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INTERNATIONAL ELECTROTECHNICAL COMMISSION

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

FOREWORD

all national electrotechnical committees (IEC National Committees). The object of IEC is to “pro|
international co-operation on all questions concerning standardization in the electrical and electroni¢field
this end and in addition to other activities, IEC publishes International Standards, Technical Spécificaf
Tlechnical Reports, Publicly Available Specifications (PAS) and Guides (hereafter referred ,to as
Publication(s)”). Their preparation is entrusted to technical committees; any IEC National Committee inter
in the subject dealt with may participate in this preparatory work. International, goveinmental and
gpvernmental organizations liaising with the IEC also participate in this preparation. IEC collaborates cl
with the International Organization for Standardization (ISO) in accordance with conditions determing
agreement between the two organizations.
N
c

he formal decisions or agreements of IEC on technical matters express, as nearly’as possible, an internat
bnsensus of opinion on the relevant subjects since each technical committee has representation fro
interested IEC National Committees.

IEC Publications have the form of recommendations for international use) and are accepted by IEC Naf
Jommittees in that sense. While all reasonable efforts are made to.ehsure that the technical content o
Publications is accurate, IEC cannot be held responsible for the, way in which they are used or foi
njisinterpretation by any end user.

tlansparently to the maximum extent possible in their matienal and regional publications. Any divergd
between any IEC Publication and the corresponding national or regional publication shall be clearly indicat
the latter.

EC itself does not provide any attestation of conformity. Independent certification bodies provide confo
bsessment services and, in some areas, acce$s 16 |IEC marks of conformity. IEC is not responsible fo
brvices carried out by independent certification bodies.

QD

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

o liability shall attach to IEC or its directors, employees, servants or agents including individual experts
embers of its technical committees‘*and IEC National Committees for any personal injury, property dama
her damage of any nature whatsoever, whether direct or indirect, or for costs (including legal fees
kpenses arising out of the publication, use of, or reliance upon, this IEC Publication or any other
ublications.

ttention is drawn to theqNormative references cited in this publication. Use of the referenced publicatio
dispensable for the correct application of this publication.
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=

ttention is drawn to the possibility that some of the elements of this IEC Publication may be the subjg
ptent rights. IEC shall not be held responsible for identifying any or all such patent rights.
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IEC TR 62543 has been prepared by subcommittee 22F: Power electronics for electrical
transmission and distribution systems, of IEC technical committee 22: Power electronic
systems and equipment. It is a Technical Report.

This second edition cancels and replaces the first edition published in 2011,
Amendment 1:2013 and Amendment 2:2017. This edition constitutes a technical revision.

This edition includes the following significant technical changes with respect to the previous
edition:

a) ;Ln Clause 3, some redundant definitions which were identical to those listed in [EC 63747
ave been deleted;

b) in 4.3.4, description and diagrams have been added for the cases of a_bifpdle with
ledicated metallic return and a rigid bipole;

c) in 4.4, mention is made of the bi-mode insulated gate transistor (BiGT)~“and injegtion
énhanced gate transistor (IEGT) as possible alternatives to the IGBT;

d) in 5.6, the reference to common-mode blocking reactors has been dgleted since these are
ery rarely used nowadays.

The(text of this Technical Report is based on the following documents:

Draft Report on\Voting

22F/649/DTR 22F/669/RVDTR

Fulllinformation on the voting for its approval can be found in the report on voting indicatgd in
the above table.

The[language used for the development ofithis Technical Report is English.

Thig document was drafted in accordance with ISO/IEC Directives, Part 2, and developed in
accordance with ISO/IEC Directives, Part1 and ISO/IEC Directives, IEC Supplenient,
available at www.iec.ch/members~experts/refdocs. The main document types developed by
IEC|are described in greater.déetail at www.iec.ch/publications.

The|committee has decided that the contents of this document will remain unchanged unti| the
stalfility date indicated on the IEC website under webstore.iec.ch in the data related to| the
spe¢ific document.cAt-this date, the document will be
e reconfirmed,

e \ithdrawn,

o teplacéd by a revised edition, or

° amended

IMPORTANT - The "colour inside" logo on the cover page of this document 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)

Scope

This document gives general guidance on the subject of voltage sourced converters (VSC)

use

that[are not only voltage sourced (containing a capacitive energy storage medium and_w

the
dev

2-leyel and 3-level converters with pulse-width modulation (PWM), along withl/multi-I

con

2-leyel and 3-level converters operated without PWM, in square-wave outpui ' mode.
HVDC power transmission using voltage sourced converters is known.as,"VSC transmissiq

Thel various types of circuit that can be used for VSC transmission are described in

doc
ove

tranpmission scheme.

Ling-commutated and current-sourced converters. Jare specifically excluded from

doc

Thelfollowing referenced documents-are indispensable for the application of this docum

For

of the referenced document (including any amendments) applies.

power transmission—-Electrical testing

(HVPDC) systems

for transmission of power by high voltage direct current (HVDC). It describes converters

polarity of DC voltage remains fixed) but also self-commutated, using semicondy
lces which can both be turned on and turned off by control action. The scopelincld

erters, modular multi-level converters and cascaded two-level converters,)but exclu

iment, along with their principal operational characteristics jand typical applications.
all aim is to provide a guide for purchasers to assist with the task of specifying a

iment.

Normative references

dated references, only the edition*cited applies. For undated references, the latest ed

62501, Voltage sourced converter (VSC) valves for high-voltage direct current (HV

62747, Terminology for voltage-sourced converters (VSC) for high-voltage direct cur

827
Q

nere
ctor
des
evel
des

this
The
/SC

this

ent.
tion

DC)

rent

=

3

aa
agc

Terms and definitions

For the purposes of this document, the terms and definitions given in IEC 62747, IEC 62501

and

the following apply.

ISO and IEC maintain terminological databases for use in standardization at the following

add

resses:

IEC Electropedia: available at http://www.electropedia.org/

ISO Online browsing platform: available at http://www.iso.org/obp
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3.1 General

Basic terms and definitions for voltage sourced converters used for HVDC transmission are
given in IEC 62747. Terminology on electrical testing of VSC valves for HVDC transmission is
given in IEC 62501.

To support the explanations, Figure 1 presents the basic diagram of a VSC system.
Dependent on the converter topology and the requirements in the project, some components
can be omitted or can differ.

AC point of DC point ofA
common COUang commMmuomTcoupPmy
Converter unit VSC unit L
LYY YN
i -
s nagy i) =
Y Y Y\ 3 A
— W .
o 10
©
C., ~ "
Z NJ
- S
Converter unit VSCUnit
. Y Y\
~T1E)
*—x YO
LT
oL
E .
N =
7~

IEC
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DC point of
common coupling

Converter unit

VSC unit

:

)

~T1E]
—x Y Y Y\
| T

== —— o)

E T -g'_l'm

- = — — =

(6]

Converter unit VSC unit
~ l =) c@.t
1
IR S
(% @
IEC
Key

1 circuit breaker 9 VSC unit ¥
2 pre-insertion resistor 10 VSC DC capacitor 4
3 line side harmonic filter ") 11 DC harmonic filter 1)
4 line side high frequency filter & 12 dynamic braking system 7)
5 interface transformer 13 neutral point grounding branch %)
6 converter side harmonic filter ") 14 DC reactor 8
7 +|8 converter side high frequency filter 2) 15 DC cable or overhead transmission line
8 phase reactor 2)

2)

3)

4)

5)

6)

7)

8)

npt-be required.

flequency filter!

In some designs of VSG:ibased on controllable voltage source valves, it is possible the harmonic filters—ay is

In some designs¢of VSC, the phase reactor-may—fulfit can fulfil part of the function of the converter-side| high

In some V8Cytopologies, each valve of the VSC unit-may can include a "valve reactor", which-may can be|built
into the xalve or provided as a separate component.

In some/designs of VSC, the VSC DC capacitor-may can be partly or entirely distributed amongst the three-
phase/utnits of the VSC unit, where it is referred to as the DC submodule capacitors.

The philosophy and location of the neutral point grounding branch-may can be different depending on the
design of the VSC unit.

In some designs of VSC, the interface transformer-may—fulfill can fulfil part of the function of the line-side high

frequency filter.

Optional.

Optional;-if phase reactors-are located-on-the d.c.side of the converter.

Figure 1 — Major components that-may can be found in a VSC substation
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3.2 Letter symbols

line-to-line AC voltage of the converter unit(s), RMS value, including harmonics

conv
Isony alternating current of the converter unit(s), RMS value, including harmonics
U line-to-line AC voltage of the AC system, RMS value, including harmonics
I alternating current of the AC system, RMS value, including harmonic
Yy deelnodte dnovelinen ot tnn oo bue of tnn VOO teoneeniocion cyetorn
Ugb DC terminal-to-terminal voltage of one converter unit
Iy DC current of the DC bus of the VSC transmission system

3.3| VSC transmission

3.3.1
VS(G DC capacitor
capacitor bank(s) (if any) connected between two DC terminals0fithe VSC, used for energy
storpge and/or filtering purposes

3.3.p
AC side radio frequency interference filter
RFI(filter

filtefs (if any) used to reduce penetration of radio/frequency interference (RFI) into thel AC
system to an acceptable level

3.3.B
le-side-harmonicfilter converter side high frequency filter
filters (if any) used to mitigate the HF-strésses of the interface transformer

.

-

2

o}
)
th
=
®
P
¢
A~
=
o)
P
N
i)
®
o}
T+
[0

;

R S

[
Le

nt-branch—smoothina reactor or common—mode blockingreactbror
H—BFraReh,—SMoothHhyg RoR—oae—DbrocKkiRgfreactpt ¥

65 3
i

NOTE OC reactoris used to roeduce harmaonic currents flawing in the dc_line or cablo and to dotuno clitical
S

3.34

DC side radio frequency interference filter

filters (if any) used to reduce penetration of radio frequency (RF) into the DC system to
acceptable limits

3.3.5

type tests

tests carried out to verify that the components of VSC transmission system design will meet
the requirements specified

Note 1 to entry: In this document, type tests are classified under two major categories: dielectric tests and
operational tests.
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3.3.6

dielectric tests
tests carried out to verify the high voltage withstanding capability of the components of VSC
transmission system

3.3.7

operational tests
tests carried out to verify the turn-on (if applicable), turn-off (if applicable), and current related
capabilities of the components of VSC transmission system

3.3.8

progluction tests
test$ carried out to verify proper manufacture, so that the properties of the certain compo

of

3.3.

sanjple tests
production tests which are carried out on a small number of certain”VSC transmis

co

3.4

3.4.
aux
eleg

Note
case

3.4.
no-|
loss
VS(
for i

3.4.

idling operating losses

C transmission system correspond to those specified

ponents, for example valve sections or special components taken-atrandom from a ba

Power losses

(
liary losses
tric power required to feed the VSC substation auxdliary loads

1 to entry: The auxiliary losses depend on whether the{substation is in no-load or carrying load, in
the auxiliary losses depend on the load level.

P
oad operating losses

es produced in an item of equipment with the VSC substation energized but with
s blocked and all substation service loads and auxiliary equipment connected as reqy
mmediate pick-up of load

B

hent

sion

tch

hich

the
ired

losses produced in antitem of equipment with the VSC substation energized and with| the
VS(s de-blocked butwith no real or reactive power output

3.4.4

operating losses

losses produced in an item of equipment at a given load level with the VSC substdtion
enefgized and the converters operating

3.4.5

total system losses

sum of all operating losses, including the corresponding auxiliary losses
3.4.6
station essential auxiliary load

loads whose failure will affect the conversion capability of the HVDC converter station
(e.g. valve cooling), as well as the loads that-shal need to remain working in case of complete

loss

Note
quan

of AC power supply (e.g. battery chargers, operating mechanisms)

1 to entry: Total "operating losses" minus "no-load operating losses"-may can be considered as being

titatively equivalent to "load losses" as in conventional AC substation practice.
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4 VSC transmission overview

4.1 Basic operating principles of VSC transmission
411 Voltage sourced converter as a black box

The operation of a voltage sourced converter is described in greater detail in Clause 5. In 4.1,
the converter is treated as a black box that can convert from AC to DC and vice versa, and
only steady-state operation is considered.

Figure 2 depicts a schematic diagram of a generic voltage sourced converter connected to a
DC pircuit on one side and to an AC circuit on the other.

Pconv
V
Ry L sC
—___— ~
+ + leonv Xoonu /-\
% == —e =)
_T - — Uconv UL
DC VSC d.c.
resistor capacitor IEC 568411
P

Rd Id VSC conv
| } > ¢ :
| I

DC Y

+ ; + < conv
resistance il Teony qmr\ /
- L’S fdc —— Y‘ > 1 I , kﬁv
- Usonv U
VSC DC
capacitor

IEC

NOTE AC filters are not shown.

Figure'2 = Diagram of a generic voltage source converter

The|VSC can be operated as either an inverter, injecting real power into the AC network (/4
Yy 50 1y x Uyes0), or as a rectifier absorbing power from the AC network (/g—=-ty <0 /4 *
Uqc|< 0). Similarly, the VSC can be operated either capacitively, injecting reactive power|into
the AC netwerk (Im(U, -1 ) > 0), or inductively, absorbing reactive power from the AC network
(Im(U,:4),< 0). The VSC can be operated capacitively or inductively in both the inverter|and
the reg¢tifier mode.

The designation voltage sourced converter is used because the function of the VSC is
predicated on the connection of a voltage source on the DC side.

To the left in Figure 2, a DC voltage source Ug is shown with a DC resistor Ry representing
the DC circuit resistance, and a DC capacitor connected. The DC shunt capacitor serves the
purpose of stabilizing the DC voltage Uy. Depending on the VSC converter topology, the DC
storage capacitor is realized either as a central DC storage capacitor between both poles or
as multiple storage capacitors distributed within the converter phase units. The conversion
from DC to AC takes place in the VSC as explained in Clause 5.

On the AC side, an interface inductance X, is provided which serves two purposes: first, it
stabilizes the AC current, and secondly, it-enables-the-contrel-of controls active and reactive
output power from the VSC, as explained in 4.1.2. The interface inductance can be
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implemented as reactors, as leakage inductances in transformers, or as a combination thereof.
The DC capacitor on the input side and the AC interface inductance on the output side are
important components for the proper functioning of a VSC.

A passive or active AC network can be connected on the AC side of the VSC. If the VSC is
connected to a passive network on its AC side, the power flow can be only from the DC input
side towards the passive load on the AC side. However, if the AC side is connected to an
active AC network, the power flow can be in both directions by controlling the AC voltage

output U

The
whig

The
the
grid

The
and
betw

If U,
curr
DC

4.1.
The

R Principles of active and reactive power control

R General

of the VSC.

conv

TGO Cconvs SeTvEPOW otg v
explained in 4.1.2.2. By controlling the voltage amplitude of U.,,,, the reactive-pg
ugh the VSC can be controlled as explained in 4.1.2.3.

VSC can be considered as an equivalent of a synchronous generator without ing
h has the capability of individually controlling active and reactiyve power.

phase angle and amplitude of the VSC output voltage infelation to the voltage of the

active and reactive power are related to the AC\voltages U and Uy, of the AC sys
converter respectively, the reactance X between these voltages and the phase ang
een them, according to the following:

U x Ugopy X SINO
X

P:

UL x (UL = Ugony x €O89)

0= X

Lony S in phase with*the line voltage U, and its amplitude is equal to U, there is no
ent 7., from the-VSC. Under these conditions, the DC current Iy becomes zero and
capacitor voltage-&y U, . becomes equal to the DC source voltage Us.

R.2 Principle of active power control

principle of active power control is depicted in Figure 3, where the active power thrg

lled

wer

rtia,

exchange of active and reactive power between a VSC and the AC grid is controlled by

AC

tem
le 6

AC
the

ugh

the

nterface inductance is controlled by regulating the VSC voltage angle.
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If th

power to the AC grid, i.e., it operates as an invertet.)On the DC side, an equivalent cur

will

Ohm's law (Uy Uy, = Ug = Ry-1y).

If, gn the other hand, the VSC output voltage lags the voltage of the AC grid, the VSC

abs
equ

accordance with Ohm's law (&y Uy,.="Ug + Ry'1y).

If the VSC is connected to a-passive load, an AC output current will be drawn from the
detgrmined by Ohm's law I ,;\, = Ugon/Z. Again, an equivalent DC current will be drawn 1
source and the voltage-Y, Uy, on the DC capacitor will drop to a value determined by
Ohm's law. No active_pewer can be drawn from the AC side, because it is a passive AC ci

the

41.

Whgn activepower P = 0 the principle of reactive power control is depicted in Figure 4, w

the

of the VSC output AC voltage.

If th
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Xconv x Iconv Xconv x Iconv
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1 | o —J
I \ s 1
I \ conv I
Iconv
Y
Peony=0 Peony <0 Pegnv >0
Usonv = UL Rectifier Inverter
operation operation

=0
conv IEC

Figure 3 — Principle of active powgr’'control

e angle of the VSC output voltage leads the AC @rid voltage, the VSC will inject ac

be drawn from the DC source and the voltagetty U,. will decrease in accordance

brb active power from the AC grid,«i.e., it operates as a rectifier. On the DC side
valent current will be injected intedhe DC source and the voltage-ty Uy will increas

P.3 Principle of reactive power control

reactive.power through the interface inductance is controlled by regulating the ampli

tive
rent
with

will
an
e in

/SC
rom

Fcuit.

here
ude

e amplitude of the VSC output voltage U.,,, is higher than the AC grid voltage U|,

the

VSC will inject reactive power in the AC grid, i.e., will operate in the capacitive mode. If the
amplitude of the VSC output voltage is lower than the AC grid voltage, the VSC absorbs
reactive power from the AC grid, i.e., the inductive operating mode.
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IEC
Figure 4 — Principle of reactive power-control
4.1.8 Operating principles of a VSC transmission-scheme
Thel| point-to-point VSC transmission scheme shown in Figure 5 consists of two V[SCs
intefconnected on the DC side via a DC transmission line and connected to two differenf AC
grids on the AC side. The basic characteristiés-of a VSC have been described in 4.1.1|and
4.1.2. One of these characteristics is that the DC voltage polarity-is—always usually rempins
the same (in contrast with line-commutated>converter (LCC) HVDC, where the polarity off DC
voltage depends on the direction of powér transfer). Therefore, the direction of the power flow
on the DC line is usually determined“by the direction of the DC current. In Figure 5,| the
current flow and the power flow are from VSC1 (the sending or rectifier end) to VSC2 |(the
recqiving or inverter end) of the DG line.
DC transmission line
Af grid 1 VSC1 Iy Ry VSC2 AC grid 2
1 I
ZL1 Xconv1 ~ + + ~ Xconv2 ZL2
46 = Udo Hicz —— — 8*
X = T_ _—|_ - U2
Sending end Receiving end Ec
DC transmission line
ACgriat VSCA1 . R VSC2 AC g 2
d
ZL1 Xconv1 ~ + + ~ Xconv2 ZL2
@—:I-o—m—,#— Ve I -,W-m\-o-:p—@
Uiy = | - - - Uiz
Sending end Receiving end

Figure 5 — A point-to-point VSC transmission scheme

The direction of a DC current is always from a higher DC voltage level to a lower DC voltage
level. The DC voltage at the sending end of the DC line-shall therefore needs to be higher
than the DC voltage at the receiving end. The value of the current is determined by Ohm's law,


https://iecnorm.com/api/?name=506f32be73452503aa93b753b50f5b80

IEC TR 62543:2022 RLV © |IEC 2022 -17 -

as the voltage difference between sending and receiving ends divided by the resistance in the

For example, the DC line power flow can be controlled by holding the DC voltage at the
receiving end converter (the inverter) at a constant value, and by letting the sending end
converter (the rectifier) control the DC current.

4.1.4 Applications of VSC transmission

In general, the main fields of application of HVDC transmission are interconnection of

asynr‘hrnnnlle AC systems and Inng-die’ranr‘n transmission via overhead lines and cables. The

follgwing characteristic features of VSC transmission are decisive for different applications.

e The smaller amount of external equipment such as AC harmonic filters results |n a
tompact design of VSC converter stations. Small footprints are beneficial far applicatjons
vith spatial limitations such as installations in city centres or on remote offshore platfofms.

e $Hince VSC transmission is based on self-commutating operation, applications with isolated
znd weak AC systems are feasible. During normal operation, the VSC provides volfage

nd frequency control of the AC system. Operation during AC faults lis a major criterion for
SC. The ability of the VSC to inject fault currents facilitates/AC system protection|and
fault clearing. Examples are connection of remote wind farms, ‘oil and gas platforms|and
remote mines.

irection of power flow requires the reversal of"DC current. In case of parpllel
interconnection of AC systems via AC and DC linés, fast power reversals via DC cufrent
ontrol provide an accurate measure for load flow/stabilization between the AC systgms.
Bince the polarity of DC voltage does not reverse, multi-terminal systems and HVDC drids
are easier to realize with VSC than with LCC.HVDC.

o %n most cases, VSC transmission operates with a fixed ' DC voltage polarity. A reversal of

4.2 | Design life

Thel[selection of VSC transmission as @i alternative to LCC HVDC, AC transmission, or Ipcal
generation is normally motivated by-financial, technical or environmental advantages. When
evaluating different technologiessif.is important to compare their life cycle costs.

The|technical design life of Aransmission systems is normally very long — 30 years or more. An
investment, however,-sheuld needs only to last as long as it can provide the highest capital
valule, and this is designated the "optimal life". The optimal life will always be equal to or |ess
thar the technical design life.

4.3 [ VSC transmission configurations
4.3.1 General

With MSC’transmission, there are several possibilities for the DC circuit and converter units.

Each VSC substation-may can be constructed from a single converter unit-ef-a—phase—unit
topelegy, resulting in a monopolar transmission scheme.

In some applications, it-may can be necessary or advantageous to combine several converter
units each constructed using the same converter phase unit topology. For example, it-may
might not be technically feasible or economically optimal to achieve the power, voltage or
current rating with a single converter unit. Several converter units-may can be combined to
achieve increased availability and limited power outage upon faults.

The combination of two or more converter units can be accomplished in a number of ways.
The DC terminals of the converter units can be connected in parallel to achieve high output
currents or in series to achieve high output voltages.
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4.3.2 DC circuit configurations

Both cables and overhead transmission lines can be used for VSC transmission. However,
there are several aspects associated with the basic principle of VSC transmission that-may
can influence the choice.

