — Diagram of a three-phase 2-level converter and associated a.c. waveform
101 o T = o] 1 = U= = N 30

Figure 14 — Single-phase a.c. output for 2-level converter with PWM switching at 21
times fundamental fFrEQUENCY ... e 31

Figure 15 — Diagram of a three-phase 3-level NPC converter and associated a.c.
WAV ETOIM fOr 0N PRASE . i e e 32

Figure 16 — Single-phase a.c. output for 3-level NPC converter with PWM switching at
21 times fundamental fTEQUENCY ...uiniie e e e 33

Figure 17 — Electrical equivalent for a converter with VSC valves acting like a
CONLrollable VOITAGE SOUICE .. ...ttt e e e aeaaas 34

Figure 18 — VSC valve level arrangement and equivalent circuit in MMC topology in
=13 o T T o TR € oo Fo T Y2 35

Figure 19 — Converter block arrangement with MMC topology in half-bridge topology .......... 37



IEC TR 62543:2011+AMD1:2013 -5-
+AMD2:2017 CSV © IEC 2017

Figure 20 — VSC valve level arrangement and equivalent circuit in MMC topology with

{011 o] g To (o T=In (o] eXo] FoTo )Y AN PPN 38
Figure 21 — Typical SSOA for the IGBT ... e 40
Figure 22 — A 2-level VSC bridge with the IGBTs turned off .........c.cooiiiiiii e, 40
Figure 23 — Representing a VSC unit as an a.c. voltage of magnitude U and phase

aNgle O DENINA FBACTANCE ... . e 47
Figure 24 — Concept of VECLOr CONIOl ...iueiie i e 48
Figure 25 — VSC POWET CONTIOIIET ...ivniie e e e e e 49
Figure 26 — A.C. VOItage CONTIOIIBT ... .. e 50
Figure 27 — A typical simplified PQ diagram ....... ..o 52
Figure 28 — Protection concept of @ VSC substation...........ccoooviiii i 55
Figure 29 — Waveforms for three-phase 2-1evel VSC......c.oooiiiiii e, 57

Figure B.1 — Voltage harmonics spectra of a 2-level VSC with carrier frequency at 21St
DB NI C Lt 87




-6 - IEC TR 62543:2011+AMD1:2013
+AMD2:2017 CSV © IEC 2017

INTERNATIONAL ELECTROTECHNICAL COMMISSION

HIGH-VOLTAGE DIRECT CURRENT (HVDC) POWER TRANSMISSION
USING VOLTAGE SOURCED CONVERTERS (VSC)

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 Specifications (PAS) and Guides (hereafter referred to as “IEC
Publication(s)”). Their preparation is entrusted to technical committees; any IEC National Committee interested
in the subject dealt with may participate in this preparatory work. International, governmental and non-
governmental organizations liaising with the IEC also participate in this preparation. IEC collaborates closely
with the International Organization for Standardization (ISO) in accordance with conditions determined by
agreement between the two organizations.

2) The formal decisions or agreements of IEC on technical matters express, as nearly as possible, an international
consensus of opinion on the relevant subjects since each technical committee has representation from all
interested IEC National Committees.

3) IEC Publications have the form of recommendations for international use and are accepted by IEC National
Committees in that sense. While all reasonable efforts are made to ensure that the technical content of IEC
Publications is accurate, IEC cannot be held responsible for the way in which they are used or for any
misinterpretation by any end user.

4) In order to promote international uniformity, IEC National Committees undertake to apply IEC Publications
transparently to the maximum extent possible in their national and regional publications. Any divergence
between any IEC Publication and the corresponding national or regional publication shall be clearly indicated in
the latter.

5) IEC itself does not provide any attestation of conformity. Independent certification bodies provide conformity
assessment services and, in some areas, access to IEC marks of conformity. IEC is not responsible for any
services carried out by independent certification bodies.

6) All users should ensure that they have the latest edition of this publication.

7) No liability shall attach to IEC or its directors, employees, servants or agents including individual experts and
members of its technical committees and IEC National Committees for any personal injury, property damage or
other damage of any nature whatsoever, whether direct or indirect, or for costs (including legal fees) and
expenses arising out of the publication, use of, or reliance upon, this IEC Publication or any other IEC
Publications.

8) Attention is drawn to the Normative references cited in this publication. Use of the referenced publications is
indispensable for the correct application of this publication.

9) Attention is drawn to the possibility that some of the elements of this IEC Publication may be the subject of
patent rights. IEC shall not be held responsible for identifying any or all such patent rights.