A Bhack-to-back configuration is a special case of VSC transmission Wwhere the
transmission distance is zero.

4.3.8 Monopole configuration
4.3.3.1 General

The|VSC converter can be operated in different monopolar configurations:

4.3.8.2 Symmetrical monopole
In g symmetrical monopole, the DC output voltages are of equal magnitude but oppd
magnitude polarity. The—midpeint neutral point t of the DC circuit is earthed, eithe

capacitors as shown in Figure 6 or_by other means, for example a high-frequency eart
readqtor on the AC side.

(O—MHY |2 x| N

4.3.83.3 Asymmetrical monopole

Since a VSC generally allows only one DC voltage polarity, the cable does not need to be
designed for voltage polarity reversal. This allows the use of extruded cross-linked

polyethylene (XLPE) DC cables. Faults on DC cables are considered as excepti

onal

scenarios which result in a permanent fault of the affected section and an interruption of

power transfer.

Bince overhead transmission lines are always exposed to lightning strikes and pollu
faults along them are likely. Most line outages are temporary and transmis
ecommences once the fault is cleared and the air insulation is restored.

symmetrical monopole;
Isymmetric monopole with metallic return;

symmetric monopole with earth return.

H
1

Figure 6 — VSC transmission with a symmetrical monopole

ion,
sion

DC

site
by
ning

IEC

In an asymmetrical monopole as shown on Figure 7 and Figure 8, the DC side output from the
converter is asymmetrical with one side typically connected to earth. It is possible to operate
the transmission system in metallic return or in earth return.

QO+ G0~

=

Figure 7 — VSC transmission with an asymmetrical monopole with metallic return

IEC
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QO+ =G0~

1 r

IEC

Figure 8 — VSC transmission with an asymmetrical monopole with earth return

4.3.11 Bipolar configuration

Twd asymmetrical converters can be connected together in a bipolar configuration €ither with
earth return (Figure 9) or dedicated metallic return (Figure 10).

Pole L %2
D
DC :Line or cable
D QD
— \< V.4
L L

Q\)
(D B

n@ Pole

Y
I
)
I

IEC

Pole

HVDC: line or cable

KN ~ ~ é;! XN
f———

— HVDC: line or cable

Pole

IEC
Figure 9 — VSC transmission in bipolar configuration with earth return

The neutral return bus can be designed by a similar process to that which is normally used for
bipolar LCC HVDC schemes.

When there is an outage of a converter or DC line/cable, there is normally designed a
possibility to operate the remaining system in asymmetrical monopole operation.
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Pole

HVDC: line or cable
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Metallic return line or cable
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A variant of the bipolar configuration, known as the rigid bipolar cgnfiguration (Figure 11

also

two [converter stations. Bypass switchgear is provided in parallel with each converter unit

that

rempining pole, using the pole conductor of the faulted pole”as the neutral return. With

rigid

while the bypass switchgear is operated, before resuming on the healthy pole.

Figure 10 — VSC transmission in bipolar configuration with dedicated-metallic retuf

possible. In the rigid bipolar configuration, there is no neutral connection between
in the event of a fault in one converter unit, the system-Can still be operated with

bipolar configuration, power transmission on both fdles is interrupted for a short t

IEC
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Figure 11 — VSC transmission in rigid bipolar configuration

4.3.5 Parallel connection of two converters

The DC terminals of two VSC converters can be connected in parallel resulting in high DC
currents (Figure 12).

To prevent undesirable interaction between the two parallel-connected converters, some level
of impedance-shall could be provided between the two converters.
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order to coordinate current orders between the converter units.

In grder to achieve high reliability upon internal converter unit faults, additional switc

and
DC

4.3.

Twd VSC converters can be connected in series:on their DC side. This approach can be |

to €
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or tg separate transforimers.

In g

regdrd to project specific requirements.
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Figure 12 — Parallel connection of two converter units

re parallel connection of converter units is chosen, a high level¢ontrol is require

or breaking devices are required to isolate a faulty converter unit. Obviously, the com
ransmission circuit has no redundancy upon DC line faults.

b Series connection of two converters

xtend the DC voltage capabilities of a VSC-transmission relative to the capability of
idual converter units.

technically most relevant scenario of series connection is the bipolar arrangen
ned in 4.3.4.

7 Parallel and series connection of more than two converters

nections of each converter unit are either to separate windings of a common transfor

eneral, the <increased complexity of multi converter units-has needs to be evaluated

Semiconductors for VSC transmission

rinciple, it is also possible to connect more than two converter units in parallel or in sef

hing
mon

sed
the

hent

es.
mer

with

caonv-art

d to

a unipolar voltage and—have need to be able to conduct the current in both directions.
Therefore, power semiconductor switches with turn-on and turn-off capability and with a high
voltage blocking capability (typically several kV) in the forward direction are needed.

Today, these requirements are usually achieved by a parallel connection of a turn-off
semiconductor device and a so-called free-wheeling diode as shown in Figure 13. However,
one variant of the IGBT, the bi-mode insulated gate transistor (BiGT), allows bidirectional
conduction of current in the same silicon wafer and therefore does not need a separate

free

-wheeling diode.
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Figure 13 — Symbol of a turn-off semiconductor device
and associated free-wheeling diode
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ous different turn-off semiconductor devices are suitable for VSC technology, but
s (insulated gate bipolar transistor, as shown in Figure 14) and variants of the IGBT>4
he BiGT and the injection enhanced gate transistor (IEGT) are used in commetgial
C projects that have been built to date. Therefore the descriptionf|of tur
iconductor devices in this document is concentrated on IGBTs, although
iconductors such as GTOs and IGCTs are also usable.

E  Semiconductor devices suitable for VSC transmission type are divided into twe,€ategories: the "trans
which includes IGBTs, and the "thyristor" type, which includes GTOs and IGCIs/ Devices of the "thyr
can handle larger powers—more—efficiently than devices of the "transistor® type, but lack certain cd
res such as the ability to control the device smoothly between the off and on{states using active gate co
es of the "thyristor" type also have higher gate power consumption than.devices of the "transistor" type, V
s their use in high voltage applications such as VSC transmission more difficult for the time being. Stu
pplication of devices of the “thyristor” type, such as IGCTs, is still gairg,on.

IEC
Figure 14 — Symbol of anIGBT and associated free-wheeling diode

all diodes, the free-wheeling diodes, which are connected in parallel to the controll

ch, have a significant reverse recovery current when they turn off. Both the IGBTs as
he free-wheeling diodes“have need to cope with these switching transients, particu
ent gradients and voltage gradients.

GBT is a voltage controlled device; only capacitive currents can flow in the gate term
device cansbe controlled at any instant, even during the switching transients, i.e. the
ent can pbednfluenced by the gate voltage.

s are short-circuit proof within defined operating conditions. This means that in case
t\circuit, the IGBT limits the load current to several kiloamperes (a process usually kn

bnly
uch
SC-
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htrol.
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e-saturation). within some microseconds, an appropriate gate turn-oir signal-Aas nee

be applied to turn off the fault current and not to thermally overstress the device.

s to

Switching times of IGBTs are in the range of microseconds or less. Furthermore, the switching
slopes can be adjusted by the gate drive circuit, achieving the optimal waveforms concerning
over-voltage peaks and switching losses. Snubbers to keep the rates of rise of current and
voltages to acceptable limits are not necessary in many cases. The gate drivers for IGBTs can
be simple, since they-have need to deliver only a few watts of control power to the gate.

High power IGBTs are made up by a parallel connection of chips to achieve the required
current capability. The chips are mounted in press packs or module housings. In most cases,
the FWD chips are included in the same housing.
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Press pack housings are intended to be clamped between heat sinks; the paths for current
and heat are the copper poles of collector and emitter of the devices that are separated by a
ring of insulating material. For high voltage devices, this material is high strength porcelain in
most cases, though glass fibre reinforced resin is also used.

Module IGBTs are designed for single sided cooling and are mounted on heat sinks by screws;
spring loaded clamping is not necessary. The electrical terminals are on the top side of the
module; the heat flows through the base plate of the module to the heat sink. Since the
electrical part of the module is insulated to the base plate, it is possible to mount modules
with different voltage potentials on a shared heat sink.

5 |VSC transmission converter topologies

5.1 General

For|a high power VSC transmission system, the key issue that determines the cost [and
operating losses of the overall system is the power circuit structure to construct the AC odtput
voltage waveform. The output voltage waveform-should needs to approximate a sine-waye in
ordgr to eliminate or minimize the need for harmonic filtering. Tthe switching converter
considered for practical implementation is a voltage sourced converter operated with a fjxed
DC yoltage. The converter is a combination of turn-off semiconductor devices that connec{ the
DC |input voltage periodically to the output for some intervals to produce the AC odtput
voltage. The converters at each end of a VSC transmission” system can be arranged |n a
number of different ways, with the configuration of the converter normally being referred tp as
its fopology. At the time of writing, two different <converter types have been used| for
commercial projects: those in which the convertervalves act as controllable switches [and
thoge in which the converter valves act as contrgllable voltage sources. These two types| are
des¢ribed in 5.2 and 5.3 respectively.

Some other converter topologies which ‘share the characteristics of both the controllable
switth and controllable voltage source types have been described in the literature [1]1.—{The
reader—is—referred—to-CIGRE TechnicalBrochure No—492 “Voltage-Source—Converter{MSC)
HVDC for Power Transmission — Economic-Aspects-and Comparison with-other AC-and{ DC

E

It is|a fundamental criterion for any viable topology that it enables the functional requiremgnts
to bp met. Different topelogies have different technical characteristics, and therefore allow the
overall scheme to beloptimized in different ways. Manufacturers—may can have different
preferred topologies~and be able to best optimize their proposals around this prefefred
topglogy. It is recommended that customers do not stipulate the topology to be used fpr a
V8@ transmission' system, unless there are compelling reasons for doing so.

It i3 possSible to arrange the converters to have a single-, three- or multi-phase| AC
outgut/input. For the purpose of this document, only the three-phase arrangement wil|] be
disclusséed.

5.2 Converter topologies with VSC valves of switch type
5.2.1 General

The converter switches (normally called VSC valves) perform the function of connecting the
AC bus to the DC terminals. If the connection is direct through two alternately operating
switches, the AC bus voltage will change between the voltage levels at the two DC terminals.
Such a converter is known as a 2-level converter. In the 2-level converter, each of the VSC
valves-has needs to withstand the voltage between the two DC terminals.

T Numbers in square brackets refer to the Bibliography.
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If the DC capacitor is subdivided, or additional DC capacitors are added, it is possible to
arrange for the AC voltage to move not only to the voltage at one of the two DC terminals but
also to intermediate levels. The number of voltage levels to which the AC bus voltage can be
switched will depend on the number of valves and the number of DC capacitor subdivisions or
additional DC 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 AC bus can be switched to attain more than three
different voltage levels.

In 3-level or multi-level topologies, the VSC valves do not normally-have need to be designed

for
3-le
Sim

he full DC terminal-to-terminal voltage. For example, in normal operation, each valve

in a

el converter topology experiences only 50 % of the terminal-to-terminal DC volt
larly, in normal operation, each VSC valve in an n-level topology experiences.'only

ternjinal-to-terminal DC voltage of the phase unit divided by (n = 1).

In 5

2.3 and 5.3, converter topologies suitable for VSC transmission systems will be descr

in more detail. It-should-be is noted that a considerable research and development effg
beirlg invested in voltage sourced converter technology, so additional suitable topologies

likel

5.2.
The

volt
bas

For
swit
con

ly become available subsequent to the issue of this document.

P Operating principle

Iimiled to a 2-level VSC. The 2-level VSC is the simplest structure needed to convert a

ge into AC voltages. Although other types of multi-level VSCs are more complex, {
c operating principle does not differ from that of the\2-level VSC.

the purpose of illustration, the VSC valves are described as ideal switches without
ching losses. A VSC valve in a real application consists of a large number of se
nected semiconductor devices, and s ‘described in greater detail in 5.4. The {

indyctances are neglected here, and the, DC capacitors have been assumed to have inf]

cap

As

hcitance — i.e., no DC voltage ripplesis shown.

pxplained in 4.1, the output ef‘the VSC needs to be connected in series with a ph

reagtor. The phase reactor enables the VSC to control power flow in addition to smoothing
output current.

5.2.
5.2.
A2

B Topologies
3.1 Two-level converters

level converter is the simplest switching arrangement capable of producing AC o\

from a DC.source in the form of a simple square-wave. A three-phase converter using t

2-le

Vel phase units is illustrated in Figure 15.
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basic operating mechanism of an ideal VSC is covered.itv5:2.2. The description is iniffally
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Figure 15 = Diagram of a three-phase 2-level converter
and associated AC waveform for one phase
The[AC waveform shewn in Figure 15 is the phase-to-neutral voltage. The neutral voltage is
the pverage voltage—atthe-midpoint-of-the-d-c—capascitor of the converter's two DC terminals.
Singe the square-wave output voltage shown in Figure 15 is not acceptable in a practical
HVDC scheme, this converter type is normally operated with pulse width modulation (PYWM)
as described in 9.3.
A typieaPW-switched—waveform—using—a—ecarrier-based—eontrolmetheod—with—a—switening

frequency of 21 times the fundamental frequency, is given in Figure 16. For the purpose of

this illustration, the DC capacitor has been assumed to have an infinite capacitance (i.e., no

DC voltage ripple).
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Figure 16 — Single-phase AC output for 2-level converter
with PWM switching at 21 times fundamental frequency

br PWM techniques are also available, such as optimized PWM [(OPWM) or seleqg
nonic elimination method (SHEM). These aim to improve the compromise between pg
sfer capability, switching frequency and harmonic performance.

3.2 Three-level neutral-point clamped (NPC) converters

ree-phase converter consisting of three 3-level phase-units is illustrated in Figure 17.
erter has three DC terminals to connect to a splityor centre-tapped DC source. As s
e are more valves used than in the 2-level phase unit, and additional diodes or valves
ired to connect to the DC supply centre-tap, which is the reference zero poter
ever, with identical valve terminal-to-terminal voltage rating, the total DC supply vol
be doubled so that the output voltage per&valve remains the same.
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Figure 17 — Diagram of a three-phase 3-tevel NPC converter
and associated AC waveform_ for one phase

NOTE The neutral-point clamping diodes shown in Figure 1¥-may can be replaced by IGBTs in some applicat|ons.

The[AC waveform shown in Figure 17 is the phase-to-neutral voltage. The neutral voltage is
the poltage at the midpoint of the DC capagitor. As illustrated in Figure 17, the output volfage
of the 3-level phase unit can be positive, hegative, 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 two middle valves, connecting the centre
tap pf the DC supply via the twoxdiodes to the output, are gated on. At zero output, posjtive
current is conducted by the upper-middle controllable device and the upper centre-tap dipde,
and|negative current by the lewer-middle controllable device and the lower centre-tap diode.

As indicated in Figure.17, the relative duration of the positive (and negative) output volfage
with[ respect to the duration of the zero output is a function of control parameter «, which
defines the conduction interval of the top upper and the bottom lower valves. The magnifude
of the fundamental ' frequency component of the output voltage produced by the phase unit is
a fupction of parameter . When o equals zero degrees, it is maximum, while at o equals Q0°,
it is|zero. Thus, one advantage of the 3-level phase unit is that it has an internal capability to
confrol the.magnitude of the output voltage without changing the number of valve switching
events per cycle.

The operating advantages of the 3-level phase unit can only be fully realized with some
increase in circuit complexity, as well as more rigorous requirements for managing the proper
operation of the converter circuit.

An additional requirement is to accommodate the increased AC ripple current with a generally
high triplen harmonic content flowing through the mid-point of the DC supply. This-may can
necessitate the use of a larger DC storage capacitor or the employment of other means to
minimize the fluctuation of the mid-point voltage. However, once these problems are solved,
the 3-level phase unit provides a useful building block to structure high power converters,
particularly when rapid AC voltage control is needed.

In common with the two-level converter, this converter is normally operated with PWM. A
typical PWM switched waveform, using a carrier-based control method with a frequency of 21
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times fundamental frequency, is given in Figure 18. For the purpose of this illustration, the DC
capacitor has been assumed to have an infinite capacitance (i.e., no DC voltage ripple).
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Figure 18 — Single-phase AC output for 3-level NPC converter with PWM
switching at 21 times fundamental frequéncy

3.3 Other multi-level converter topologies

neutral-point clamped circuit can be extended to higher numbers of output levels

example 5 levels, but at the expense of disproportionately greater complexity. Ano

con

capacitor" or "floating capacitor" circuit, which can ‘also exist in 3-level and 5-level forms|
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brs the same disproportionately greater cemplexity as the number of output level
based. These and other possible multi-level converter topologies are described in [2], |

Converter topologies with VSC.valves of the controllable voltage source type
( General

valves of the controllable;voltage source type, each VSC level is effectively a sin
5e VSC in its own right; and contains power semiconductors and a capacitor for en
hge. Each level has two main terminals used for the series connection of the VSC le
n the valve. By appropriate control of the IGBTs within the valve level, either the vol
e capacitor or zeéro volts can be applied to the main terminals of the VSC level.

ndividual ,and appropriate control of the VSC valve levels, a desired voltage car
brated at-the valve terminals. The valve voltage is the sum of-these the capacitor volt3
e submodules that are in the active state (i.e. in which the capacitor voltage is applie
main_terminals of the VSC level). The VSC valve submodules or cells are controlled {
the sum of the voltages of the upper arm and lower arm of one phase unit equals to

for
ther

erter type which has been used in some power electronic applications is the "flying

but
S is
3].

gle-
ergy
vels
age

be
ges;
d to
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DC

of difference between the voltages of the two converter phase arms of one phase unit.

voitage whereas the mstantaneous vottage on the AC termimats 15 determined by the—+atio

Assuming infinite storage capacitances with equal voltages in the individual-valve-levels MMC
building blocks, n + 1 different voltage steps can be applied to the terminals of a valve
consisting of n valve levels. Assuming a high number of VSC levels per valve, the topology
can be approximated by electrical equivalent as shown in Figure 19. Each valve can be
considered as a controllable voltage source.

The valve reactors contribute to both the phase reactance and the DC reactance, and are
essential for the current control within the phase units. Furthermore, they also limit the peak
current and current gradients in case of severe faults, such as short circuit between the DC
terminals.
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Figure 19 — Electrical equivalent for a converter with VSC valves
acting like a controllable voltage source

Because of its modular design and the multi-level technology, it is referred to as modular
multi-level converter (MMC) topology. For the design of the individual VSC levels, different
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power building blocks can be used. At the time of writing,~twe three different topologies are
used:

e MMC with VSC levels in half-bridge topology;

e MMC with VSC levels in full-bridge topology;

e MMC with VSC levels in a mixture of half-bridge and full-bridge topologies.

Since the circuit is inherently modular, it is relatively straightforward to obtain high numbers of
output levels, without requiring either PWM or series-connected IGBTs. Thus, AC filters can

be omitted in many cases and considerations of voltage distribution amongst series-
conmectedtGBTs donotarise:

Thig type of converter can also be realized with multiple IGBTs connected in seriés-in gach
confrollable switch, giving an output voltage waveform with fewer, larger, steps than.the MrLMC.
Thig configuration is referred to as the cascaded two-level (CTL) converter but s’ functionally
identical to the MMC in every aspect apart from the harmonic performance which-may canh be
slightly poorer.

5.3.p MMC topology with VSC levels in half-bridge topology

Each of the 6 variable voltage sources shown in Figure 19 is realized with a series connegtion
of igentical VSC valve levels with an electrical equivalent as\shown in Figure 20. The YSC
valve level is a two-terminal component with its own DC storage capacitor unit as shown in
Figre 20. These VSC valve levels are individually controlled and can be switched betweegn a
state with full submodule voltage (voltage of the associated storage capacitor) and a state
with| zero submodule voltage for both current directions. If the submodule voltage is appligd to
the VSC valve level terminals, the capacitor can be‘charged and discharged dependent on the
current direction of the converterphase arm.

I+

BN S

Figure 20~ VSC valve level arrangement and equivalent circuit
in MMC topology in half-bridge topology

IEC

Theltypical electrical arrangement of VSC valve levels and valve reactors in a converter bjock
is shown in Figure 21.

NOTE <{Fhg valve reactors can be located on either the AC or DC side of the valves.

The VSC valve levels are controlled in that way that the sum of the upper arm and lower arm
of one phase unit equals to the DC voltage whereas the instantaneous voltage on the AC
terminals is determined by the-ratio difference of the voltages of the two converter—phase
arms of one phase unit.
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Figure 21 — Converter block arrangement with MMC topology
in half-bridge ' topology

5.3.p MMC topology with VSC levels\in full-bridge topology
The[ MMC topology with "full-bridge*\VSC levels operates on very similar principles to [that

bas¢d on half-bridge VSC levels. The principal difference is that each VSC level consisis of
one|storage capacitor and four {GBTs in a bridge configuration as shown in Figure 22.

|
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Figure 22 — VSC valve level arrangement and equivalent circuit
in MMC topology with full-bridge topology

In common with the half-bridge submodule configuration, each VSC level in the full-bridge
configuration is capable of producing an output voltage of zero or a positive output voltage
equal to the capacitor voltage. However, it can alternatively produce a negative output voltage
equal to the capacitor voltage.

In contrast to the converter arrangements outlined in 5.2 and 5.3.2, this converter
arrangement is capable of producing a DC output voltage of either polarity, a feature which
can be beneficial in applications where a VSC transmission station is connected as a tap onto
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an existing line commutated HVDC link or when the HVDC scheme uses a line commutated
rectifier and a voltage sourced inverter.

A second advantage of the full-bridge circuit is that it permits faults on the DC side of the
converter to be cleared by using only the power semiconductors in the valve, without requiring
any additional switchgear.

On the other hand, the full-bridge circuit requires, in principle, twice the number of IGBTs
compared with the half-bridge circuit.

5.3.4 CTL topology with VSC cells in half-bridge topology

Each of the 6 variable voltage sources shown in Figure 19 is realized with a series ¢onnedgtion
of identical VSC valve cells. One VSC valve cell acts as a single-phase two-level convegrter
and|functions electrically equivalent to one level of the MMC described in 5.3.2,except [that
the poltage rating is higher. Instead of a single IGBT-diode-level pair in-eneMMC-level gach
switch position, multiple IGBT-diode-levels pairs are connected in series ‘@nd synchronofusly
confrolled as one switch in one CTL cell.

Theltypical electrical arrangement of VSC valve cells and valve reactors in a converter bflock
is similar to Figure 21. The-tGBTF/diede-levels MMC building bloCks' depicted in Figure 21| are
substituted by valve cells in CTL topology.

Thelcell DC capacitor voltage in the CTL topology corresponds to one valve voltage step.

5.3.p CTL topology with VSC cells in full-bridge‘topology

The|[ CTL topology with "full-bridge"™ VSC cells~functions similarly, in principle, to the MMC
topqglogy with VSC levels in full-bridge topology, in 5.3.3. The main difference between CTL
topglogy with VSC cells in full-bridge topology and MMC topology with VSC levels in
full-pridge topology |s the number of IGBT dlode Ievels per CTL cell or MMC level. Each CTL
cell |consists of-r ; ;

1G B diedetevel one IGBT dlode palr in each switch posmon

5.4 | VSC valve design considerations
5.4.1 Reliability and failure mode

In gddition to the number of series-connected valve levels that are needed to sustain|the
conyerter voltage ‘rating, each single valve in a VSC transmission scheme-shall needp to
inclyde a few redundant valve levels. In case of failure of an individual valve level component,
unirfterruptediaperation of the remaining healthy valve levels is mandatory. Therefore, a fgulty
valve leveleshall needs to safely and controllably enter into a short-circuit mode and be
capablecofsconducting current until it can be changed out, for example during a schedled
maintenance period.

This capability of short-circuit failure mode (SCFM) operation is very critical for series-
connected valve levels, and-shall needs to be verified by appropriate tests under conditions
that are relevant for a particular application. Some special designs of presspack IGBT allow
SCFM to be assured. Module IGBTs, however, do not exhibit this behaviour and a faulty
module IGBT-may can result in an open circuit. Thus, additional components in parallel to the
valve level terminals are required to ensure SCFM.

The operating voltage of the IGBT-shall needs to be selected to be low enough to achieve an
adequately low failure-in-time (FIT) rate.

In selecting the operating voltage and current of the IGBT, due consideration-should needs to
be given to the load cycling requirements for the VSC system.
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5.4.2 Current rating

One of the important design bases of the semiconductor in the VSC valve is rated current. In
addition, the valve-should needs also to be able to handle peak current, including ripple and
transients, as well as margins for control and protection actions including converter valve
blocking delays and circuit breaker operating time. The rated—phase arm current gives the
nominal stress on the component and-shal needs to be considered regarding power losses
and junction temperature on the IGBT.

5.4.3 Transient current and voltage requirements

An important aspect of IGBTs is their capability to turn on and turn off current and volt

Thig

capability is defined in the switching safe operating area (SSOA) shown in Figure

hge.

23

Thefe are several types of SSOA, including the Reverse Bias Safe Operating Area (RBSOAj

whid

Area (RRSOA) which defines the turn-off capability of the free-wheeling diode.

Duri
Add
duri
curr
ope

slightly different from the SSOA under normal operation.

5.4.4 Diode requirements

hg transient conditions. The valve-shall is also-be-capable—of-turning able to turn off
ent which results from a short circuit occurring close to the valve. The IGBT short-ci

h defines the turn-off capability of the IGBT and the Reverse Recovery Safe, Opers
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Figure 23 — Typical SSOA for the IGBT

ng switching, the IGBT-shalbe (5 able to turn off the peak current, including rig
tionally, a margin is added to handle current control regulation and protection act

ting

ple.
ons
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rcuit

ation capability is defined”by the SCSOA (short-circuit safe operating area), which is

In many convertertopologies (including the 2-level and 3-level converters and the MMC with
halfibridge topology), the free-wheeling diodes (FWD) in a VSC bridge act as an uncontrglled
rect/fier bridge. Thus they can be exposed to severe transient overcurrents, for example
during D€=side short circuits or at energization.
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Figure 24 — A 2-level VSC bridge with the IGBTs turned off
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In case of a DC side fault, as shown in Figure 24, a short circuit between the two DC
terminals creates a fault current path through the diodes. The current in the AC phases in the
VSC bridge is limited only by the short-circuit impedance of the AC network and the reactance
in the converter, for example the phase or valve reactors and/or transformers. The fault
current is detected by the protection system, which will open the breaker on the AC 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 DC system only consists of cables, a fault will be very unlikely. However,
the consequences-may might not be acceptable if the system is not designed to handle the
fault. The valve-should-be is 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
AC fystem.

Another transient that the diode-may can experience occurs if the VSC is energizedthrqugh
the AC breaker when there is either no voltage, or a low voltage, on the DC sideylirthis case,
the tonverter experiences a surge inrush current and an overvoltage will occur‘onthe DC pus.
The|valve-shal-be is designed to handle the inrush current, or the current will-have need tp be
limited. The normal method for doing this is to include pre-insertion resisiors:

5.4.p Additional design details

Bes|des controlling the turn-off semiconductor device in regular operation, the gate |unit
shotld needs to keep the switching device within the safe’/ operating area in all other
operational and short-circuit conditions. IGBTs have proven.comparatively easy to handle in
this | respect, thereby facilitating precise control of switching waveforms. This, in turn, is
necgssary for achieving proper control and protection.strategies for the converter.

The[switching transients which appear when the\IGBT turns on or off give stress to the IGBT
and| other components in the valve levels. ‘The energy stored in stray inductances |and
capacitances will generate transient voltagest@nd currents respectively.

Gatg voltage control makes it possible-to control the voltage between the main two termiphals
of the IGBT-at-its during the turn-on-and turn off processes. Suppressing the speed of turp off
makles the energy stored in the loop stray inductance dissipate in the IGBT itself. Applying the
gatg voltage control technology/the snubber circuit can be omitted from the circuit, althqugh
switching losses in the IGBT-become larger.

For |converter topologies, with VSC valves of switch type, it is possible to design the YSC
valve such that it dogsynot use traditional snubber circuits for protecting the individual IGBTs.
In this case, the IGBTs—shal themselves maintain sufficient voltage sharing, both dyring
switching and blocked conditions, by means of gate control and DC grading resistors. Thig, in
turn} requires/a small spread in device data concerning characteristic switching times,
switching transient properties, and leakage currents in the blocked state.

Conjverter topologies with VSC valves of the controllable voltage source type only reduire
synchrenized-switehingefinrdividualvalvetevelswhenmultiple 1GBTs—areconnectedinr—series
in each switch position (as in the cascaded two-level converter). Where no direct series
connection of IGBTs is used, a coordination of IGBTs switching properties of individual valve

levels is not required.

5.5 Other converter topologies

The technical field of VSC transmission is developing rapidly. Accordingly, it is to be expected
that other converter topologies in addition to those described above will emerge. Some
existing known topologies are already described in [3].

Purchasers of VSC transmission schemes-should need to consider such alternative converter
topologies on their merits and not limit the permitted circuit topologies to those that have been
described in 5.2 and 5.3.
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5.6 Other equipment for VSC transmission schemes
5.6.1 General

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

e a means to convert DC into AC voltages provided by a converter comprising VSC valves
and controls;

e an AC side reactance provided by phase reactors/valve reactors, transformers, or a
combination thereof;

. zli DC voltage source provided by at least one VSC DC capacitor, submodule DC capagitor
pr cell DC capacitor.

In afddition to these key components, a complete VSC substation-may can also need

e AC and DC filters,
e surge arresters,
e circuit breakers and switches, and

e measuring equipment.

The|above equipment items are not always necessary in all converter topologies, but differ
due[to the real requirements because different componénts are stressed differently in| the
diffgrent topologies.

5.6.p Power components of a VSC transmission scheme

Figdre 1 shows the basic structure of a VSC substation and the location of the major pgwer
components. Depending on the design con¢ept and the VSC substation topology, seVeral
components might occur more than once .inva real structure, while others might not be negded.
The[functions and important design aspects of each component are briefly explained in §.6.3
to 5/6.11.

5.6.3 VSC substation circuit-breaker

The[VSC substation circuit\breaker is located at the feeder from the AC transmission sygtem
to the VSC transmission scheme. Its main function is to connect and disconnect the YSC
substation to and from\the AC system. There are no special requirements compared to whpat is
common practice for circuit breakers used for AC substation applications.

Depending onthe start-up concept of the VSC transmission scheme, a circuit breaker cap be
equlpped with a closing resistor, or a separate resistor, with either a circuit breakefr or
disconnector in parallel with it,-may can be provided in series with the main circuit bregker.

The(resistor reduces the charging currents of the DC circuit, resulting in smaller temporary AC
system disturbances and lower stresses on the fmn-whnpling diodes dllring nnnrgi7n’rinn

5.6.4 AC system side harmonic filters

Depending on the converter design and AC system conditions, filtering—may can be required
to prevent VSC-generated harmonics from penetrating into the AC system or to prevent
amplification of background harmonics on the AC system.

As a side effect, harmonic filters generate fundamental frequency reactive power which needs
to be considered in the overall P-Q operating range of the VSC system. The design principles
of system side harmonic filters and any associated circuit breakers do not differ from the
design practice for HVDC systems with line-commutated converters (LCC) or flexible
alternating current transmission systems (FACTS). High pass, single, double or triple tuned
filters-may can be used as described in IEC TR 62001-1 [4].
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5.6.5 Radio frequency interference filters

Radio frequency interference (RFI) filters reduce to acceptable limits the penetration of high
frequency (HF) harmonics into the AC system.

HF harmonics generated require special attention during the design of a VSC substation. To
calculate line-carried HF harmonics, a detailed representation of the VSC substation layout is
necessary, including the structure and geometry of power components, busbars and
grounding system. Additionally, the current and voltage waveforms experienced during the
conversion process-shall need to be known.

The[design principles for the RFI filter do not differ from the design practice for LCC HVYD[ or
FAQTS.

5.6.b Interface transformers and phase reactors

In many cases, the VSC substation design will include interface transformers,-In general, they
can{fedfilt fulfil fulfil the following tasks:
1) provide a reactance between the AC system and VSC unit;

2) adapt a standard AC system voltage to a value matching the"VSC AC output voltage |and
llow optimal utilization of VSC valve ratings;

3) ¢onnect several VSC units together on the AC side\that have different DC volfage
potentials;

4) prevent zero sequence currents from flowing between the AC system and VSC unit.

Depending on the design concept applied to the.VSC substation, the reactance mentigned
under point 1) can be provided by a phase redetor, a transformer, or a combination thefeof.
The| reactance is necessary to allow control,of the AC output current of the VSC. Depign
critgria to determine the size of the reactance are
e {he required dynamic behaviour of:\the system,
e {he tolerable harmonic content ©f the converter AC current, and

e ¢onstraints revealed from.analysis of transient conditions and fault scenarios.

If points 2) to 4) do not apply under specific circumstances, the required reactance could be
provided by phase reactors, which would eliminate the need for a transformer.

For |the design of reactors or transformers, the following points—have need to be taken [into
account:

e DC voltage stress on converter winding insulation to ground, for the cases of asymmetrical
I‘nonopole or bipole;
t

resses due to fundamental current;

e saturation characteristics with respect to possible AC harmonic and DC flux components;
e stresses due to harmonics in the lower and middle frequency range;

e dielectric stresses due to harmonics in the middle and upper frequency range, particularly
for VSC valves of the switch type;

o dielectric stresses due to normal operating voltage and transient voltages occurring during
fault scenarios.

Particularly in the case of high-voltage VSC valves of the switch type, the magnitudes of the
harmonic voltages generated require detailed design studies to provide reliable information
about the voltage and current profiles along windings. The interface transformer does not
require a tap changer. However, if a tap changer is used, it is possible to optimize the VSC
operation, for example to achieve reduced power losses or to increase power capability under
low-voltage conditions.
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5.6.7 Valve reactor

For valves of the controllable voltage source type, valve reactors are connected in series to
the VSC valve levels as shown in Figure 19. These reactors have several different functions:

o the three-phase units represent three DC voltage sources, connected in parallel. During
operation, these voltages cannot be exactly equal, resulting in circulating currents
between the three-phase units. The valve reactors limit these circulating currents and
enable to control them;

e the valve reactors limit the valve short-circuit current;

. Immmmwmmmm—mm i i i rter
nd the AC network;

¢ in some designs, the valve reactors-may can be combined with tuning capacitors{and play
a role in limiting circulating harmonic currents between phases.

NOTE The valve reactors can be placed in several locations, for example at the DC terminals, at th¢ AC
terminals, distributed amongst the valve submodules or integrated into the same tank as thg'intérface transformer.

5.6.8 DC capacitors
5.6.8.1 VSC DC capacitor
5.6.8.1.1 General

The[ VSC DC capacitor, in conjunction with the DC cable (where used), provides the|DC
voltage necessary to operate the VSC. It is connected.directly in parallel to the DC termipals
of the VSC phase units. For the design of the VSC.DC capacitor, the following aspects need
to be considered.

5.6.8.1.2 Commutation circuit inductance

Swifching the semiconductor devices of\the VSC causes HF commutation current to [flow
thropgh the commutation circuit formed by the switching valves, the VSC DC capacitor, [and
the ponnecting bus bars. Due to the stray inductance within the commutation circuit, thesg HF
currents result in transient voltage stresses on the switching valves. To minimize these
stregses, the inductance of the‘connection of the VSC DC capacitor to the valves-should-be
usudlly is as low as possible.

5.6.8.1.3 DC voltage'ripple

VS( operation results in harmonic currents flowing in the DC circuit. These harmonic currgnts
cause harmonic.\voltages (also known as DC voltage ripple). The following factors | will
influence the-size of the DC voltage ripple:

e imbatances in the AC system and/or converter operation;

e pre<existing harmonics in the AC network;

e VSC valve switching strategy.
5.6.8.1.4 Capacitance of the VSC DC capacitor

The VSC DC capacitance-shal needs to be large enough to keep the DC voltage ripple within
tolerable limits.

5.6.8.1.5 Control aspects

The DC voltage influences active and reactive power exchange with the AC system. To
achieve stable operation of the transmission system, it is important to keep the DC voltage
within tight limits. Changing power orders, AC system unbalances, or system transients
change the operating conditions of the VSC and can cause DC voltage fluctuations or
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oscillations. Due to its energy storage capability, the VSC DC capacitor stabilizes the
operation of the VSC.

Important design parameters of the VSC DC capacitor are as follows:

e maximum DC voltage for continuous operation;

e maximum acceptable DC voltage variations under transient conditions, such as faults on
the AC system.

5.6.8.1.6 Harmonic coupling of different VSC substations connected to one DC

elreuit
I oait

Harmonic currents generated by a VSC cause harmonic voltages not only on their,own YSC
DC rapacitor, but also on the VSC DC capacitors in other VSC substations connected tq the
samle DC circuit. As a result, the different VSC substations in a transmission scheme becpme
mutpally coupled via the DC circuit. To avoid unwanted interactions between the YSC
substations, this coupling—sheould—be is reduced to the largest extent”possible. |The
capacitance of the VSC DC capacitor is an important factor influencing the Coupling between
the VSC substations.

5.6.8.2 Submodule/cell DC capacitor
5.6.8.2.1 General

In principle, the design and function of the submodule/cell' capacitors for the MMC and CTL
techinologies are similar to that of the VSC DC capacijtors.

However, due to their operation principle, the curtent stresses are different for DC submogule
or cell capacitors. The individual submodules*Qr cells can be individually switched off of on
depending on output voltage generation. When the submodule is switched off the vhlve
current does not pass through the DC submodule/cell capacitor and the capacitor current is
zerd. Conversely, when the submoduletor cell is switched on, the full valve current flows
thropgh the capacitor. In the "on" state; components of DC current and fundamental and|low
ordgr harmonic currents-have need-to be considered. The current flow in the "on" state regults
in a|significant ripple voltage of the submodule/cell capacitors per power cycle. The average
and|RMS capacitor current stfesses are calculated based on current contribution in the ['on"
stat

AY%

5.6.8.2.2 Commutation circuit inductance

Sim|lar to the VSC”DC capacitor, switching the semiconductor devices of the submofule
causes HF commutation current to flow through the commutation circuit of the submodule.
Due| to therstray inductance within the commutation circuit, these HF currents resuft in
trangient voltage stresses on the submodule. To minimize these stresses, the inductance of
the submodule-should-be is as low as possible.

5.6.8.2.3 DC voltage ripple
a) Submodule capacitor voltage ripple

As mentioned before, the ratio of the voltage ripple to DC voltage of the submodule
capacitor is larger than that of VSC DC capacitors.

b) DC link voltage ripple

The DC link voltage ripple of the MMC is much lower than that of the VSC DC capacitors
of 2-level or NPC converters, because the MMC DC link voltage is almost the same as the
sum of the output voltage of submodules in a phase leg. By shifting the output voltage
pulse of each submodule, the DC link voltage ripple of the MMC is small.
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5.6.8.2.4 Capacitance of the MMC submodule capacitor

The MMC submodule capacitance-shall needs to be large enough to keep the voltage ripple of
submodule capacitor within tolerable limits.

5.6.8.2.5 Control aspects

In addition to the control aspects of the VSC DC capacitors, the submodule capacitors have
some control aspects described below.

e MMCs have many submodule capacitors, whose voltages—may can tend to become
:Ijnbalanced. Therefore, a balancing confrol is required in order fo ensure thaf |any
nbalance does not become excessive and result in equipment ratings being exceeded.

e Discharge of the MMC submodule capacitors caused by a DC fault can be prevented by
blocking the converter.

5.6.8.2.6 Harmonic coupling of different MMC substations connected to one DC
circuit

Between the submodule capacitors of different substations, there are“some semicondyctor

devices. So harmonic coupling is less serious for the MMC VSC systems than that of 2-level
or NPC VSC systems.

5.6.9 DC reactor
For long-distance transmission, a DC reactor can be connected in series with a DC overHead

trangmission line or cable. Its main purpose is to reduce harmonic currents flowing in the DC
linelor cable.

The|[DC reactor also serves a secondary function in limiting short-circuit currents.

If a|DC reactor is used in a VSC transfnission system, its size can normally be considerpbly
smalller than one used in an LCC HVDE scheme.

Thel desian of the reactor depnends laraelv—on the svstem  aroundinag—arranaement
HHe—GEeSIgh—o+—the—Feactor—Gepenas—argery—ohR—he—SYystem—grothaiRg—arahRgemnents
tranknficeinn line tvyne  anvironmental conditions and electrical stresses sscsociated tol the
A RHSSTOR—Hhe Y pes—emviHoRme Rt CoRGHIORAS G e CHHCaH—SHEeSSe S aSSochate G tothe
projest

5.6.10 DC filter

Filtering of harmonics on the DC side is achieved by the VSC DC capacitor, DC reactor,
common-mode blocking reactor and, in some cases, by a dedicated DC filter.

The design principles of the DC filters for VSC-based HVDC systems are similar to those for
LCC HVDC systems, as described in [5].

5.6.11 Dynamic braking system

In some VSC HVDC schemes, but particularly where the HVDC system is exporting power
from a small islanded AC system with little or no load (for example an offshore wind farm), the
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HVDC system-may can be required to include a dynamic braking system, for example as a
chopper connected to the DC terminals of the VSC system. The function of the dynamic
braking system is to absorb and dissipate the power generated in the islanded AC system
during faults in the receiving-end AC system, typically for durations of 1 s to 2 s.

There are several possible ways of implementing such a dynamic braking system but the
valves in this system will, in general, be of similar design to the main VSC valves used for
power transmission.

6 Overview of VSC controls

6.1 General

Althpugh there are many configurations for voltage sourced converters (VSCs); they all|can
be ¢onsidered to exhibit a common operating concept. All configurations posséss a sgries
indyctive interface separating the switching valves from the AC system. The switching valves
generate a fundamental frequency AC voltage from a DC voltage. The miagnitude and phase
of the fundamental frequency component of this AC voltage at the valve side of the sgries
indyctive interface can be controlled. The control of this voltage magnitude and phase is| the
essential controlling function common to all VSCs.

3 4
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Figure 25 — Representing a VSC unit as an AC voltage of magnitude U
and phase angle 6 behind reactance

Figyre 25 shows that a VSC can be represented as an*AC voltage source of magnitude U.qn,
and[phase angle delta behind the reactance. If the(pef-unit voltage-magnitude U, is higher
thar] the per-unit line side voltage U, then reactive power will be transferred into the line ide
simifarly to an overexcited synchronous machine! Conversely, if the-magnitude per-unit vhlue
of Ysony 18 low and less than the-line-side—volts per-unit value of U, the VSC will be absorping
reagtive power similarly to an under-excited.synchronous machine.

Thel control of the phase angle J-is' achieved by shifting the phase of the fundamegntal
freguency AC voltage with respect(to the phase locked loop normally synchronized to thg AC
sid€] voltage. Regulating the phdse angle 6 causes active power to be transferred through the
VS({, because a phase angle’in fundamental frequency voltage is developed across|the
interface reactor so that power flows into or out of the VSC.

A V[SC therefore has‘\the capability of acting as a rectifier or as an inverter, and/or as a
generator or an absorber of reactive power. It is the control of the magnitude and phase of the
conyerter voltage\U,,,,, that dictates the strategies for controlling voltage sourced converters.

6.2 | Operational modes and operational options

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 AC side by varying the phase angle J, as described
above. In this way, DC voltage control is achieved by regulating AC phase angle §.

Control of the magnitude and phase of the converter voltage U_,,, for VSC transmission
applications is usually achieved by means of vector control strategy. With vector control,
three-phase currents are transformed to d and q axis quantities based on the conventional
abc to dq transformation, synchronized to the AC side three-phase voltage through a phase
locked loop (PLL). The d and q axis voltages generated by the vector controls are transformed
to three-phase quantities and converted into line voltages by the VSC as shown in Figure 26.
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Figure 26 — Concept of vector control

VSC converters, the degrees of freedom available are as follows:

The

6.3
6.3.

To

tran
aV
shal
of it

Pow

requency control by direct control of the main firing oscillater;

he various control options provided by phase shifting the AC voltage that is generate
he VSC;

he various control options provided by control ef.the magnitude of the AC voltage th
jenerated by the VSC.

5e degrees of freedom translate into the various control functions discussed below.