This consolidated version of the official IEC Standard and its amendments has been prepared
for user convenience.

IEC TR 62543 edition 1.2 contains the first edition (2011-03) [documents 22F/230/DTR and:
22F/239A/RVC], its amendment 1 (2013-07) [documents 22F/300A/DTR and 22F/307/RVC] and its
amendment 2 (2017-05) [documents 22F/440/DTR and 22F/450/RVDTR].

In this Redline version, a vertical line in the margin shows where the technical content is
modified by amendments 1 and 2. Additions are in green text, deletions are in
strikethrough red text. A separate Final version with all changes accepted is available in this
publication.
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The main task of IEC technical committees is to prepare International Standards. However, a
technical committee may propose the publication of a technical report when it has collected
data of a different kind from that which is normally published as an International Standard, for
example "state of the art".

IEC/TR 62543, which is a technical report, has been prepared by subcommittee 22F: Power
electronics for electrical transmission and distribution systems, of IEC technical committee 22:
Power electronic systems and equipment.

This publication has been drafted in accordance with the ISO/IEC Directives, Part 2.

The committee has decided that the contents of the base publication and its amendments will
remain unchanged until the stability date indicated on the IEC web site under
"http://webstore.iec.ch” in the data related to the specific publication. At this date, the
publication will be

e reconfirmed,
e withdrawn,
e replaced by a revised edition, or

e amended.

A bilingual version of this publication may be issued at a later date.

IMPORTANT — The 'colour inside' logo on the cover page of this publication indicates
that it contains colours which are considered to be useful for the correct
understanding of its contents. Users should therefore print this document using a
colour printer.




-8 - IEC TR 62543:2011+AMD1:2013
+AMD2:2017 CSV © IEC 2017

HIGH-VOLTAGE DIRECT CURRENT (HVDC) POWER TRANSMISSION
USING VOLTAGE SOURCED CONVERTERS (VSC)

1 Scope

This technical report gives general guidance on the subject of voltage-sourced converters
used for transmission of power by high voltage direct current (HVDC). It describes converters
that are not only voltage-sourced (containing a capacitive energy storage medium and where
the polarity of d.c. voltage remains fixed) but also self-commutated, using semiconductor
devices which can both be turned on and turned off by control action. The scope includes
2-level and 3-level converters with pulse-width modulation (PWM), along with multi-level
converters, modular multi-level converters and cascaded two-level converters, but excludes 2-
level and 3-level converters operated without PWM, in square-wave output mode.

HVDC power transmission using voltage sourced converters is known as “VSC transmission”.

The various types of circuit that can be used for VSC transmission are described in the report,
along with their principal operational characteristics and typical applications. The overall aim
is to provide a guide for purchasers to assist with the task of specifying a VSC transmission
scheme.

Line-commutated and current-sourced converters are specifically excluded from this report.

2 Normative references

The following referenced documents are indispensable for the application of this document.
For dated references, only the edition cited applies. For undated references, the latest edition
of the referenced document (including any amendments) applies.

IEC 61975, High-voltage direct current (HVDC) installations — System tests

IEC 62501, Voltage sourced converter (VSC) valves for high-voltage direct current (HVDC)
power transmission — Electrical testing

IEC 62747, Terminology for voltage-sourced converters (VSC) for high-voltage direct current
(HVDC) systems

IEC 62751 (all parts), Power losses in voltage sourced converter (VSC) valves for high
voltage direct current (HVDC) systems
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INTERNATIONAL ELECTROTECHNICAL COMMISSION

HIGH-VOLTAGE DIRECT CURRENT (HVDC) POWER TRANSMISSION
USING VOLTAGE SOURCED CONVERTERS (VSC)

FOREWORD

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 Specifications (PAS) and Guides (hereafter referred to as “IEC
Publication(s)”). Their preparation is entrusted to technical committees; any IEC National Committee interested
in the subject dealt with may participate in this preparatory work. International, governmental and non-
governmental organizations liaising with the IEC also participate in this preparation. IEC collaborates closely
with the International Organization for Standardization (ISO) in accordance with conditions determined by
agreement between the two organizations.

The formal decisions or agreements of IEC on technical matters express, as nearly as possible, an international
consensus of opinion on the relevant subjects since each technical committee has representation from all
interested IEC National Committees.

IEC Publications have the form of recommendations for international use and are accepted by IEC National
Committees in that sense. While all reasonable efforts are made to ensure that the technical content of IEC
Publications is accurate, IEC cannot be held responsible for the way in which they are used or for any
misinterpretation by any end user.