Power transfer
( General

control power into or out of-the AC system, the VSC-shall needs to have a means
sferring power into or outiof the DC side without over- or under-charging the capacito
5C transmission scheme; this means that the converters at the two ends of the sch
I-be are controlled_to.work together. Generally, one of the two converters will have as
5 objective the control of the DC voltage.

er control_is\achieved by regulating the phase angle ¢ of the fundamental frequsg

component of\the AC voltage at the converter side of the interface reactance as show

Figy
lead

re 27. Power is drawn from or pushed into the AC system depending on whether ¢ lag
s the phase angle of AC bus voltage.

1 by

at is

for
r. In
bme
part

ENCy
n in
s or

To the control of phase
angle & either directly or
through a vector controller

P measured

IEC

Figure 27 — VSC power controller

Power is one parameter that can be controlled with fast response to improve the performance
of the AC transmission system under transient conditions. This can be used to increase AC
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system damping of electromechanical oscillations, as well as to improve the transient stability
of the power system following a fault.

6.3.2 Telecommunication between converter stations

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

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

e \when damping of electromechanical oscillations is required at the converter that.s| not
controlling power;

e |fitis desired to reconfigure the control modes between converters.

The[normal use of communication is however between the converter stations and dispptch
cenfre which requires indications, status signals and alarms for operation of the system.

6.4 | Reactive power and AC voltage control
6.4.11 AC voltage control

AC |voltage control is achieved by regulating the magnitudé-of the fundamental frequency
component of the AC voltage generated at the VSC side of the interface reactor and/or
trangformer as shown in Figure 28.

Droop signal ======-==
Y.

To the control of
modulation index M

Uac order —>(+

ac

IEC
Figure 28 — AC voltage controller

If the VSC is feeding'into an isolated AC system with no other form of active power sourge of
any [significance, the AC voltage controller will automatically control power to the load. [This
asslimes another-converter, such as the sending end of a VSC transmission Jink,
indgpendently.controls the DC side voltage.

6.4.2 Reactive power control

Thelneed-to use reactive power control arises—when other nearby controllers are acting to
R a—o0—4 Fe-aGHY P-OW-BH AH-o+—aHSe8S—AeR HA-eF—Rea+oy AH-OHSS—aH SGHR

maintain AC voltage. To avoid interference between the various controllers, it is preferable to
retain those VSCs not needed for AC voltage to provide reactive power control.

If all VSCs in close proximity to each other are controlling the same quantities, then it-may
can be possible for each to participate in AC voltage control through a carefully designed
droop characteristic. However, if the controlling functions of the VSC are quite different, such
as separate and independent power controllers, the droop characteristic-may can be difficult
to define. Under these circumstances, a reactive power control-may can be preferable, with
the settings either at zero MVARSs or slowly controlled by a joint VAR controller or an order
from the SCADA system.
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6.5

Black start capability

To supply an AC load that has no other source of generation, the rectifier connected to the
main grid or generation-may can have the following controls:

DC voltage control;

AC voltage or reactive power control at the sending end system.

The receiving end-sheould needs to have controls as follows:

With these control modes in place, the load-side AC voltage and frequency can be €ontrg
within acceptable limits. As the load changes, the transmission self-regulates the \power
simply by maintaining AC voltage and frequency.

If am AC synchronous generator or an AC transmission line is added ar'switched on-ling¢
that[{the VSC transmission is relieved of providing the frequency contrel land all the AC vol
confrol to the load, the firing pulses-may can be switched from an_independent clock to b
phase locked onto the AC voltage. Alternatively, a droop chafacteristic for the freque
confrol and the AC voltage control-may can be invoked so that the VSC transmission
operate in concert with the active system that the receiving end has changed to.

6.6

When DC transmission |s—Feqe+Fee sometlmes used to—bﬂng export power from an |sol
wind farm to an AC grid;—V W
maaamm—pe#e#m«anee—and—eeenemy ThIS technology—may can be part|cularly apphcable
offs
des

At t
The|converter at the AC grid side\fransfers the incoming DC power to the AC grid. The
gridishat-be is usually strong eneugh to accept fluctuating wind farm infeed.

On¢g important aspect is how to handle energy surplus in case there is a temporary nety
dist

Altefnatives to handle this energy surplus include to store the surplus energy in the
turbjne by temporarily increasing rotor speed or to dissipate the energy via resistors
example

7

7.1

frequency control (defining the frequency of the load);

\C voltage control of the receiving end system.

Supply from a wind farm

nore wind farms. This is an important apd“fast-growing use of VSC transmission, whig
Cribed in detail in [6].

ne sending end, the VSC converter controls the AC voltage and frequency of the sys

irbance where the;AC grid is unable to absorb the energy from the wind farm.

in thé wind turbine itself,

lled
flow

o]
age
ing
ENCy
can

em.
AC

vork

vind
for

printhe offshore AC grid, or

on the DC side of the VSC transmission, via a dynamic braking system.
Steady-state operation

Steady-state capability

The VSC can be considered as an equivalent of a synchronous machine, which has the
capability of individually controlling active and reactive power, albeit normally with limited
inertia.

The active and reactive power can be controlled simultaneously and independently of each
other as described in 6.3 and 6.4.
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The PQ capability diagram of a VSC shows its possible operating regime. The diagram
normally gives the capability at the AC 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 (Ug;,) and
maximum (U,,ax) AC grid voltage, in which filters are not considered, is shown in Figure 29.
The VSC can be operated within all four quadrants of the PQ plane.

(inverter mode)

‘min

Constant
MVA

Qconv Qconv

(inductive mode) (capacitive mode)

Limitation in
capacitive
mode

conv [ (rectifier mode) £c

Figure 29 — A typical simplified PQ diagram

The|PQ diagram shows that the capability of the VSC depends on the AC grid voltage. At/ low
AC poltage, a higher current is necessary to produce a given output power, and the odutput
capability is dimited by the current capability of the converter. Therefore, if an interface
trangformerlis) provided, the transformer ratio can be used to optimize the PQ characteristic.
With an en-load tap changer, the transformer ratio can be continuously optimized to maximize
the [steady-state power capability of the converter. Note that the centre of the circles is
dependeéent on the design of the converter, and-may might not be at the origin of the diagram.

The diagram also indicates an active and a reactive power design line. The design line is the
maximum power rating of the VSC and it is mainly determined by the maximum current for
which the converter is designed. In addition to the limitation by the maximum converter
current, there might be other design limitations, for example affecting reactive power
capability. In capacitive mode, the peak converter AC voltage U,,,, needs to exceed the peak
line-side AC voltage U ; however, U.,,, generally cannot exceed 0,5 Uy. Therefore, the
capacitive output rating is limited, particularly at high values of U, . The active power design
line in the PQ diagram indicates the desired rated power of the VSC. In the example shown,
the required power capability in inverter operation is less than the potential capability of the
VSC.
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7.2 Converter power losses

One of the main obstacles to using voltage sourced converters in bulk power transmission is
the comparatively high power losses, including IGBT, filter and interface transformer losses,
in comparison with LCC HVDC. However, VSC technology is developing rapidly and power
losses are decreasing.

The 2-level VSC topology is attractive because of its simplicity. However, the switching
frequency chosen-shallbe is usually comparatively high in order to keep the current ripple
reasonably low, and this will result in high switching losses. One way of reducing the losses is
to use more advanced converter topologies, but at the expense of greater complexity. The on-
going semiconductor device development and converter topology optimization will contripute
to alfurther reduction in overall losses in the future.

In common with LCC-HVDC, it is recommended that power losses in VSC be determined py a
combination of calculation and factory measurement, rather than direct measurement on site.

For [most equipment, the overall principles are the same as describedin* IEC 61803 [7] for
LCQ-HVDC, although adjustments need to be made to reflect, for €éxample, differencegs of
harmonic spectra. For converter valve losses, IEC 62751 (all paris)’[8] is used instead of
IEC|61803 (see also [9], [10]).

The| power losses in the VSC substation depend on a variety of operating conditions,| but
chigfly the real transmitted power and the reactive power absorption or generation. In genegral,
losskes in the VSC substation will be lowest when the real and reactive power are both clode to
zerq and will increase progressively as either the real or reactive power is increased.

8 |Dynamic performance

8.1| AC system disturbances

Fast control of active and reactive power of VSC systems can improve power grid dynamic
perfprmance under disturbances.(For example, if a severe disturbance threatens sydtem
trangient stability, fast power run-back and even instant power reversal control functions|can
be used to help maintain synchronized power grid operation. VSC systems can also proyide
effective damping to mitigate electromechanical oscillations by active and reactive pgwer
modulation.

A VBC system can(support the network during disturbances in the following ways:

e @mergency power control;
. oltage support;

e short-circuit current contribution.

The ability of the VSC converter to rapidly control active power makes it a tool for emergency
power support during network disturbances where power can be transferred to/from the
disturbed area in a controlled way. This is also possible with LCC HVDC but VSC HVDC has
better possibility to rapidly reverse power.

The VSC converter can operate as a local STATCOM with possibilities for fast voltage support.
This can be used to support the connected AC network during a fault or disturbance where
the AC voltage drop can be limited by the converter.

The short-circuit power contribution from a VSC converter can be controlled. In systems
where the short-circuit currents are already high, there is a large benefit in a low contribution.
In systems fed solely by the VSC converter, higher short-circuit currents are desirable in order
to have the standard overcurrent protections in the AC network operating as normal. The
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maximum short-circuit current is normally limited by the dynamic limitations of the converter
which are equal to or higher than rated current.

8.2

DC system disturbances

8.2.1 DC cable fault

Mec

hanism: cable or junction failure, external mechanical stress.

Type: permanent fault, for which repair is needed.

DetJacted by: DC cable faults are detected by measuring the DC voltage and current,
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Dete¢cted by: DC overhead line faults are detected by measuring the DC voltage and curr
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Profective actions: it—should—be is noted“that when insulation breaks down on overh
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8.3
VS(

system to continue in the presence of internal faults within one converter station.

A ty

litude and rate of change.

ective actions: since any fault in a cable-shal needs to be thoroughly investigated and
t likely require a lengthy repair, the DC link-has needs to be tripped when| such faults
cted. It is therefore very important to correctly detect these faults.

R DC overhead line fault

hanism: insulation failure between one DC conductor and grfound or between the two
juctors, due to lightning strike, brushfires, trees, pollution,(external mechanical stress

b: can be a non-permanent fault, but-may can be permanent if the DC insulators H
n damaged.

amplitude and rate of change.

smission lines, the VSC’s free-wheegling diodes normally continue to feed current into
even if the converter is blocked)“This means that besides blocking the converters,
nally also need to be isolated,.from the AC system by opening the AC breakers, to en
air insulation to de-ionize.\After this, re-starting the system-may can take a time of]
- of 10-s a few secondsyfor example 2 s to 4 s. Another method is to introduce
kers and open these when a fault is detected, or to use a special VSC topology w
s an inherent capability to clear DC line faults (see 5.3.3).

Internal faults

systems<sheuld-be are designed, where practical, to permit operation of the rest of

pical”protection diagram for a VSC substation is shown in Figure 30; however,
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Typlcal protective functions include the following:

a)
b)
c)
d)
e)
)
9)

bvercurrent protection of AC circuit breakers;
abnormal AC voltage protection;

g¢arth fault protection;

\C filter protections;

differential protection;

pvercurrent protection of the converter;
abnormal DC voltage protection;

pvercurrent protection of the VSC DC capacitors;
DC discharge unit;

alve protection, for example in the valve gate electronics.

Depending on the VSC substationdesign and the application,
protections are usually applicable:

m)

n)

0)
P)

9

9.1

loss of cooling protection;
DC line/cable earth faultprotection/supervision;

requency protection;
impedance relay protection;
ire protection;

echanical protection.

HVDC performance requirements

Figure 30 — Protection concept of a VSC substation

the following additi

IEC

bnal

Harmonic performance

Many aspects of the harmonic performance of a VSC transmission scheme are similar to
those of an LCC HVDC scheme, as described in IEC TR 62001-1 [4] and IEC TR 62001-5 [11].
The main difference between the two comes from the different switching strategies used in the
different types of converter. Different VSC topologies also have widely differing harmonic
performance.

In common with LCC converters, the interaction of VSC converters with the network is quite
complex and, for an accurate calculation, the pre-existing (background) harmonics on the AC
network need to be taken into account and the network impedance at harmonic frequencies is
very important. Pre-existing harmonics-may can be damped or amplified due to operation of
the VSC. In order to perform these calculations, accurate information about background


https://iecnorm.com/api/?name=506f32be73452503aa93b753b50f5b80

- 50 - IEC TR 62543:2022 RLV © IEC 2

022

harmonic distortion and network impedances for the frequency range of interest is necessary.
More guidance on these topics can be found in IEC TR 62001 (all parts) [12].

VSCs generate harmonics on both the AC and DC sides. Measures-shall need to be taken to
limit the amplitude of the harmonics entering the AC network and the DC line. The main
methods of reducing the harmonics to acceptable levels are as follows:

pulse width modulation (PWM) techniques;

e multi-level techniques;

e harmonic filters (series and/or shunt combinations);

Sing
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incldded from the 50th harmonic to, for example, the 100th harmonic.

It aJso—has needs to be noted that-the accuracy of modelling of harmonic imped3
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ulti-pulse (12-pulse, 24-pulse, etc) techniques;

combinations of the above.

bd only on harmonic performance and (unlike for LCC HVDC) is not affected by reag
er considerations. Some multi-level converter topologies—may can generate sufficig
evels of harmonics that harmonic filters can in some cases be omitted.

Wave distortion

individual voltage distortion factor (D,), total harmonic) distortion (THD), teleph
nonic form factor (THFF), telephone influence factor (MF) and total harmonic cun
br (IT), as defined in IEC TR 62001-1 [4], are relevantalso to VSC transmission schem

nonics to higher orders of the fundamental frequency. When setting the distortion limit
bC transmission scheme, it-may can be appropriate to assess harmonics to a higher o
has been the case for LCC HVDC schemes, for example to increase the order tg

eases at such high frequencies:

Fundamental and harmonics
( Three-phase 2-level VSC

le-phase AC output for a 2-level converter is shown in Figure 16.

AC wave shape at a VSC phase unit output-may can consist of a sequence of sq
es, as shown in Figure 31. Many different modulation methods can be used to contro
erters;to achieve a specific wave shape. The most commonly used method is the car
ulated method (voltage reference as sine wave or other with a triangular carrier w

e a VSC can operate at any desired power factor, the design of the filters”is normally
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foutd-be is noted that, with VSC technology, itiis/relatively easy to shift the spectrum of
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pe)YSome typical modulation strategies used with 2-level VSC are discussed in Annex

B.
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a) Control signals for a PWM VSC

IEC

b) Phase a output voltage (Vam)

Figure 31 — Waveforms for three-phase 2-level VSC

P Multi-pulse and multi-level converters

Mulfi-pulse and multi-level converter topologies can ,alse be used to reduce the harm
outgut. The harmonics are calculated by Fourier analysis of the individual waveforms.

The
AC

distinguished in two main categories:

Ran
resy
harrn
can

9.4

One
be 4

in F

ethods resulting in a random type-pulse pattern;

ethods creating a fixed pulse pattern (for given output voltages).
dom type pulse patterns distribute the harmonic distortion over the full frequency ra
Iting in a "white noise™ with moderate amplitudes. Due to their random nature, th

nonics are not easy to predict on a pure analytical basis. In contrast, fixed pulse patt
be easily predicted_and analysed.

Harmonic.voltages on power systems due to VSC operation

impé

possibleimethod for calculating the harmonic performance of the VSC is to consider|i
harmonic generator of equivalent voltage E, at each individual harmonic. At the poi

pnic

individual levels of such converters are switched to obtain desired output voltage af the
and DC terminals of the converters. The methods for switching individual levels can be

nge,
ese
EIrns

appropnate) If shunt frlters are used e|ther as part of the network or as part of the converter,
they-should-be are included in respective impedance.

Since both Z,,

O+ = 1 =

Figure 32 — Equivalent circuit at the PCC of the VSC

is essential to have knowledge of the purchaser harmonic system impedance at the PCC.

and Z,, are a complex impedance, a resonance-may can occur. Therefore, it
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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—shall need to be designed and installed to keep the
harmonics within the required limits. The filter configuration for the VSC is determined in a
similar manner as those for LCC HVDC; see IEC TR 62001 (all parts). However, one
important difference is that the VSC behaves as a harmonic voltage source on the AC side,
and hence the series filtering action of the phase reactor and associated equipment is more
important than the effects of any shunt filters.

9.6 _ DC side filtering

If the VSC is part of a DC transmission scheme connected by a DC overhead line;*pr a
compbination of DC cable and DC overhead line, its DC-side harmonics-may can intérfere with
othgr equipment and substations near the transmission line. VSC systems frequently use |and
cables which-may can be installed in trenches alongside telecommunication cables. If there
are [copper telecommunication cables close to DC cables over a long distance, the potential
interference between these cables-shall-be is usually considered. The frequencies used in
commercial voice transmission range from 200 Hz to 3 500 Hz. Telephone noise evaluatign is
pe’r}rmed according to various weighting factors (such as CCITT and IBTSEEI) according to
locall practices. The coupling between power circuits and telephaefne circuits is through both
eledtric and magnetic fields. However, unless the spacing betwéen the two circuits is small,
the Imagnetic coupling predominates and the electric coupling jis negligible. For bipolar| DC
lines, this coupling is usually calculated using the "equivalentdisturbing current" [5].

If filtering is required on the DC side, a common modéeactor, DC reactor, or a DC filter|can
alsqg be used to perform the role of RF filtering.

10 |Environmental impact

10.1 General

Clayse 10 covers the main environmental impact resulting from the development of a YSC
subsgtation. 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 hot covered, nor are the-impacts from the development of a cable or overhead line syqtem.
Endlof-life issues like recycling and disposal are similar to those for an LCC HVDC schgme,
as gre power losses.

10.2 Audible noise

IEC|TS 61973¢[13] covers in a comprehensive manner the audible noise related to |line
commutated . HVDC converter stations, and is applicable also to VSC transmission. Audible
noisle theory is, therefore, not covered here.

Themoise tharacteristics of thecootimgequipmentand—auxitiaries are simitar tothoseused in
a conventional AC substation. Dependent on the converter topology used, the noise
characteristics of the transformer-may can be similar to those of a substation transformer, as
the use of filters on the converter side results in a very low level of harmonics in the
transformer. For some converter designs, the noise characteristics—may can be different. For
converters using valves of the switch-type, the filters, VSC valves, phase reactor and VSC DC
capacitors typically have noise components at higher frequency than for an LCC HVDC
scheme. For converters using valves of the controllable voltage source type, the noise
spectrum—may can have a significant component at fundamental frequency, with higher
harmonics being more characteristic of "white noise".

Noise attenuation can be achieved by a number of reduction measures that can be
incorporated into the design of a VSC station. For many components, such as transformers,
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cooling equipment and auxiliaries, the measures taken to reduce noise are similar to those for
a conventional AC substation.

10.3 Electric and magnetic fields (EMF)

The electric and magnetic fields (EMF) associated with a VSC scheme can be separated into
AC and DC fields. The AC fields are produced by the AC components of the substation, and
the connection between the VSC and the AC grid. The DC fields (also referred to as static
fields) are produced by the cable/OH line, by connections to the DC equipment, and by the
DC equipment itself.

In general, the electric and magnetic fields around a VSC facility, including the substation,
connections and DC overhead line or cable, are similar to those for an LCC HVDC schemsdq.

10.4 Electromagnetic compatibility (EMC)

The|operation of high-voltage electrical equipment can generate electromagnetic fields ovier a
wide range of frequencies, from power frequencies to television frequencies. It is possiblg for
eledtrical or electronic equipment in the vicinity of such electromagnetic, fields to be affe(Tted,
or tp have their proper operation interfered with. Interference limits imposed on faciljties
typi¢ally consider

e fadio interference (RI),
e f{elevision interference (TVI),
o {elephone interference (see Clause 9), and

e power line carrier interference (see Clause 9),

VS({ valve switching can generate high frequency emissions up to several hundred MHz. [The
VS({ design—shallensure usually ensures-that such noise does not cause unacceptpble
interference for others. Different mitigatien methods can be employed, such as proper
groynding, the use of passive radio interference filters, and shielding of the sources by EMC
barrjers.

Radjo interference is associated with noise in the frequency range of 150 kHz to seVeral
hungdred MHz. Television interference, on the other hand, results from noise in the frequency
range 54 MHz to 1 GHz. Consequently, the whole frequency range up to 1 GHz-shall needs to
be taken into account when designing the VSC substation.

Elegtrical interference and noise are transmitted in three forms: radiated, conducted [and
eledtro-magnetically induced. For the VSC, conduction on power lines is a more significant
soufce than radiation. Housing a VSC in a metal enclosure or valve hall generally reduceq the
radiated component of disturbances.

The| eanducted phenomena consist of two categories, commonly known as the differeptial
mode—and—the—Ttommomn mode-— T e differemtial=modedisturbance is—a current—or a voilage
measured between the power lines of the VSC, while the common-mode is a current or a
voltage measured between the power lines and ground. Any filter design-has needs to take
into account both modes of noise.

The path of the common-mode disturbance is through stray capacitance. These stray
capacitances exist between any system components and ground. In close proximity to the
source, other predominant coupling paths-sheuld-be are usually considered, such as electric
fields (high impedance field) and/or magnetic fields (low impedance field). Except in far field
conditions, one of these will be predominant.

A proper design of a VSC valve and converter layout can reduce the disturbance emissions at
their source. In addition, it—may can be necessary to use filters. Emission level can be
assessed by simulation and measurement in-situ.
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IEC 61000 (all parts) [14] on electromagnetic compatibility covers emission and immunity for
phenomena in the 0 GHz to 400 GHz frequency range. This range is split into several
frequency bands, according to measurement techniques.

11 Testing and commissioning

11.1 General

Clause 11 provides general guidelines for testing and commissioning of VSC transmission
systems. Emphasis has been put on subsystem and system tests rather than those for
comlponents.

Testing and commissioning are part of a process that begins in the factory and ends with| the
hanging over of the equipment for commercial operation. There are two distinet phages:
factpry or off-site testing, and commissioning testing. Off-site testing is usually)yperformed to
proye that equipment, including the control system, meets the design criteria. \Commissioping
tests are performed after the equipment has been delivered to the site andiinstalled. The tests
are prganized to test subsystems, systems and overall performance.

As g general rule, all parties involved in the project-should needs ta be included in the tests|and
all responsibilities clearly defined.

General requirements for system testing are-similarto-those described-for LCC-HVDC in [15].

11.34 Factory tests
11.2.1 Component tests

Thege tests concern the verification of the sitygle components, including control and protegtion
equ|pment, before they are sent to site. They-may can be subdivided into routine tests, aimed
essentially at quality control, and type tests which verify that a component has been progerly
designed to sustain the stresses from potential transients and service conditions. Fadtory
testing of VSC converter valves is(covered by IEC 62501 [16]. Traditional components such as
switchgear, transformers, capagitors, capacitor fuses, reactors, resistors, insulators, volfage
and| current transformers, surfge arresters, etc, are covered by [3], in which the availpble
standards (IEC, IEEE, ANSI) are pointed out and the special tests are introduced.

11.42.2 Control system tests

As with the controls for LCC HVDC systems, the control system for a VSC transmisgion
system, including hardware, software and documentation, can be tested and verified |n a
factpry system" test (FST). A real time simulator will be required that can represent pqwer
components-and parts of the AC system in a sufficiently detailed way. Every effort-shoulgl-be
is upually/made to test as complete a system as practical, including redundancy, so as to
minjmize work on site. Factory system testing is an extensive and thorough check of| the
control and protection system under normal and fault conditions, without the constraints
imposed by the real system. Selected on-site system tests will repeat some of the factory
system tests, but will include the actual transducers and main circuit equipment, as well as
actual system conditions (as permitted within system constraints). All software and hardware
functions, including redundancies,—should—be are usually tested before the equipment is
shipped to site for installation and commissioning.

Besides simulator tests identical to those for LCC HVDC, other tests-should need to be
considered that account for the additional modes of operation possible with a VSC. Each
mode—should—be is usually tested both in the factory and during commissioning (e.g.,
operation of the converter as 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=506f32be73452503aa93b753b50f5b80

IEC TR 62543:2022 RLV © |IEC 2022 - 55 -

11.3 Commissioning tests/system tests
11.3.1 General

Commissioning tests are organized in a succession of phases.

The first phase is the so-called "precommissioning tests" executed on single station
components in order to check their condition and functionality after transport and assembly.
This phase is followed by the "subsystem tests," which test several components working
together to perform a specific function. These are followed by the "system tests,” which
involve all converter stations and full power transmission. The system tests require careful
coordination between all interested parties, in particular the system operators, utilities [and
indystrial customers that could be affected by the tests.

During inspection and testing, all applicable health, safety and environmentalctequiremgnts
and| regulations—shall need to be followed. Any deviations—sheould—be are.\discussed [and
resqlved at site meetings. Often there is an overlap between commissioning and installation,
especially in the area of cable termination. Care-must needs to be taken when interconnefted
subsystems are energized and started up that personnel are notifiedyso that no potentjally
hazardous conditions exist. For an efficient process, it is important o ‘complete as many as
possible of the equipment pre-commissioning checks before engetgization of the equipnient.
Mosdlt utilities have extensive safety rules that protect workers: from accidental electfical
confact.

11.3.2 Precommissioning tests

Precommissioning consists mainly of inspection andyequipment tests. Equipment tests include
elegtrical and mechanical tests and simple functional tests confined to a single installed unit.
The| purpose of these tests is to check the «ondition of the equipment and verify proper
installation. If normal auxiliary power is notgyet available, electrical tests can be performed
with| portable or temporary power supplies'.’At this stage, settings are verified in protegtion
and|control equipment.

In those cases where disconnection and reconnection would be required for the equipment
test$, precommissioning tests on main circuit equipment-should-be are performed before| the
main conductors are connected. Equipment tests—should—be are performed as soorl as
possible after installation, dnd-according to the manufacturer’s recommendations.

11.3.3 Subsystem tests

Subpystem testswerify the proper operation of a group of interconnected or related equiprment.
Subpystem testing-—sheould needs to be done in stages from small to progressively lafrger
subsystemssand-sheuld to check as many functions as possible.

Typlcal subsystem tests are

e subsystem functional testing,
e start-up of auxiliary systems, and

o |ow-voltage energization.
11.3.4 System tests
11.3.4.1 General

The system tests involve operating the converter(s) in conjunction with the interconnected AC
transmission system. These tests-should are not only checked for proper performance of the
automatic controls during normal changes in references, set points or operating modes, but
also take place, in so far as possible, under different network conditions. System tests-should
need also to include selected disturbances to verify dynamic performance and robustness.
Disturbances can consist of nearby capacitor bank switching, transformer energization, line
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switching, generator tripping, step responses, or even staged faults where specified, and
sheould cover the most critical conditions evidenced by the system studies and by simulator
tests, in so far as the networks allow. Some tests with high potential impact-may can require
special provisions to mitigate the possible adverse system impact of large reactive/active
power variations. These will require tight coordination with the transmission system operator
(TSO)/utilities of AC networks to which the VSC transmission system is connected.

Usually, tests with lower impact on AC networks are performed first, followed by the more
onerous ones.

11.34- i ge-energization
J J

Whegn all prerequisites for high-voltage energization have been completed, operatipnal
authority is transferred to system operators to ensure that all safety rules are followed |and
that| any system constraints are observed. Operational procedures—should\n€ed to| be
formalized beforehand. High-voltage energization is preceded by final trip testsband "dry fun"
tests where the operators execute the procedure without actually energizingythe equipment.

Energization of AC equipment follows a step-by-step sequence for the' AC buses, bays, filters
and| transformers. This—may can require temporary disconnection-of some high-voltage
termjinations where disconnect switches are not provided. Equipment-sheould—be is initially
enefgized for several hours. Checks are made for corona and,any abnormal audible nqise.
Phaking and phase rotation are rechecked with full voltage. During filter energization,
unbalance protections are checked and load checks afe ‘made. Visual inspections of all
equlpment and surge arrester counters are made before and after energization.

Enefgization of the converter and DC equipment follows that of the AC equipment. In most
casg¢s, valve cooling-sheuld needs to be running*before energizing the converter. With| the
VS({, the connected DC side equipment (i.e., D€ buswork, DC capacitors and DC transdugers)
is ¢nergized through the valve anti-parallel~“diodes when the main AC breaker is clgsed
thereby energizing the converter.

As an additional check, the converter—may can be energized via the DC side, with the[ AC
connection open. A special DC*power supply could be provided for this purpose, or|the
conyerter at the opposite end ofithe link could be used as a rectifier to provide this functio

-

During energization, DC “voltage measurements and status signals from indivigual
semliconductor positionsssheuld-be are checked via the valve monitoring.

If other converters of DC cables are included in the particular application, they-should-be] are
initially energized separately while isolated from the other converter(s) and interconnegting
cables or buswork.

11.3.4.3~ Converter operating tests

11.3.4.3.1 General

Once the converter and DC equipment have been energized and checked out, the converter
can be deblocked, sending switching pulses to the valves. Initially, this is performed one
converter at a time, with the VSC operated in AC voltage control or reactive power control.
The purpose of the converter operational tests is to check that the converter operates
properly with the AC network.

During converter operational testing all subsystems, for example controls, transducers,
auxiliaries and main circuit equipment, are tested together for the first time.

Typical tests performed during converter operation are explained in 11.3.4.3.2 to 11.3.4.3.8.
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11.3.4.3.2 Sequences

It is checked 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, minimizing the disturbance to the network, for example automatic
connection of filters, if any, with net zero reactive power exchange through counterbalancing
VSC absorption.

11.3.4.3.3 DC voltage control

It is checked that the DC voltage is controlled to its reference voltage, and that all levels of
DC yoltages are balanced.

11.3.4.3.4 Measurements

It is|checked that all controls, indications and measurements have correct polarity, phase|and
scaling. Take selected measurements of AC and DC harmonics and distortion.

NOTE Final measurements are usually reserved for acceptance tests.
11.3.4.3.5 Reactive power control

It is|checked that the reactive power control, if relevant, follows)the reference at the selegted
ramp rate for both inductive and capacitive ranges. Check proper converter reactive pgwer
limitations.

NOTE Operating restrictions on AC voltage-may can limit thetamount of reactive power that can be exchanged
with the AC network.

11.3.4.3.6 AC voltage control

It is|checked that the voltage is controlledi\to the reference, if relevant, and that the reagtive
powier is stable. Vary slope, reference;ideadband and voltage control modes, as proviged.
Check stability with the AC network by reference step response, capacitor bank switching
and/or AC line switching.

11.3.4.3.7 Load test

The[capability of the cooling equipment is checked, primarily for the VSC valves. Observeg the
temperatures and seqlencing of the cooling equipment as the load is increased.

NoTEOperating ‘restrictions on AC voltage-may can limit the amount of reactive power |that
can|be exchanged with the AC network, and special provisions-shall need then to be made to
reagh full output.

11.3.4.3.8 Disturbance tests

In addition to the testing of the step responses to regulator references, the converter and its
controls—sheould—be are tested for various internal disturbances (e.g., auxiliary supply
changeover, control system changeover, and external disturbances in the AC transmission
system) to verify proper performance, stability and robustness. External disturbances can
consist of switching nearby capacitor banks, transformers, transmission lines, or tripping
generators.

11.3.4.4 Transmission tests
11.3.4.4.1 General

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).
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Typical tests performed during transmission testing are as described in 11.3.4.4.2 to
11.3.4.4.11.

11.3.4.4.2 Sequences

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

11.3.4.4.3 DC ¥°|tage control

High-voltage DC cables, bus work or lines interconnecting the converters are energized. It is
repgated with the other converter connected. Depending on application and ‘protegtive
strafegy, it is checked that the DC voltage is controlled to a reference during power transfer
and|blocking/tripping of one of the other converters.

11.3.4.4.4 Power control

It is|checked that the power flow and power ramp rate follow the referfence values. The pawer
confrol stability by step response or system disturbance is checke€d, such as line switching.
Transmission in both directions is checked. Proper converter real power limitations|are
chec¢ked.

11.3.4.4.5 Reactive power control

If rglevant, the joint operation of the reactive poweér-control and active power control at| the
diffgrent converters is checked by changing their respective references during the diffdrent
opefrating modes. Proper converter reactive power limitations are checked.

11.3.4.4.6 AC voltage control
If relevant, the joint operation of the.”"AC voltage control and active power control at|the

diffdrent converters is checked._The stability by step response in the power and volfage
refefences, or during system disturbances such as capacitor bank or line switching is chegked.

11.3.4.4.7 Load test

Ranp up to full powerfransmission or MVA converter rating is done for the different opergting
modes, as permitted by AC system and other conditions.

11.3.4.4.8 Measurements

Selgcted-measurements of AC and DC harmonics and AC voltage distortion are taken.

NOTE_“Final measurements are usually reserved for acceptance tests.

11.3.4.4.9 Redundancy checks

If the system is equipped with redundant control and protection systems, transfers from the
active to standby system are performed. Transfers between redundant auxiliary systems
sheould need also to be checked during operation, for example auxiliary power, cooling pumps.

11.3.4.4.10 Remote control

Operation is tested from remote locations. All remote indications and control functions are
checked.

NOTE Much of this work is done beforehand during subsystem testing, but this is the first time that remote system
operators have direct control of the system. Previously, operation was from the local level with authorization only
from the system operator.
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11.3.4.4.11 Disturbance tests

In addition to testing the step responses to regulator references, the converter and its controls
should-be are tested again for various external disturbances in the AC transmission system to
verify proper performance, stability and robustness. External disturbances can consist of
switching nearby capacitor banks, transformers, transmission lines, tripping generators, or
even staged faults, for example DC or AC overhead line faults, as relevant.

11.3.4.5 Trial operation

Trial operation allows the owner to operate the integrated system according to its intended

purg
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system and subsystems takes place. All alarms or abnormal conditions are dealt-with

requ

11.3
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levels are within the design limits and that other fundamental performance criteria are met
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usually takes several hours due to the slow heating of the transformers.
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ose from the normal control location. Trial operation does not start until almost all syS
5 have been successfully completed. During trial operation, observation of the comg

ired.

.4.6 Acceptance tests
.4.6.1 General

bptance tests verify the performance of the system according.to the specification ¢
cted basis. Acceptance tests-may can involve measurements ‘to verify that interferd

.4.6.2 Heat run

system is operated at rated and overload capacity for specified periods of time in diffe
ating modes, if applicable. Temperatures and<cooling systems are monitored. This

.4.6.3 Interference measurements

verified that harmonics on the ACZand DC sides, audible noise, radio interference,
ference, etc., meet the performance requirements.

.4.6.4 Disturbance response

liary supply changeover; control system changeover, line switching, shunt bank switch
brator tripping or staged faults are tested, as necessary.

tem
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rent
test

PLC

ing,
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Annex A
(informative)

Functional specification requirements
for VSC transmission systems

A.1 Introduection General

Annex A presents the minimum requirements of a functional specification for a VSC
trangmission system. Once the technical requirements of the VSC transmission system\have
been defined and confirmed by basic system studies, a functional specificationscan be
prepared. Supplemented by the commercial conditions, the specification allows the“purchaser
to invite tenders from manufacturers for the equipment required. The functionalspecificgtion
shall needs to provide adequate information from the purchaser to the manufactarer and| the
required information exchange between the purchaser, the manufacturers’ and releyant
subgontractors.

The| specification—sheuld—include usually includes parts where a_minimum requirement is
spe¢ified, as well as those parts where a performance above the miffimum standard is degired
but [not essential. The specification—sheuld—include includes-a ‘method for evaluating| the
aboYye-minimum performance criteria.

In Glause A.2, the minimum technical information that needs to be provided by the purchaser
and|manufacturer are summarized. These summaries-describe:
e general requirements of the VSC transmission)system,;

e power system configuration to which the V.SC transmission system is connected, inclufing
all the parallel transmission systems, if;any;

e requirements of the DC line, i.e., typg*of cable or overhead line or combination thereg¢f. If
fhe DC line is not within the scope.of supply, the converter manufacturer-sheuld needs to
provide information that would e needed for a proper line specification. The type of|line
thosen-sheould-be is approved by the converter manufacturer as to its applicability;

e site and environment;

e oOperating function of the VSC;

e maintenance, performance tests and spare parts requirements;

. SC site, transmission right of way, and environmental constraints and consideration;
e factory and)commissioning tests;

o other considerations relating to loss evaluation, tender evaluation, health and safety, [and
bthef ancillary requirements.

Th hllrt\hooor shal-—orovide—usuath—provides a AQ"OIIQH Aaor\rlnhnn r\f H'\a DOWer o\lo+
elpy provide—usuah Vb po systems

connected to the VSC transmission system to enable the suppllers to offer the most suitable
and economic equipment design. In addition, the purchaser and the manufacturer—shal
usually maintain a continuous dialogue starting at the tender stage and continuing until the
project is completed.—t—is—recommended-that The manufacturer-should—review reviews the
basic studies undertaken by the purchaser, and vice versa.

A.2 Purchaser and manufacturer information requirements

A.2.1 General

In A.2.2 and A.2.3, information marked with an asterisk (*)-may can require detailed studies
that-may might not be available before the contract stage. All information in A.2.2 and A.2.3
not marked with an asterisk (*) is normally provided at the tender stage.
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For some parameters, time varying data-may can be appropriate, for example the range of AC
system RMS voltage-may can include excursions outside a normal range during brief periods
(hours, minutes, seconds or milliseconds) with different limits for each duration. Such time
varying data-shall need to be described in an appropriate manner.

The confirmation of performance-may can be demonstrated by any one or a combination of
the following methods:

e studies;

e computer simulation;

e fests.

A.2])2 General requirements

Purchaser specification requirement VSC manufacturer supplied information

Defipition of scope of supply

Locgtion of the VSC

Rolg of the VSC General description of solution

Conyerter type and DC side configurations (if fixed) Confirmation of the VSC 1ype and configuration and DC

e [Converter type side configurations

e [Topology of DC system
e [Type of DC line/cable

e [Transmission voltage (if fixed)

Main ratings of the VSC Guaranteéd rating of the VSC
e Power to be transmitted

e lLocations of real and reactive power reference
points

e DC voltage and current, if applicable
e |AC sending and receiving voltages
e [Frequency of the system

. Power resolution

Impgrtant ancillary control requirements, e.g., Guaranteed performance of the VSC
e Reactive power regulation requirements

e Pverload requirements.

e [Transient performance

Reqtiirement on MSC'losses Losses at designated operating conditions and the method
of loss calculation and loss distribution between the mfajor

e Pefinition( of “operating point(s) for which losses components

are to bexdetermined

e [Capitalized loss evaluation rate

St o o o ol o £ m tlo 4 ol o ol ol
angaras—ana—ccouces LuUTImimmmaturm ur urc staliudirus arfud CUOUTS

In service date e Confirmation of the critical dates

e Key milestone dates

Tender assessment criteria

Special premiums applied, e.g., for performance in Details of the areas where the minimum required
excess of the minimum requirement performance is exceeded

Health and safety requirements
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A.2.3 Detailed descriptions
A.2.3.1 Power system configurations

A.2.3.1.1 General

Purchaser specification requirement VSC manufacturer supplied information

System configuration
e Single line diagram of the system connection points

e Harmonic impedance envelopes seen from the points of
connection

e Pata on nearby generation

e Modelling information for nearby controllable devices,
such as static VAR (volt-ampere reactive) compensators
SVCs), wind turbines, etc.

A.2/3.1.2 DC line/cable (in case of turnkey, supplied by the converter manufactuner)
Purchaser specification requirement Converter manufacturer‘supplied information
Main features of DC side Confirmation of the cehfiguration of the DC system

« [onfiguration of the DC system including cable/ overhead line parameters, e.g.,

«  [ropology of DC system e current capability, steady state and overload (if pny)

It ithstand bilit
e [Type of DC transmission line (cable or overhead * Vvoltage Jhstand capabtiity
ine or a combination thereof) e proposed type tests including test levels
e |Length of the overhead line

e Length of the cable

Natipnal safety codes/standards for design of overhead-, [Confirmation of the national safety codes/standards

lineq and cables
Confirm that design meets the requirements

Infomation about the overhead line Confirm that design meets the criteria*
e Air temperature range

e |Wind conditions
. ce loading requirements
e Air pollution level

e Risk of vandalism

Infogmation about the cable Confirm that design meets the criteria®
e |ength of cable

e  Minimum reduired depth of burial
e [Survey data/about the subsea/land terrain
e [Thermal‘resistivity of soil/silt/seabed

e [Temperature conditions

e Requirement for fibre optic cable (whether
embedded or not)

Location of nearby communication cables Confirm there is no effect on communication cables*

A.2.3.1.3 DC line/cable (not supplied by the converter manufacturer)

Since the design of the converter and the cable are interdependent, the design process will be
iterative. Therefore, the data needs to flow between the VSC manufacturer and the cable
supplier as shown below.
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Purchaser specification requirement

Converter manufacturer supplied information

Provide data from the DC line/cable supplier to the
converter manufacturer

voltage by the VSC

caused by the VSC
e Overvoltage protection provided

e Approval of selected DC line/cable system

e Maximum steady-state, dynamic and transient
current by the VSC
e Maximum steady-state, dynamic and transient

e Harmonic voltage and current at the VSC terminals

Req lirement for \/\SC data for cable manufacturer Data prn\/ir{nr{
A.2)3.2 Site and environment

Purchaser specification requirements Manufacturer supplied information
Spac¢e and footprint restrictions VSC layout and layout options

Siteaccesses and transports limitations

Access and transport requirements

Electromagnetic field limitations

Electromagnetic field generation

Electromagnetic immunity requirements

Electromagnetic immunity levels*

Reqgyirement for VSC grounding conditions

Requirement of appropriate electrode

Amblient temperature, pressure and humidity ranges

Confirm opefation under required conditions*

Soldr, snow and ice, wind, air pollution, isokeraunic level

and keismic conditions

Confirm¢operation under required conditions*

Noisle restriction, acoustic and electromagnetic
telephone interference restrictions

Confirmation of the requirement*

Reqtiirements in respect of earthquake resistance

Confirmation that the design meets the requirement
with respect to earthquake resistance*

A.2]3.3 Operating function of the VSC

Purchaser specification requirement

Manufacturer supplied information

Reqtirement for the main operation

e Requirement for the transmitted power

e Main ancillary operation.(if needed)

- Requirement forythe reactive power

- Requirementfor the AC voltage regulation
- Requirement for the DC voltage regulation

- Requirement for the control priorities

Confirm operation ability* including the VSC control
modes and control laws

Requirement for the dynamic performance

ramant foar th racnanc
SeRt—e—Re

$ima for th FRL T2NT
tHRe—e—tH

Confirm operation ability* including short-term overlg

ratings

° +
~eguHem
S

change

FESPORSE

e Requirement for the overload performance

uuuuu

ad
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Purchaser specification requirement Manufacturer supplied information

Operation range Confirmation that the system remains operational and

description of the performance*
(Range of conditions over which rated performance or P P

ride-through is required)

e Range of the AC system conditions in which the
VSC-has needs to operate (both steady state and
transient)

— AC sending and receiving voltage range
including temporary overvoltage

— AC frequency range

- Range of AC voltage imbalance
- Zero sequence voltage range

- Range of harmonics

- Switching transient

- Fault level

-  System configuration

e DC conditions

Reqtiirement for protection Confirmation of the requirement, e.g.,
e [Faults which-shal-be are postulated for the VSC to|e performance during faults, other low-voltage
pe turned off safely or to ride-through conditions and switching transients
—  Fault types e control logictand settings for operation during above
conditions

- Faults levels and clearance times
description of protection system, inclyding

L Whether single- or three-phase auto-reclosure|® ; ) . )
protection against internal failures

is used and if so, the timing of different periods.

e . Worst case internal faults in terms of duration|and

e Protection for the AC system S
effect on transmission

. Protection for the DC side
e [Protection for the VSC

Accéptable adverse effect to the power system byithe |*  Predicted value of harmonics (voltage and curfent)
VS(Q generated from the VSC

e Harmonics e Measured value* of harmonics (voltage and curfent)
. . generated from the VSC
e [Electromagnetic noise

e Individual harmonic distortion D, *
e  Total harmonic distortion THD*

e Telephone influence factor TIF*

Reqliirement for the insulation coordination Overvoltage withstand capability *
Othgrs Confirmation of the requirement*, e.g.,
e Requiremeni for earthquake resistance e Predicted life, reliability and availapility

characteristics, forced outage rates, maintengance

e Requirement for salt damage frequency and periods

o Reliability

e Failure rate of key components, e.g.,
- \_"Requirement for the lifetime of the VSC semiconductors, DC capacitors
— Requirement for the availability o Transient effect of component failure

— Requirement for the outage rate
— Prerequisite condition for the reliability design
— Requirement for redundancy

. Requirement for the measurements, alarm, and
monitoring

e Requirement for the interface between the power
system and the VSC

— Main circuit
— Control signal

e |Initial energization and shutdown requirement
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Purchaser specification requirement

Manufacturer supplied information

Maintenance requirement

Maintenance frequency, duration and recommended
maintenance

Special maintenance test equipment requirements

Special test equipment provided

Spares requirements

Recommended spares holdings

Drawings, maintenance manuals, technical notes

Description of documentation provided

As-built drawings, maintenance manuals and technical
notes provided*

A.213.5

Factory and commissioning tests

Purchaser specification requirements

Manufacturer supplied information

Testlrequirements
e [Equipment requiring type test approval

e [Factory tests

e [Functional testing of control suites

Confirmation of the requirement, e g.,
e type test evidence offeredsinlieu of new type te$ts

e test schedules

Tesf| standards

Confirmation to perform tests as per specified standard

Commissioning tests and schedule

Provide list of proposed commissioning tests and tegting
schedule

A.2)3.6 Auxiliary systems

Purchaser specification requirements

Manufacturer supplied information

Auxiliary power and cooling facility prepared by the
purchaser side

Auxiliary power facility required and system descriptjon

Method of initial energizing, restart and shutdown

Reqliirement for the control facilities

Description of control facilities including remote and
local man-machine interfaces, detailing control, alarm,
communication and monitoring facilities*

Auxiliary systems on main equipment

Fire [safety requirements

e Description of materials used*
e Description of means of protecting against fire*

e Fire containment methods*
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Annex B
(informative)

Modulation strategies for 2-level converters

B.1 Carrier wave PWM

Figure B.1 a) shows the control signals (the carriers and the voltage references as sine wave)
for a PWM VSC. Figure B.1 b) shows the resulting voltage V,,, at the AC terminal a, with
resgect to a hypothetical midpoint m of the DC capacitor. In this example, the frequency of the
carrjer (triangular wave signal) is nine times the fundamental frequency.