In order to promote international uniformity, IEC National Committees undertake to apply IEC Publications
transparently to the maximum extent possible in their national and regional publications. Any divergence
between any IEC Publication and the corresponding national or regional publication shall be clearly indicated in
the latter.

IEC itself does not provide any attestation of conformity. Independent certification bodies provide conformity
assessment services and, in some areas, access to IEC marks of conformity. IEC is not responsible for any
services carried out by independent certification bodies.

All users should ensure that they have the latest edition of this publication.

No liability shall attach to IEC or its directors, employees, servants or agents including individual experts and
members of its technical committees and IEC National Committees for any personal injury, property damage or
other damage of any nature whatsoever, whether direct or indirect, or for costs (including legal fees) and
expenses arising out of the publication, use of, or reliance upon, this IEC Publication or any other IEC
Publications.

Attention is drawn to the Normative references cited in this publication. Use of the referenced publications is
indispensable for the correct application of this publication.

Attention is drawn to the possibility that some of the elements of this IEC Publication may be the subject of
patent rights. IEC shall not be held responsible for identifying any or all such patent rights.

This consolidated version of the official IEC Standard and its amendments has been prepared
for user convenience.

IEC TR 62543 edition 1.2 contains the first edition (2011-03) [documents 22F/230/DTR and
22F/239A/RVC], its amendment 1 (2013-07) [documents 22F/300A/DTR and 22F/307/RVC] and its
amendment 2 (2017-05) [documents 22F/440/DTR and 22F/450/RVDTR].

Cette version Finale ne montre pas les modifications apportées au contenu technique par
les amendements 1 et 2. Une version Redline montrant toutes les modifications est disponible
dans cette publication.
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The main task of IEC technical committees is to prepare International Standards. However, a
technical committee may propose the publication of a technical report when it has collected
data of a different kind from that which is normally published as an International Standard, for
example "state of the art".

IEC/TR 62543, which is a technical report, has been prepared by subcommittee 22F: Power
electronics for electrical transmission and distribution systems, of IEC technical committee 22:
Power electronic systems and equipment.

This publication has been drafted in accordance with the ISO/IEC Directives, Part 2.

The committee has decided that the contents of the base publication and its amendments will
remain unchanged until the stability date indicated on the IEC web site under
"http://webstore.iec.ch” in the data related to the specific publication. At this date, the
publication will be

e reconfirmed,
e withdrawn,
e replaced by a revised edition, or

e amended.

A bilingual version of this publication may be issued at a later date.

IMPORTANT — The 'colour inside' logo on the cover page of this publication indicates
that it contains colours which are considered to be useful for the correct
understanding of its contents. Users should therefore print this document using a
colour printer.
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HIGH-VOLTAGE DIRECT CURRENT (HVDC) POWER TRANSMISSION
USING VOLTAGE SOURCED CONVERTERS (VSC)

1 Scope

This technical report gives general guidance on the subject of voltage-sourced converters
used for transmission of power by high voltage direct current (HVDC). It describes converters
that are not only voltage-sourced (containing a capacitive energy storage medium and where
the polarity of d.c. voltage remains fixed) but also self-commutated, using semiconductor
devices which can both be turned on and turned off by control action. The scope includes
2-level and 3-level converters with pulse-width modulation (PWM), along with multi-level
converters, modular multi-level converters and cascaded two-level converters, but excludes 2-
level and 3-level converters operated without PWM, in square-wave output mode.

HVDC power transmission using voltage sourced converters is known as “VSC transmission”.

The various types of circuit that can be used for VSC transmission are described in the report,
along with their principal operational characteristics and typical applications. The overall aim
is to provide a guide for purchasers to assist with the task of specifying a VSC transmission
scheme.

Line-commutated and current-sourced converters are specifically excluded from this report.

2 Normative references

The following referenced documents are indispensable for the application of this document.
For dated references, only the edition cited applies. For undated references, the latest edition
of the referenced document (including any amendments) applies.

IEC 61975, High-voltage direct current (HVDC) installations — System tests

IEC 62501, Voltage sourced converter (VSC) valves for high-voltage direct current (HVDC)
power transmission — Electrical testing

IEC 62747, Terminology for voltage-sourced converters (VSC) for high-voltage direct current
(HVDC) systems

IEC 62751 (all parts), Power losses in voltage sourced converter (VSC) valves for high
voltage direct current (HVDC) systems