The| general harmonic form of the switched waveform of-Figure—29 Figure B+yllb) can be
writfen as:

Vam (£) = L;d M cos (ot +064) + Z Z Cun COS| m(wgt + 0 )+ (et +64) |
m=1n=—0

whefre

M |is the modulation index;

w4 |is the fundamental frequency;

is the carrier frequency;

m |is a multiple of the carrier frequency;

n is a multiple of the fundamental frequency;

04 |is an arbitrary phase offset of the fundamental waveform;

is an arbitrary phase offset of the carrier waveform.

The| most effective approach to_determine the harmonic coefficients C
integral Fourier form as:

n 18 Using dopble

mn :2 2.'. J- xy e] mx+ny)d dy

whelre
F(x,p) is the switched waveform for one fundamental cycle;

X @ty

y Z, a4t

The general harmonic form of the switched waveform defines carrier multiple harmonics
(when m = 0 and n = 0) and sideband harmonics around the carrier multiples (when m = 0 and
n # 0). Figure B.1 shows the typical harmonic spectra of the voltage waveforms for phase-to-
floating neutral and phase-to-phase, respectively, for a 2-level VSC using PWM switched
waveforms with a carrier-based control method using 21 times fundamental frequency and
assuming infinite DC capacitance (i.e. no DC voltage ripple). These harmonic spectra would
be changed under different specific operating conditions.

For a three-phase 2-level VSC, a balanced set of three-phase line-line output voltages is
obtained if the phase leg references are displaced by 120°. In this case, the triplen sideband
harmonics around each carrier multiple are cancelled in the line-line output voltages. It is
important to note that the harmonic cancellation is a consequence of the triplen sideband
harmonics. The carrier/fundamental ratio has no influence, and it can be odd, even or not
integer.
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Figure B.1 — Voltage harmonics spectra of a 2-level VSC
with carrier frequency at 21st harmonic
B.2| /Selective harmonic elimination modulation

Selective harmonic elimination modulation (SHEM) is known as a modulation method to
eliminate the undesirable low order harmonics. SHEM approach is an effective way to
eliminate the selected most significant harmonics using lower switching frequency. Figure B.2
shows the waveform switched at predetermined angles. The switched waveform has odd half-
wave symmetry and even quarter-wave symmetry. The K switching angles can be used to
eliminate K - 1 significant harmonic component and control the fundamental voltage.


https://iecnorm.com/api/?name=506f32be73452503aa93b753b50f5b80

Lot gt UL

- 68 — IEC TR 62543:2022 RLV © |IEC 2022

- L

/ / 0\ / o\
aq 0y o3 oy OF Og /2 n—dg \Tc—a4 \7"_“2\ n
05 m-ag M4

Figure B.2 — Phase output voltage for selective harmonic

elimination modulation (SHEM)
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INTERNATIONAL ELECTROTECHNICAL COMMISSION

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

FOREWORD

all national electrotechnical committees (IEC National Committees). The object of IEC is to “pro|
international co-operation on all questions concerning standardization in the electrical and electroni¢field
this end and in addition to other activities, IEC publishes International Standards, Technical Spécificaf
Tlechnical Reports, Publicly Available Specifications (PAS) and Guides (hereafter referred ,to as
Publication(s)”). Their preparation is entrusted to technical committees; any IEC National Committee inter
in the subject dealt with may participate in this preparatory work. International, goveinmental and
gpvernmental organizations liaising with the IEC also participate in this preparation. IEC collaborates cl
with the International Organization for Standardization (ISO) in accordance with conditions determing
agreement between the two organizations.
N
c

he formal decisions or agreements of IEC on technical matters express, as nearly’as possible, an internat
bnsensus of opinion on the relevant subjects since each technical committee has representation fro
interested IEC National Committees.

IEC Publications have the form of recommendations for international use) and are accepted by IEC Naf
Jommittees in that sense. While all reasonable efforts are made to.ehsure that the technical content o
Publications is accurate, IEC cannot be held responsible for the, way in which they are used or foi
njisinterpretation by any end user.

tlansparently to the maximum extent possible in their matienal and regional publications. Any divergd
between any IEC Publication and the corresponding national or regional publication shall be clearly indicat
the latter.

EC itself does not provide any attestation of conformity. Independent certification bodies provide confo
bsessment services and, in some areas, acce$s 16 |IEC marks of conformity. IEC is not responsible fo
brvices carried out by independent certification bodies.

QD

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

o liability shall attach to IEC or its directors, employees, servants or agents including individual experts
embers of its technical committees‘*and IEC National Committees for any personal injury, property dama
her damage of any nature whatsoever, whether direct or indirect, or for costs (including legal fees
kpenses arising out of the publication, use of, or reliance upon, this IEC Publication or any other
ublications.

ttention is drawn to theqNormative references cited in this publication. Use of the referenced publicatio
dispensable for the correct application of this publication.
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=

ttention is drawn to the possibility that some of the elements of this IEC Publication may be the subjg
ptent rights. IEC shall not be held responsible for identifying any or all such patent rights.
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IEC|TR 62543<has been prepared by subcommittee 22F: Power electronics for elect
trangmission—and distribution systems, of IEC technical committee 22: Power electr
systemsand equipment. It is a Technical Report.
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In order to promote international uniformity, IEC National ,Cemmittees undertake to apply IEC Publications
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second edition cancets  and— repraces the first—edition pubfished— 2

Amendment 1:2013 and Amendment 2:2017. This edition constitutes a technical revision.

011,

This edition includes the following significant technical changes with respect to the previous

edi

a)
b)

c)

tion:

in Clause 3, some redundant definitions which were identical to those listed in IEC 62747
have been deleted;

in 4.3.4, description and diagrams have been added for the cases of a bipole with
dedicated metallic return and a rigid bipole;

in 4.4, mention is made of the bi-mode insulated gate transistor (BiGT) and injection

enhanced gate transistor (IEGT) as possible alternatives to the IGBT;
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d) in 5.6, the reference to common-mode blocking reactors has been deleted since these are
very rarely used nowadays.

The

text of this Technical Report is based on the following documents:

Draft Report on voting

22F/649/DTR 22F/669/RVDTR

Full information on the voting for its approval can be found in the report on voting indicated in
the above table.

The

This
accordance with ISO/IEC Directives, Part1 and ISO/IEC Directives, IEC- Supplem

avai
IEC

The

stab

spe

e amended.

language used for the development of this Technical Report is English.

document was drafted in accordance with ISO/IEC Directives, Part 2, and developd

lable at www.iec.ch/members_experts/refdocs. The main document types developed
are described in greater detail at www.iec.ch/publications.

committee has decided that the contents of this document will rentain unchanged unti
ility date indicated on the IEC website under webstore.iec€h in the data related to
cific document. At this date, the document will be

econfirmed,

vithdrawn,

eplaced by a revised edition, or

d in
ent,
| by

the
the

IMP
con
con

DRTANT - The "colour inside"” loge‘on the cover page of this document indicates that it
ains colours which are considered to be useful for the correct understanding of its
ents. 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 document gives general guidance on the subject of voltage sourced converters (VSC)
used for fransmission 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 DC voltage remains fixed) but also self-commutated, using semicandyctor
devices which can both be turned on and turned off by control action. The scopelinclydes
2-leyel and 3-level converters with pulse-width modulation (PWM), along withl/multi-level
conyerters, modular multi-level converters and cascaded two-level converters,)but exclydes
2-leyel and 3-level converters operated without PWM, in square-wave output ' mode.

HVDC power transmission using voltage sourced converters is known.as *VSC transmissign".

Thel various types of circuit that can be used for VSC transmission are described in |this
docliment, along with their principal operational characteristics jand typical applications. [The
overall aim is to provide a guide for purchasers to assist with the task of specifying a YSC
tranpmission scheme.

Ling-commutated and current-sourced converters. Jare specifically excluded from [this
docliment.

2 |Normative references

Thelfollowing referenced documents-are indispensable for the application of this document.
For |[dated references, only the edition*cited applies. For undated references, the latest edjtion
of the referenced document (including any amendments) applies.

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

IEC|62747, Terminolegy for voltage-sourced converters (VSC) for high-voltage direct cufrent
(HVDC) systems

3 [Terms.and definitions

For [the/purposes of this document, the terms and definitions given in IEC 62747, IEC 62501
and the following apply.

ISO and IEC maintain terminological databases for use in standardization at the following
addresses:

e |EC Electropedia: available at http://www.electropedia.org/

e |SO Online browsing platform: available at http://www.iso.org/obp
3.1 General

Basic terms and definitions for voltage sourced converters used for HVDC transmission are
given in IEC 62747. Terminology on electrical testing of VSC valves for HVDC transmission is
given in IEC 62501.
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To support the explanations, Figure 1 presents the basic diagram of a VSC system.
Dependent on the converter topology and the requirements in the project, some components
can be omitted or can differ.

A

C point of

common coupling

Key

0o N o o b~ W DN -

2)

3)

4)

5)

6)

7)

8)

DC point of
common coupling

Converter unit

M VSC unit
~ 1 L,
u—-u\m—o—‘—ﬂw\—#/—m—#/¢ ANAD _-5 )\‘@
0 = ) ] — T} g
X L 5]
iT ir
& B~ P =
VSC unit Q‘)l/
- el iy
= TS
L 5
I I &
Hl ERNPS L
(6] A
IEC

circuit breaker

pre-insertion resistor

line side harmonic filter )

line side high frequency filter/)

interface transformer

converter side harmonic Tfilter 1)

8  converter side high\frequency filter 2)

phase reactof 2

9 VSC unit ¥

10  VSC DC capacitor 4

11 DC harmonic filter !

12 dynamic braking system 7)

13 neutral point grounding branch %
14 DC reactor ®

15 DC cable or overhead transmission line

some de€sighs of VSC based on controllable voltage source valves, it is possible the harmonic filter is not

bquireds

some-designs of VSC, the phase reactor can fulfil part of the function of the converter-side high freqyency

ter:

In some VSC topologies, each valve of the VSC unit can include a "valve reactor", which can be built into the

valve or provided as a separate component.

In some designs of VSC, the VSC DC capacitor can be partly or entirely distributed amongst the three-phase
units of the VSC unit, where it is referred to as the DC submodule capacitors.

The philosophy and location of the neutral point grounding branch can be different depending on the design of
the VSC unit.

In some designs of VSC, the interface transformer can fulfil part of the function of the line-side high frequency

fi

Iter.

Optional.

Optional.

Figure 1 — Major components that can be found in a VSC substation
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3.2 Letter symbols
Uecony  line-to-line AC voltage of the converter unit(s), RMS value, including harmonics
Isony alternating current of the converter unit(s), RMS value, including harmonics
U line-to-line AC voltage of the AC system, RMS value, including harmonics
I alternating current of the AC system, RMS value, including harmonic
Uge DC terminal-to-terminal voltage of one converter unit
Iy DC current of the DC bus of the VSC transmission system
3.3 | VSC transmission
3.3.1
VS(G DC capacitor
capacitor bank(s) (if any) connected between two DC terminals of thé |VSC, used for engergy
storhge and/or filtering purposes
3.3.p
AC side radio frequency interference filter
RFl|filter
filtefs (if any) used to reduce penetration of radio frequency interference (RFI) into thel AC
system to an acceptable level
3.3.8
conperter side high frequency filter
filters (if any) used to mitigate the HF stresses’ of the interface transformer
3.3.t
DC kside radio frequency interference filter
filters (if any) used to reduce penetration of radio frequency (RF) into the DC system to
acceptable limits
3.3.p
type tests
tests carried out to-verify that the components of VSC transmission system design will meet
the requirements,specified
Note|1 to entry™\“n this document, type tests are classified under two major categories: dielectric tests| and
operational tests’
3.3.p
dielectric-tests

tests carried out to verify the high voltage withstanding capability of the components of VSC

tran

3.3.

smission system

7

operational tests
tests carried out to verify the turn-on (if applicable), turn-off (if applicable), and current related

cap

3.3.

abilities of the components of VSC transmission system

8

production tests
tests carried out to verify proper manufacture, so that the properties of the certain component
of VSC transmission system correspond to those specified
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3.3.9

sample tests

production tests which are carried out on a small number of certain VSC transmission
components, for example valve sections or special components taken at random from a batch

3.4 Power losses

3.41
auxiliary losses
electric power required to feed the VSC substation auxiliary loads

Note|1 to entry: The auxiliary losses depend on whether the substation is in no-load or carrying load,.in, which
case|the auxiliary losses depend on the load level.

3.4.p
no-load operating losses
lossfes produced in an item of equipment with the VSC substation energized but with| the
VS(s blocked and all substation service loads and auxiliary equipment connected as reqyired
for immediate pick-up of load

3.4.8
idling operating losses
losses produced in an item of equipment with the VSC substation energized and with| the
VS(s de-blocked but with no real or reactive power output

3.4.4
operating losses
losses produced in an item of equipment at asgiven load level with the VSC substdtion
enefgized and the converters operating

3.4p
totall system losses
sum of all operating losses, including:the corresponding auxiliary losses

3.4.p
statfion essential auxiliary_ load
loads whose failure will affect the conversion capability of the HVDC converter stdtion
(e.g} valve cooling), as well as the loads that need to remain working in case of complete [loss
of AIC power supply (e:g. battery chargers, operating mechanisms)

Note[1 to entry: Jotal "operating losses" minus "no-load operating losses" can be considered as being
quantitatively equiyalent to "load losses" as in conventional AC substation practice.

4 |VSGC-transmission overview

4.1 —Basicoperatingprinciptesof VS€-transmission

411 Voltage sourced converter as a black box

The operation of a voltage sourced converter is described in greater detail in Clause 5. In 4.1,
the converter is treated as a black box that can convert from AC to DC and vice versa, and
only steady-state operation is considered.

Figure 2 depicts a schematic diagram of a generic voltage sourced converter connected to a
DC circuit on one side and to an AC circuit on the other.
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+ ist + ~ I Xoonv
— resistance Uy ° conv (TY\I ° -
_ _ — Uconv U
\ g
VSC DC
capacitor

NOTE AC filters are not shown.

Figure 2 — Diagram of a generic voltage source converter

The[VSC can be operated as either an inverter, injecting real power into the AC\network
Uq4c > 0), or as a rectifier absorbing power from the AC network (Iy x Uy, <-0). Similarly,

IEC

[y %
the

VS can be operated either capacitively, injecting reactive power intoJthe AC network
(Im(U_-1.) > 0), or inductively, absorbing reactive power from the AC nétwork (Im(U, ‘1) £ 0).

The[ VSC can be operated capacitively or inductively in both the inverter and the rect
mode.

ifier

Thel| designation voltage sourced converter is used because’the function of the VSC is

predicated on the connection of a voltage source on the DC side.

To the left in Figure 2, a DC voltage source Ug is shown with a DC resistor Ry represer
the DC circuit resistance, and a DC capacitor connected. The DC shunt capacitor serves
purgose of stabilizing the DC voltage Uy. Depending on the VSC converter topology, the

ting
the
DC

storhge capacitor is realized either as a centralkDC storage capacitor between both poles or
as multiple storage capacitors distributed within the converter phase units. The convergion

from DC to AC takes place in the VSC as éexplained in Clause 5.

On the AC side, an interface inductance X, is provided which serves two purposes: fir
stalfilizes the AC current, and secondly, it controls active and reactive output power from
VS(, as explained in 4.1.2. The interface inductance can be implemented as reactors
leaklage inductances in transformers, or as a combination thereof. The DC capacitor on
inpUt side and the AC intekface inductance on the output side are important components
the proper functioning of aVSC.

A passive or active AC network can be connected on the AC side of the VSC. If the VS
connected to a passive network on its AC side, the power flow can be only from the DC i
side] towards ¢he passive load on the AC side. However, if the AC side is connected tq
actiye AC nnetwork, the power flow can be in both directions by controlling the AC vol
outgut Uggy,y, of the VSC.

5t, it
the
| as
the
for

C is
nput

an
age

By cr\nfrn”inn tha nhaca anala Af 77 etiva nowar threaiah tha \/QC ~on ha nnnh-r”ed
ontrolling-thephase-angle-ef-Uonythe-active pewerthrough-the -\ SC-ean-be-eentre

as explained in 4.1.2.2. By controlling the voltage amplitude of U, the reactive power
through the VSC can be controlled as explained in 4.1.2.3.

4.1.2 Principles of active and reactive power control
4.1.2.1 General

The VSC can be considered as an equivalent of a synchronous generator without ine
which has the capability of individually controlling active and reactive power.

rtia,

The exchange of active and reactive power between a VSC and the AC grid is controlled by
the phase angle and amplitude of the VSC output voltage in relation to the voltage of the AC

grid.
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The active and reactive power are related to the AC voltages U, and U, of the AC system
and converter respectively, the reactance X between these voltages and the phase angle 6
between them, according to the following:

Ul xUggpy X SN
X

P:

UL x (UL = Uggpy X €0SJ)

0= %
If ULony is in phase with the line voltage U and its amplitude is equal to U, thereJisshg AC
current /., from the VSC. Under these conditions, the DC current /; becomes zero and the

DC tapacitor voltage Uy, becomes equal to the DC source voltage Us.

4.1.p.2 Principle of active power control

The|principle of active power control is depicted in Figure 3, where the active power thrqugh
the [nterface inductance is controlled by regulating the VSC voltagesangle.

Xconv x Iconv Xconv x Iconv
A A
I \ ]
I \ /
Usorv I UL Uy Uconv Uconv 1 UL
| \ 1
1 \ )
| v W
I \ s 1
I \ conv I
I \ 4
Iconv
Y
Peony=0 Peony <0 Peony >0
Ugonv = Ul Rectifier Inverter
operation operation

=0
conv IEC

Figure 3 — Principle of active power control

If the angle of the VSC output voltage leads the AC grid voltage, the VSC will inject active
power to the AC grid, i.e., it operates as an inverter. On the DC side, an equivalent current
will be drawn from the DC source and the voltage Uy will decrease in accordance with Ohm's
law (UdC = US - Rdld)

If, on the other hand, the VSC output voltage lags the voltage of the AC grid, the VSC will
absorb active power from the AC grid, i.e., it operates as a rectifier. On the DC side, an
equivalent current will be injected into the DC source and the voltage Uy, will increase in
accordance with Ohm's law (Uy, = Ug + Ry 1y).

If the VSC is connected to a passive load, an AC output current will be drawn from the VSC
determined by Ohm's law I.5,, = Ugony/Z- Again, an equivalent DC current will be drawn from
the source and the voltage Uy, on the DC capacitor will drop to a value determined by Ohm's
law. No active power can be drawn from the AC side, because it is a passive AC circuit.
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4.1.2.3 Principle of reactive power control

When active power P = 0 the principle of reactive power control is depicted in Figure 4, where
the reactive power through the interface inductance is controlled by regulating the amplitude
of the VSC output AC voltage.

If the amplitude of the VSC output voltage U.,,, is higher than the AC grid voltage U, the
VSC will inject reactive power in the AC grid, i.e., will operate in the capacitive mode. If the
amplitude of the VSC output voltage is lower than the AC grid voltage, the VSC absorbs
reactive power from the AC grid, i.e., the inductive operating mode.

4.1.8 Operating principles-of a VSC transmission scheme

A
Xeonv * Leonv E
I IE Xoonv * Toonv }
I | 1
I it I
U, I U o I U, U I U,
conv I L L I conv L I conv
I | |
I | |
I | |
I | ]
Toonv Toonv
Oconv =0 Oeonin< 0 Oconv> 0
Uconv = UL eonv < UL Usonv > UL
Iony=0 Inducti_ve Capaci_tive
operation operation

IEC

Figure 4 — Principle of reactive power control

The| point-to-point VSG\ transmission scheme shown in Figure 5 consists of two V[Cs
intefconnected on thenDC side via a DC transmission line and connected to two differenf AC
grids on the AC side:"The basic characteristics of a VSC have been described in 4.1.1 |and
4.1.R. One of these-characteristics is that the DC voltage polarity usually remains the sameg (in
confrast with{Jine-commutated converter (LCC) HVDC, where the polarity of DC voljage
depends on(the direction of power transfer). Therefore, the direction of the power flow on the
DC Jine jstusually determined by the direction of the DC current. In Figure 5, the current fflow
and|the‘power flow are from VSC1 (the sending or rectifier end) to VSC2 (the receiving or

inverter’end) of the DC line.

AC grid 1

DC transmission line

VSC1 Iy Ry VSCc2 AC grid 2

. > | — .
Xconv‘l + | ~ Xconv2 ZL2

Uiy =

(DA T~ =T - e ()

Sending end Receiving end
IEC

Figure 5 — A point-to-point VSC transmission scheme
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The direction of a DC current is always from a higher DC voltage level to a lower DC voltage
level. The DC voltage at the sending end of the DC line therefore needs to be higher than the
DC voltage at the receiving end. The value of the current is determined by Ohm's law, as the
voltage difference between sending and receiving ends divided by the resistance in the DC
line ]d = (Ud1 - UdZ)/Rd

For example, the DC line power flow can be controlled by holding the DC voltage at the
receiving end converter (the inverter) at a constant value, and by letting the sending end
converter (the rectifier) control the DC current.

4.1.4—Applications— oV SC-transmission

In general, the main fields of application of HVDC transmission are interconnection of
asymchronous AC systems and long-distance transmission via overhead lines and.cables.|The
follgwing characteristic features of VSC transmission are decisive for different applications.

e The smaller amount of external equipment such as AC harmonic filters results |n a
tompact design of VSC converter stations. Small footprints are benefigial for applicatjons
vith spatial limitations such as installations in city centres or on remote offshore platfofms.

e $Hince VSC transmission is based on self-commutating operation; applications with isolated
Ind weak AC systems are feasible. During normal operatiof, the VSC provides volfage

nd frequency control of the AC system. Operation during AC faults is a major criterion for
SC. The ability of the VSC to inject fault currents facilitates AC system protection|and
fault clearing. Examples are connection of remote wind farms, oil and gas platforms|and
remote mines.

irection of power flow requires the reversal of DC current. In case of parpllel
interconnection of AC systems via AC and.DC lines, fast power reversals via DC cufrent
ontrol provide an accurate measure for doad flow stabilization between the AC systgms.
Bince the polarity of DC voltage does noétreverse, multi-terminal systems and HVDC grids
are easier to realize with VSC than with LCC HVDC.

o %n most cases, VSC transmission operates with~a fixed DC voltage polarity. A reversal of
i

4.2 [ Design life

The|selection of VSC transmission as an alternative to LCC HVDC, AC transmission, or Ipcal
generation is normally motjvated by financial, technical or environmental advantages. When
evaluating different technolegies, it is important to compare their life cycle costs.

The|technical design(Tife of transmission systems is normally very long — 30 years or more. An
investment, however, needs only to last as long as it can provide the highest capital vdlue,
and|this is desighated the "optimal life". The optimal life will always be equal to or less than
the fechnical design life.

4.3 | VSC-transmission configurations

4.3.9—General

With VSC transmission, there are several possibilities for the DC circuit and converter units.

Each VSC substation can be constructed from a single converter unit, resulting in a
monopolar transmission scheme.

In some applications, it can be necessary or advantageous to combine several converter units
each constructed using the same converter phase unit topology. For example, it might not be
technically feasible or economically optimal to achieve the power, voltage or current rating
with a single converter unit. Several converter units can be combined to achieve increased
availability and limited power outage upon faults.
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The combination of two or more converter units can be accomplished in a number of ways.
The DC terminals of the converter units can be connected in parallel to achieve high output

curr

ents or in series to achieve high output voltages.

4.3.2 DC circuit configurations

Both cables and overhead transmission lines can be used for VSC transmission. However,
there are several aspects associated with the basic principle of VSC transmission that can

influ

ence the choice.

e Since a VSC generally allows only one DC voltage polarity, the cable does not need to be

q

A H
tran

4.3.
4.3.
The

e q

4.3.

In 4

polgrity. The neutral point t\ef'the DC circuit is earthed, either by capacitors as show

FigJ

faults along them are likely. Most line outages are temporary mand transmis

symmetrical monopole;

° Isymmetric monopole with metallic return;

pbolyethylene (XLPE) DC cables. Faults on DC cables are considered as excepti

power transfer.

Bince overhead transmission lines are always exposed to lightning strikes-and pollu

ecommences once the fault is cleared and the air insulation is restored

ack-to-back configuration is a special case of VSC transmission where the
smission distance is zero.

B Monopole configuration
3.1 General

VSC converter can be operated in different monopolar configurations:

symmetric monopole with earth returh.
3.2 Symmetrical monopole

symmetrical monopole, the. DC output voltages are of equal magnitude but oppg

re 6 or by other means).for example a high-frequency earthing reactor on the AC side,

(O | E2 | D~

i

lesigned for voltage polarity reversal. This allows the use of extruded cross-linked

bnal

bcenarios which result in a permanent fault of the affected section and an intefruption of

ion,
sion

DC

site
n in

IEC

Eigure 6 — VSC transmission with a symmetrical monopole |

4.3.3.3 Asymmetrical monopole

In an asymmetrical monopole as shown on Figure 7 and Figure 8, the DC side output from the
converter is asymmetrical with one side typically connected to earth. It is possible to operate
the transmission system in metallic return or in earth return.
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Figure 7 — VSC transmission with an asymmetrical monopole with metallic return

D" SiaciDe

B =

IEC
Figure 8 — VSC transmission with an asymmetrical monopole with earth return

4.3.4 Bipolar configuration

Twd asymmetrical converters can be connected together in a“bipolar configuration either with
earth return (Figure 9) or dedicated metallic return (Figuré 10).

Pole

HVDC: ling, or.cable

(0 O -

(0~ 5> -

HVDC: line or cable

Pole

IEC

Figure 9 — VSC transmission in bipolar configuration with earth return

The meutratreturmbus tam be designed by a simmitar process to thatwhich s mormmatty used for
bipolar LCC HVDC schemes.

When there is an outage of a converter or DC line/cable, there is normally designed a
possibility to operate the remaining system in asymmetrical monopole operation.
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Pole

HVDC: line or cable
—(D—H Nian€Om
Metallic return line or cable

-

QI
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{0 —H

— HVDC: line or cable

Pole

Figure 10 — VSC transmission in bipolar configuration with dedicatéd-metallic return

A variant of the bipolar configuration, known as the rigid bipolar configuration (Figure 11)), is
alsq possible. In the rigid bipolar configuration, there is no neutral connection between| the
two |converter stations. Bypass switchgear is provided in parallel with each converter unit guch
that[ in the event of a fault in one converter unit, the system-can still be operated with| the
rempining pole, using the pole conductor of the faulted pole”as the neutral return. With| the
rigid bipolar configuration, power transmission on both poles is interrupted for a short tme,
while the bypass switchgear is operated, before resuming on the healthy pole.

Pale

~ J_/ HVDC{Jife or cable \J- \ ~ L

L

:Q)_,;;L'” _I\ /I _NW_

HVDC: line or cable

Pole

IEC

Figure 11 — VSC transmission in rigid bipolar configuration

4.3.5 Parallel connection of two converters

The DC terminals of two VSC converters can be connected in parallel resulting in high DC
currents (Figure 12).

To prevent undesirable interaction between the two parallel-connected converters, some level
of impedance could be provided between the two converters.
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Figure 12 — Parallel connection of two converter units

Where parallel connection of converter units is chosen, a high levehcontrol is require
ordegr to coordinate current orders between the converter units.

In grder to achieve high reliability upon internal converter unit faults, additional switc

and
DC

43.

or breaking devices are required to isolate a faulty converter unit. Obviously, the com
ransmission circuit has no redundancy upon DC line faulis.

b Series connection of two converters

Twqg VSC converters can be connected in series:on their DC side. This approach can be U

to €
indi

The
outl

4.3.

Inp
Con

4.4

xtend the DC voltage capabilities of a VSC-transmission relative to the capability of
idual converter units.

technically most relevant scenario of series connection is the bipolar arrangen
ned in 4.3.4.

7 Parallel and series connection of more than two converters

hing
mon

sed
the

hent

rinciple, it is also possible to connect more than two converter units in parallel or in sefies.

nections of each converter unit are either to separate windings of a common transfoimer
or tg separate transformers.
In deneral, thewincreased complexity of multi converter units needs to be evaluated pwith
regard to project specific requirements.

Semiconductors for VSC transmission
1 ' £ L+ A 4 4+l H Al 4+ t
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a unipolar voltage and need to be able to conduct the current in both directions. Therefore,
power semiconductor switches with turn-on and turn-off capability and with a high voltage
blocking capability (typically several kV) in the forward direction are needed.

Today, these requirements are usually achieved by a parallel connection of a turn-off
semiconductor device and a so-called free-wheeling diode as shown in Figure 13. However,
one variant of the IGBT, the bi-mode insulated gate transistor (BiGT), allows bidirectional
conduction of current in the same silicon wafer and therefore does not need a separate

free

-wheeling diode.
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Figure 13 — Symbol of a turn-off semiconductor device
and associated free-wheeling diode

Varipus different turn-off semiconductor devices are suitable for VSC technology, but
IGB['s (insulated gate bipolar transistor, as shown in Figure 14) and variants of the IGBT"g
as the BiGT and the injection enhanced gate transistor (IEGT) are used in commefgial V
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NOTE Semiconductor devices suitable for VSC transmission type are divided into twe,€ategories: the "trans

type,
type
abilit
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use ip high voltage applications such as VSC transmission more difficult for the' time being. Study of the applid|

of de

Like
swit
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grad

An |
The
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IGB
sho

C projects that have been built to date. Therefore the descriptionf|of tur
iconductor devices in this document is concentrated on IGBTs, although
iconductors such as GTOs and IGCTs are also usable.

which includes IGBTs, and the "thyristor" type, which includes GTOs and IGCIs/ Devices of the "thyr

to control the device smoothly between the off and on states using attive gate control. Devices o
stor" type also have higher gate power consumption than devices of the "transistor" type, which makes

ices of the “thyristor” type, such as IGCTs, is still going on.

IEC
Figure 14 — Symbol of an IGBT and associated free-wheeling diode

all diodes, the free-wheeling diodes, which are connected in parallel to the controll
ch, have a significant reverse recovery current when they turn off. Both the IGBTs as
he free-wheeling diodes-need to cope with these switching transients, particularly cun
ients and voltage gradients.

GBT is a voltage' controlled device; only capacitive currents can flow in the gate term
device cantbe controlled at any instant, even during the switching transients, i.e. the
ent can bedinfluenced by the gate voltage.

s are short-circuit proof within defined operating conditions. This means that in case

only
uch
SC-
-off
ther

stor"
stor"

can handle larger powers than devices of the "transistor" type, but lack ceptain~control features such ap the

f the
their
ation

able
well
rent

nal.
oad

of a
own

t\Circuit, the IGBT limits the load current to several kiloamperes (a process usually kn

as d

applied to turn off the fault current and not to thermally overstress the device.

e-saturation). Within some microseconds, an appropriate gate turn-oit signal needs 10 be

Switching times of IGBTs are in the range of microseconds or less. Furthermore, the switching
slopes can be adjusted by the gate drive circuit, achieving the optimal waveforms concerning
over-voltage peaks and switching losses. Snubbers to keep the rates of rise of current and
voltages to acceptable limits are not necessary in many cases. The gate drivers for IGBTs can
be simple, since they need to deliver only a few watts of control power to the gate.

High power IGBTs are made up by a parallel connection of chips to achieve the required
current capability. The chips are mounted in press packs or module housings. In most cases,
the FWD chips are included in the same housing.
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Press pack housings are intended to be clamped between heat sinks; the paths for current
and heat are the copper poles of collector and emitter of the devices that are separated by a
ring of insulating material. For high voltage devices, this material is high strength porcelain in
most cases, though glass fibre reinforced resin is also used.

Module IGBTs are designed for single sided cooling and are mounted on heat sinks by screws;
spring loaded clamping is not necessary. The electrical terminals are on the top side of the
module; the heat flows through the base plate of the module to the heat sink. Since the
electrical part of the module is insulated to the base plate, it is possible to mount modules
with different voltage potentials on a shared heat sink.

5 |VSC transmission converter topologies

5.1 General

For|a high power VSC transmission system, the key issue that determines the cost [and
operating losses of the overall system is the power circuit structure to construct the AC odtput
voltage waveform. The output voltage waveform needs to approximateca‘sine-wave in order to
eliminate or minimize the need for harmonic filtering. The switching ‘converter considered for
pragtical implementation is a voltage sourced converter operated with a fixed DC voltage.|[The
conyerter is a combination of turn-off semiconductor devices that connect the DC ipput
voltage periodically to the output for some intervals to produce the AC output voltage. [The
conyerters at each end of a VSC transmission system, can” be arranged in a numbefr of
diffdrent ways, with the configuration of the converter~normally being referred to ag its
topdlogy. At the time of writing, two different convertet/types have been used for commefcial
projects: those in which the converter valves act asj'controllable switches and those in which
the converter valves act as controllable voltage soufces. These two types are described in 5.2
and|5.3 respectively.

Some other converter topologies which ‘share the characteristics of both the controllable
switch and controllable voltage source types have been described in the literature [1]1.

It is|a fundamental criterion for any viable topology that it enables the functional requiremgnts
to bg met. Different topologies have different technical characteristics, and therefore allow the
overall scheme to be optimized’in different ways. Manufacturers can have different prefefred
topglogies and be able to ‘best optimize their proposals around this preferred topology. |It is
recdmmended that customers do not stipulate the topology to be used for a VSC transmispgion
system, unless there,are' compelling reasons for doing so.

It i3 possible .o\ -arrange the converters to have a single-, three- or multi-phase| AC
outgut/input. €obr the purpose of this document, only the three-phase arrangement wil] be
disclussed.

5.2 | <Converter topologies with VSC valves of switch type

5.2.1 General

The converter switches (normally called VSC valves) perform the function of connecting the
AC bus to the DC terminals. If the connection is direct through two alternately operating
switches, the AC bus voltage will change between the voltage levels at the two DC terminals.
Such a converter is known as a 2-level converter. In the 2-level converter, each of the VSC
valves needs to withstand the voltage between the two DC terminals.

T Numbers in square brackets refer to the Bibliography.
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If the DC capacitor is subdivided, or additional DC capacitors are added, it is possible to
arrange for the AC voltage to move not only to the voltage at one of the two DC terminals but
also to intermediate levels. The number of voltage levels to which the AC bus voltage can be
switched will depend on the number of valves and the number of DC capacitor subdivisions or
additional DC 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 AC bus can be switched to attain more than three
different voltage levels.

In 3-level or multi-level topologies, the VSC valves do not normally need to be designed for
the full DC terminal-to-terminal voltage. For example, in normal operation, each valve in a
3-leyel converter topology experiences only 50 % of the terminal-to-terminal DC voltage.
Simllarly, in normal operation, each VSC valve in an n-level topology experiences.'only| the
ternjinal-to-terminal DC voltage of the phase unit divided by (n - 1).

In 5]2.3 and 5.3, converter topologies suitable for VSC transmission systems will be descr|bed
in more detail. It is noted that a considerable research and development”effort is bging
invelsted in voltage sourced converter technology, so additional suitable _topologies will likely
become available subsequent to the issue of this document.

5.2.p Operating principle

The|basic operating mechanism of an ideal VSC is covered.itv5:2.2. The description is inifially
limited to a 2-level VSC. The 2-level VSC is the simplest structure needed to convert a DC
voltage into AC voltages. Although other types of multi-level VSCs are more complex, {heir
basic operating principle does not differ from that of the\2-level VSC.

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 sefies-
connected semiconductor devices, and is\‘described in greater detail in 5.4. The dtray
inddctances are neglected here, and the,DC capacitors have been assumed to have infjnite
capacitance — i.e., no DC voltage ripplesis shown.

As explained in 4.1, the output ‘ef“the VSC needs to be connected in series with a phase
reagtor. The phase reactor enables the VSC to control power flow in addition to smoothing the
outgut current.

5.2.3 Topologies
5.2.8.1 Two-level converters

A 2ilevel converter is the simplest switching arrangement capable of producing AC output
from a DC.source in the form of a simple square-wave. A three-phase converter using three
2-leyel phase units is illustrated in Figure 15.
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Figure 15 — Diagram of a three-phase 2-level converter
and associated AC waveform for one phase
The[AC waveform shown in Figure 15 is the phase-to-neutral veltage. The neutral voltage is
the Average voltage of the converter's two DC terminals.
Singe the square-wave output voltage shown in Figure 45 is not acceptable in a pracfical
HVDC scheme, this converter type is normally operatéd with pulse width modulation (PYM)
as described in 9.3.
A typical PWM-switched waveform, using a carrier-based control method with a switching
frequency of 21 times the fundamental frequency, is given in Figure 16. For the purpose of
this|illustration, the DC capacitor has been{assumed to have an infinite capacitance (i.e|, no

DC

voltage ripple).
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Figure 16 — Single-phase AC output for 2-level converter
with PWM switching at 21 times fundamental frequency

Other PWM techniques are also available, such as optimized PWM (OPWM) or selective
harmonic elimination method (SHEM). These aim to improve the compromise between power
transfer capability, switching frequency and harmonic performance.

5.2.3.2 Three-level neutral-point clamped (NPC) converters

A three-phase converter consisting of three 3-level phase units is illustrated in Figure 17. The
converter has three DC terminals to connect to a split or centre-tapped DC source. As seen,
there are more valves used than in the 2-level phase unit, and additional diodes or valves are
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required to connect to the DC supply centre-tap, which is the reference zero potential.
However, with identical valve terminal-to-terminal voltage rating, the total DC supply voltage

can be doubled so that the output voltage per valve remains the same.
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Figure 17 — Diagram of a three~phase 3-level NPC converter
and associated AC waveform for one phase
NOTE The neutral-point clamping diodes shown-in* Figure 17 can be replaced by IGBTs in some applications.
The[AC waveform shown in Figure 17 is the phase-to-neutral voltage. The neutral voltage is
the poltage at the midpoint of the*DC capacitor. As illustrated in Figure 17, the output volfage

of the 3-level phase unit can &€ positive, negative, or zero. Positive output is produced by
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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 switching
events per cycle.

The operating advantages of the 3-level phase unit can only be fully realized with some
increase in circuit complexity, as well as more rigorous requirements for managing the proper
operation of the converter circuit.

An additional requirement is to accommodate the increased AC ripple current with a generally
high triplen harmonic content flowing through the mid-point of the DC supply. This can
necessitate the use of a larger DC storage capacitor or the employment of other means to
minimize the fluctuation of the mid-point voltage. However, once these problems are solved,
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the 3-level phase unit provides a useful building block to structure high power converters,
particularly when rapid AC voltage control is needed.

In common with the two-level converter, this converter is normally operated with PWM. A
typical PWM switched waveform, using a carrier-based control method with a frequency of 21
times fundamental frequency, is given in Figure 18. For the purpose of this illustration, the DC
capacitor has been assumed to have an infinite capacitance (i.e., no DC voltage ripple).
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Figure 18 — Single-phase AC output for 3-level. NPC converter with PWM
switching at 21 times fundameéntal frequency

5.2.8.3 Other multi-level converter topologies

Thel neutral-point clamped circuit can be .extended to higher numbers of output levels| for
example 5 levels, but at the expense, of disproportionately greater complexity. Andther
conyerter type which has been used_-in® some power electronic applications is the "flying
capacitor" or "floating capacitor" circuit; which can also exist in 3-level and 5-level forms| but
suffers the same disproportionately greater complexity as the number of output levels is
increased. These and other possibte multi-level converter topologies are described in [2], [3].

5.3 | Converter topologies’with VSC valves of the controllable voltage source type
5.3.11 General

With valves of the“controllable voltage source type, each VSC level is effectively a single-
phagse VSC in~ts*own right, and contains power semiconductors and a capacitor for energy
storhge. Eachlevel has two main terminals used for the series connection of the VSC lejpels
withjin thewvalve. By appropriate control of the IGBTs within the valve level, either the voliage
of the capacitor or zero volts can be applied to the main terminals of the VSC level.

By individual and appropriate control of the VSC valve levels, a desired voltage can be
generated at the valve terminals. The valve voltage is the sum of the capacitor voltages of the
submodules that are in the active state (i.e. in which the capacitor voltage is applied to the
main terminals of the VSC level). The VSC valve submodules or cells are controlled such that
the sum of the voltages of the upper arm and lower arm of one phase unit equals to the DC
voltage whereas the instantaneous voltage on the AC terminals is determined by the
difference between the voltages of the two converter phase arms of one phase unit.

Assuming infinite storage capacitances with equal voltages in the individual MMC building
blocks, n + 1 different voltage steps can be applied to the terminals of a valve consisting of n
valve levels. Assuming a high number of VSC levels per valve, the topology can be
approximated by electrical equivalent as shown in Figure 19. Each valve can be considered
as a controllable voltage source.
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The valve reactors contribute to both the phase reactance and the DC reactance, and are
essential for the current control within the phase units. Furthermore, they also limit the peak
current and current gradients in case of severe faults, such as short circuit between the DC
terminals.
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Figure 19 — Electricalequivalent for a converter with VSC valves
acting, like a controllable voltage source

Becpuse of its modular désign and the multi-level technology, it is referred to as modular
mulii-level converter (MMC) topology. For the design of the individual VSC levels, different
powier building blocks-Can be used. At the time of writing, three different topologies are us¢d:

¢ MMC with VSC fevels in half-bridge topology;
o IMMC with®¥/SC levels in full-bridge topology;

e MMC with'VSC levels in a mixture of half-bridge and full-bridge topologies.

Singe the circuit is inherently modular, it is relatively straightforward to obtain high numbefs of
outputtevets; withoutTequirmg either PWhtorseries=commectedtGBTs—Thus, ACfitters can
be omitted in many cases and considerations of voltage distribution amongst series-
connected IGBTs do not arise.

This type of converter can also be realized with multiple IGBTs connected in series in each
controllable switch, giving an output voltage waveform with fewer, larger, steps than the MMC.
This configuration is referred to as the cascaded two-level (CTL) converter but is functionally
identical to the MMC in every aspect apart from the harmonic performance which can be
slightly poorer.

5.3.2 MMC topology with VSC levels in half-bridge topology

Each of the 6 variable voltage sources shown in Figure 19 is realized with a series connection
of identical VSC valve levels with an electrical equivalent as shown in Figure 20. The VSC
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valve level is a two-terminal component with its own DC storage capacitor unit as shown in
Figure 20. These VSC valve levels are individually controlled and can be switched between a
state with full submodule voltage (voltage of the associated storage capacitor) and a state
with zero submodule voltage for both current directions. If the submodule voltage is applied to
the VSC valve level terminals, the capacitor can be charged and discharged dependent on the
current direction of the converter arm.

The

Li nt , > L

IEC

Figure 20 — VSC valve level arrangement and equivalent circuit
in MMC topology in half-bridge topology

typical electrical arrangement of VSC valve levels and valve reactors in a converter b|

is shown in Figure 21.
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Figure 21 — Converter block arrangement with MMC topology
in half-bridge topology
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5.3.3 MMC topology with VSC levels in full-bridge topology

022

The MMC topology with "full-bridge" VSC levels operates on very similar principles to that
based on half-bridge VSC levels. The principal difference is that each VSC level consists of

one

storage capacitor and four IGBTs in a bridge configuration as shown in Figure 22.
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5.3.4 CTL topology with VSC cells in half-bridge topology
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Figure 22 — VSC valve level arrangement and equivalent-circuit
in MMC topology with full-bridge topology

ommon with the half-bridge submodule configuration, each VSC level in the full-br
iguration is capable of producing an output voltage of.zéro or a positive output vol
b| to the capacitor voltage. However, it can alternatively _produce a negative output vol
bl to the capacitor voltage.

contrast to the converter arrangements outlined in 5.2 and 5.3.2, this convg
be beneficial in applications where a VSC, transmission station is connected as a tap

xisting line commutated HVDC link orwhen the HVDC scheme uses a line commut
fier and a voltage sourced inverter.

bcond advantage of the full-bridge circuit is that it permits faults on the DC side of]
erter to be cleared by using only the power semiconductors in the valve, without requ
additional switchgear.

the other hand, the_ full-bridge circuit requires, in principle, twice the number of IG

h of the @ \variable voltage sources shown in Figure 19 is realized with a series conned

functions electrically equivalent to one level of the MMC described in 5.3.2, except
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enticalVSC valve cells. One VSC valve cell acts as a single-phase two-level converter

that

voltage rating is higher. Instead of a single IGBT-diode pair in each switch posi

ion,

mul

in one CTL cell.

Iple IGB I-diode pairs are connected In series and synchronously controlled as one switch

The typical electrical arrangement of VSC valve cells and valve reactors in a converter block
is similar to Figure 21. The MMC building blocks depicted in Figure 21 are substituted by

valv

The

e cells in CTL topology.

cell DC capacitor voltage in the CTL topology corresponds to one valve voltage step.

5.3.5 CTL topology with VSC cells in full-bridge topology

The CTL topology with "full-bridge" VSC cells functions similarly, in principle, to the MMC
topology with VSC levels in full-bridge topology, in 5.3.3. The main difference between CTL
topology with VSC cells in full-bridge topology and MMC topology with VSC levels in
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full-bridge topology is the number of IGBT-diode levels per CTL cell or MMC level. Each CTL
cell consists of one IGBT-diode pair in each switch position.

5.4

VSC valve design considerations

541 Reliability and failure mode

In addition to the number of series-connected valve levels that are needed to sustain the
converter voltage rating, each single valve in a VSC transmission scheme needs to include a
few redundant valve levels. In case of failure of an individual valve level component,
uninterrupted operation of the remaining healthy valve levels is mandatory. Therefore, a faulty

valve level needs to safely and controllably enter into a short-circuit mode and be capabl
condlucting current until it can be changed out, for example during a scheduled mainteng
peripd.

Thig

connected valve levels, and needs to be verified by appropriate tests undericonditions
are relevant for a particular application. Some special designs of presspack 1GBT allow S
to be assured. Module IGBTs, however, do not exhibit this behaviour'and a faulty mo
IGBJI can result in an open circuit. Thus, additional components in parallel to the valve |

terni

The

adequately low failure-in-time (FIT) rate.

In selecting the operating voltage and current of the,I1GBT, due consideration needs td
giveln to the load cycling requirements for the VSC ‘system.

5.4.p Current rating

Oneg

addftion, the valve needs also to be;able to handle peak current, including ripple
trangients, as well as margins for eontrol and protection actions including converter v
blogking delays and circuit breaker operating time. The rated arm current gives the non
stregs on the component and ieeds to be considered regarding power losses and jung
temperature on the IGBT.

5.4.3 Transient current and voltage requirements

An |
Thig

Thefe are several types of SSOA, including the Reverse Bias Safe Operating Area (RBS

whig

Area (RRSOA) which defines the turn-off capability of the free-wheeling diode.

capability of short-circuit failure mode (SCFM) operation is very critical for se

inals are required to ensure SCFM.

operating voltage of the IGBT needs to be selected {o be low enough to achieve
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of the important design bases of the, semiconductor in the VSC valve is rated current. In
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mportant aspect,of IGBTs is their capability to turn on and turn off current and voltage.

capability jishdefined in the switching safe operating area (SSOA) shown in Figure

h defines) the turn-off capability of the IGBT and the Reverse Recovery Safe Operz
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Figure 23 — Typical SSOA for the IGBT
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During switching, the IGBT is able to turn off the peak current, including ripple. Additionally, a
margin is added to handle current control regulation and protection actions during transient
conditions. The valve is also able to turn off the current which results from a short circuit
occurring close to the valve. The IGBT short-circuit operation capability is defined by the
SCSOA (short-circuit safe operating area), which is slightly different from the SSOA under
normal operation.

5.4.4 Diode requirements

In many converter topologies (including the 2-level and 3-level converters and the MMC with
half-bridge topology), the free-wheeling diodes (FWD) in a VSC bridge act as an uncontrolled
rect|fier bridge. Thus they can be exposed to severe transient overcurrents, for example
duripg DC-side short circuits or at energization.

A I
A& zf T X Zf T
gx - il —p—rne—t - Flashpver
N . P
S S B 7 |
Normal situation With fault on DC side

IEC
Figure 24 — A 2-level VSC bridge*with the IGBTs turned off

In dase of a DC side fault, as shown in{Figure 24, a short circuit between the two|DC
ternjinals creates a fault current path threugh the diodes. The current in the AC phases in the
VS( bridge is limited only by the shortGircuit impedance of the AC network and the reactgnce
in the converter, for example the_phase or valve reactors and/or transformers. The fault
current is detected by the protection system, which will open the breaker on the AC side|and
thergby 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 DC system only consists of cables, a fault will be very unlikely. Howgver,
the consequences mightinot be acceptable if the system is not designed to handle the fault.
The|valve is designed'to handle the fault current with an asymmetrical offset as a worst case.
Herg, no reapplied(voltage occurs since the breaker has disconnected the AC system.

Another transjent that the diode can experience occurs if the VSC is energized through| the
AC breakerwhen there is either no voltage, or a low voltage, on the DC side. In this case| the
conyerter \experiences a surge inrush current and an overvoltage will occur on the DC pus.
The|valve is designed to handle the inrush current, or the current will need to be limited. [The

] ool £ oot $lo H F H Lol H Y H S
nor ar 1micurou 11Ul UUIIIH uano 1o tU 1M1viuuc plc‘lllaclllull TCOolTotUT o.

5.4.5 Additional design details

Besides controlling the turn-off semiconductor device in regular operation, the gate unit needs
to keep the switching device within the safe operating area in all other operational and short-
circuit conditions. IGBTs have proven comparatively easy to handle in this respect, thereby
facilitating precise control of switching waveforms. This, in turn, is necessary for achieving
proper control and protection strategies for the converter.

The switching transients which appear when the IGBT turns on or off give stress to the IGBT
and other components in the valve levels. The energy stored in stray inductances and
capacitances will generate transient voltages and currents respectively.


https://iecnorm.com/api/?name=506f32be73452503aa93b753b50f5b80

IEC TR 62543:2022 © IEC 2022 -31-

Gate voltage control makes it possible to control the voltage between the main two terminals
of the IGBT during the turn-on and turn off processes. Suppressing the speed of turn off
makes the energy stored in the loop stray inductance dissipate in the IGBT itself. Applying the
gate voltage control technology, the snubber circuit can be omitted from the circuit, although
switching losses in the IGBT become larger.

For converter topologies with VSC valves of switch type, it is possible to design the VSC
valve such that it does not use traditional snubber circuits for protecting the individual IGBTSs.
In this case, the IGBTs themselves maintain sufficient voltage sharing, both during switching
and blocked conditions, by means of gate control and DC grading resistors. This, in turn,
requires a small spread in device data concerning characteristic switching times, switching
trangient properties, and leakage currents in the blocked state.

Conerter topologies with VSC valves of the controllable voltage source type @nly reduire
syn¢hronized switching of individual valve levels when multiple IGBTs are conngcted in sgries
in gach switch position (as in the cascaded two-level converter). Where o’ direct sgries
connection of IGBTs is used, a coordination of IGBTs switching propertiesrof.individual vplve
levels is not required.

5.5| Other converter topologies

The|technical field of VSC transmission is developing rapidly. Accordingly, it is to be expegted
that| other converter topologies in addition to those desctibed above will emerge. Spme
existing known topologies are already described in [3].

Pur¢hasers of VSC transmission schemes need <t0"consider such alternative convegrter
topdlogies on their merits and not limit the permitted circuit topologies to those that have Qeen
des¢ribed in 5.2 and 5.3.

5.6 | Other equipment for VSC transmission schemes
5.6.1 General

According to its principle of operation, only a few components are essential in a volfage
soufced converter (VSC). Theselare

nd controls;

. f means to convert DC.into AC voltages provided by a converter comprising VSC valves
[ ]

n AC side reacCtance provided by phase reactors/valve reactors, transformers, ¢r a
combination thereof;

e a DC voltagesource provided by at least one VSC DC capacitor, submodule DC capacitor
pr cell DC\capacitor.

In afddition to these key components, a complete VSC substation can also need

o ACandbtitters;
e surge arresters,
e circuit breakers and switches, and

e measuring equipment.

The above equipment items are not always necessary in all converter topologies, but differ
due to the real requirements because different components are stressed differently in the
different topologies.

5.6.2 Power components of a VSC transmission scheme

Figure 1 shows the basic structure of a VSC substation and the location of the major power
components. Depending on the design concept and the VSC substation topology, several


https://iecnorm.com/api/?name=506f32be73452503aa93b753b50f5b80

-32 - IEC TR 62543:2022 © IEC 2022

components might occur more than once in a real structure, while others might not be needed.
The functions and important design aspects of each component are briefly explained in 5.6.3
to 5.6.11.

5.6.3 VSC substation circuit breaker

The VSC substation circuit breaker is located at the feeder from the AC transmission system
to the VSC transmission scheme. Its main function is to connect and disconnect the VSC
substation to and from the AC system. There are no special requirements compared to what is
common practice for circuit breakers used for AC substation applications.

Depending on the start-up concept of the VSC transmission scheme, a circuit breaker.can be
equlpped with a closing resistor, or a separate resistor, with either a circuit breakefr or
discpnnector in parallel with it, can be provided in series with the main circuit breaker. [The
resistor reduces the charging currents of the DC circuit, resulting in smaller_temporary| AC
system disturbances and lower stresses on the free-wheeling diodes during energization.

5.6.4 AC system side harmonic filters

Depending on the converter design and AC system conditions, filtering can be requirefd to
preyent VSC-generated harmonics from penetrating into the<{AC system or to preyent
amglification of background harmonics on the AC system.

As a side effect, harmonic filters generate fundamental frequency reactive power which ngeds
to bp considered in the overall P-Q operating range ofthe"VSC system. The design principles
of slystem side harmonic filters and any associated circuit breakers do not differ from|the
design practice for HVDC systems with line-cemmutated converters (LCC) or fleXible
altefnating current transmission systems (FACTS). High pass, single, double or triple tyned
filtefs can be used as described in IEC TR 62001-1 [4].

5.6.p Radio frequency interference filters

Radjo frequency interference (RFI) filters reduce to acceptable limits the penetration of high
frequency (HF) harmonics into the/AC system.

HF harmonics generated require special attention during the design of a VSC substation| To
calculate line-carried HF harmonics, a detailed representation of the VSC substation layolit is
necgéssary, including «the structure and geometry of power components, busbars [and
groynding system. Additionally, the current and voltage waveforms experienced during| the
conyersion process._nieed to be known.

The|design principles for the RFI filter do not differ from the design practice for LCC HVD[ or
FAQTS.

5.6.p Interface transformers and phase reactors

In many cases, the VSC substation design will include interface transformers. In general, they
can fulfil the following tasks:
1) provide a reactance between the AC system and VSC unit;

2) adapt a standard AC system voltage to a value matching the VSC AC output voltage and
allow optimal utilization of VSC valve ratings;

3) connect several VSC units together on the AC side that have different DC voltage
potentials;

4) prevent zero sequence currents from flowing between the AC system and 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.
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The reactance is necessary to allow control of the AC output current of the VSC. Design
criteria to determine the size of the reactance are

e the required dynamic behaviour of the system,
e the tolerable harmonic content of the converter AC current, and

e constraints revealed from analysis of transient conditions and fault scenarios.

If points 2) to 4) do not apply under specific circumstances, the required reactance could be
provided by phase reactors, which would eliminate the need for a transformer.

For the design of reactors or transformers, the following points need to be taken into accolint:

e PC voltage stress on converter winding insulation to ground, for the cases of asymmetfical
monopole or bipole;

e stresses due to fundamental current;
e saturation characteristics with respect to possible AC harmonic and DG flux components;

e stresses due to harmonics in the lower and middle frequency range

. ielectric stresses due to harmonics in the middle and upper frequency range, particularly
or VSC valves of the switch type;

ielectric stresses due to normal operating voltage and transient voltages occurring during
ault scenarios.

Particularly in the case of high-voltage VSC valves of{the switch type, the magnitudes ofl the
harmonic voltages generated require detailed design/studies to provide reliable informdtion
abolt the voltage and current profiles along windings. The interface transformer does| not
reqyire a tap changer. However, if a tap changér is used, it is possible to optimize the YSC
operation, for example to achieve reduced power losses or to increase power capability upder
low-voltage conditions.

5.6. Valve reactor

For [valves of the controllable voltage source type, valve reactors are connected in serigs to
the VSC valve levels as shown-in Figure 19. These reactors have several different functions:

he three-phase units.represent three DC voltage sources, connected in parallel. Dyring
peration, these yoltages cannot be exactly equal, resulting in circulating currgnts
etween the thréeyphase units. The valve reactors limit these circulating currents [and
nable to control them;

he valve reactors limit the valve short-circuit current;

he valve_reactors are a contribution to the interface impedance between the converter
nd the AC network;

n.seme designs, the valve reactors can be combined with tuning capacitors and pl

NOTE The valve reactors can be placed in several locations, for example at the DC terminals, at the AC
terminals, distributed amongst the valve submodules or integrated into the same tank as the interface transformer.

5.6.8 DC capacitors
5.6.8.1 VSC DC capacitor
5.6.8.1.1 General

The VSC DC capacitor, in conjunction with the DC cable (where used), provides the DC
voltage necessary to operate the VSC. It is connected directly in parallel to the DC terminals
of the VSC phase units. For the design of the VSC DC capacitor, the following aspects need
to be considered.
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5.6.8.1.2 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 DC capacitor, and
the connecting bus bars. 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 DC capacitor to the valves usually is as
low as possible.

5.6.8.1.3 DC voltage ripple

VSQ operation results in harmonic currents flowing in the DC circuit. These harmonic currgnts
cause harmonic voltages (also known as DC voltage ripple). The following factors | will
influence the size of the DC voltage ripple:

e imbalances in the AC system and/or converter operation;
e pre-existing harmonics in the AC network;

o SC valve switching strategy.
5.6.8.1.4 Capacitance of the VSC DC capacitor

The[ VSC DC capacitance needs to be large enough to keep the DC voltage ripple wjthin
tolerable limits.

5.6.8.1.5 Control aspects

The| DC voltage influences active and reactive power exchange with the AC system| To
achieve stable operation of the transmission system, it is important to keep the DC vol{age
within tight limits. Changing power orders, A€ system unbalances, or system transipnts
change the operating conditions of the MSC and can cause DC voltage fluctuations or
osciflations. Due to its energy storage ‘capability, the VSC DC capacitor stabilizes|the
operation of the VSC.

Important design parameters of the VSC DC capacitor are as follows:

. aximum DC voltage for.continuous operation;
]:aximum acceptable DC voltage variations under transient conditions, such as faults on
h

e AC system.
5.6.8.1.6 Harmonic coupling of different VSC substations connected to one DC
circuit

Harmonic currents generated by a VSC cause harmonic voltages not only on their own YSC
DC rapacitor, but also on the VSC DC capacitors in other VSC substations connected tq the
samLe DC-circuit. As a result, the different VSC substations in a transmission scheme becpme
mutually coupled via the DC circuit. To avoid unwanted interactions between the YSC
substations, this coupling is reduced to the largest extent possible. The capacitance of the
VSC DC capacitor is an important factor influencing the coupling between the VSC
substations.

5.6.8.2 Submodule/cell DC capacitor
5.6.8.2.1 General

In principle, the design and function of the submodule/cell capacitors for the MMC and CTL
technologies are similar to that of the VSC DC capacitors.

However, due to their operation principle, the current stresses are different for DC submodule
or cell capacitors. The individual submodules or cells can be individually switched off or on
depending on output voltage generation. When the submodule is switched off the valve


https://iecnorm.com/api/?name=506f32be73452503aa93b753b50f5b80

IEC TR 62543:2022 © IEC 2022 - 35—

current does not pass through the DC submodule/cell capacitor and the capacitor current is
zero. Conversely, when the submodule or cell is switched on, the full valve current flows
through the capacitor. In the "on" state, components of DC current and fundamental and low
order harmonic currents need to be considered. The current flow in the "on" state results in a
significant ripple voltage of the submodule/cell capacitors per power cycle. The average and
RMS capacitor current stresses are calculated based on current contribution in the "on" state.

5.6.8.2.2 Commutation circuit inductance

Similar to the VSC DC capacitor, switching the semiconductor devices of the submodule
causes HF commutation current to flow through the commutation circuit of the submodule.
Due| to the stray inductance within the commutation circuit, these HF currents resuft in
trangient voltage stresses on the submodule. To minimize these stresses, the inductance of
the submodule is as low as possible.

5.6.8.2.3 DC voltage ripple
a) Pubmodule capacitor voltage ripple

A\s mentioned before, the ratio of the voltage ripple to DC voltage of the submofule
capacitor is larger than that of VSC DC capacitors.

b) DC link voltage ripple

The DC link voltage ripple of the MMC is much lower than.that of the VSC DC capac|tors
bf 2-level or NPC converters, because the MMC DC link\oltage is almost the same aq the
sum of the output voltage of submodules in a phase-leg. By shifting the output voliage
bulse of each submodule, the DC link voltage ripple_of the MMC is small.

5.6.8.2.4 Capacitance of the MMC submodule{capacitor

The[ MMC submodule capacitance needs to be-“large enough to keep the voltage ripple of
submodule capacitor within tolerable limits.

5.6.8.2.5 Control aspects

In rjlfdition to the control aspects.of the VSC DC capacitors, the submodule capacitors have
some control aspects described.below.

¢ MMCs have many submodule capacitors, whose voltages can tend to become unbalanged.
Therefore, a balancing-control is required in order to ensure that any unbalance does| not
become excessive-and result in equipment ratings being exceeded.

e Discharge of the/MMC submodule capacitors caused by a DC fault can be prevented by
plocking thesconverter.

5.6.8.2.6 Harmonic coupling of different MMC substations connected to one DC
circuit

Between the submodule capacitors of different substations, there are some semicondyctor
devices. So harmonic coupling is less serious for the MMC VSC systems than that of 2-level
or NPC VSC systems.

5.6.9 DC reactor
For long-distance transmission, a DC reactor can be connected in series with a DC overhead

transmission line or cable. Its main purpose is to reduce harmonic currents flowing in the DC
line or cable.

The DC reactor also serves a secondary function in limiting short-circuit currents.

If a DC reactor is used in a VSC transmission system, its size can normally be considerably
smaller than one used in an LCC HVDC scheme.
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5.6.10 DC filter

Filtering of harmonics on the DC side is achieved by the VSC DC capacitor, DC reactor,

com

mon-mode blocking reactor and, in some cases, by a dedicated DC filter.

The design principles of the DC filters for VSC-based HVDC systems are similar to those for
LCC HVDC systems, as described in [5].

5.6.11 Dynamic braking system
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Overview of VSC controls

General

pugh there are many configurations for voltagé) sourced converters (VSCs), they all
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ctive interface separating the switching valves from the AC system. The switching va
brate a fundamental frequency AC voltage from a DC voltage. The magnitude and ph
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Figure 25 — Representing a VSC unit as an AC voltage of magnitude U
and phase angle 6 behind reactance
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Figure 25 shows that a VSC can be represented as an AC voltage source of magnitude U,y
and phase angle delta behind the reactance. If the per-unit voltage U,y is higher than the
per-unit line side voltage U|, then reactive power will be transferred into the line side similarly
to an overexcited synchronous machine. Conversely, if the per-unit value of Uy, is low and
less than the per-unit value of U, the VSC will be absorbing reactive power similarly to an
under-excited synchronous machine.

The control of the phase angle J§ is achieved by shifting the phase of the fundamental
frequency AC voltage with respect to the phase locked loop normally synchronized to the AC
side voltage. Regulating the phase angle ¢ causes active power to be transferred through the

VS
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Operational modes and operational options
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Figure 26 — Concept of vector control

With VSC converters, the degrees of freedom available are as follows:

e frequency control by direct control of the main firing oscillator;

e the various control options provided by phase shifting the AC voltage that is generated by
the VSC;

e the various control options provided by control of the magnitude of the AC voltage that is
generated by the VSC.
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These degrees of freedom translate into the various control functions discussed below.

6.3 Power transfer
6.3.1 General

To control power into or out of the AC system, the VSC needs to have a means for
transferring power into or out of the DC side without over- or under-charging the capacitor. In
a VSC transmission scheme, this means that the converters at the two ends of the scheme
are controlled to work together. Generally, one of the two converters will have as part of its
objective the control of the DC voltage.

Power control is achieved by regulating the phase angle J of the fundamental frequency
component of the AC voltage at the converter side of the interface reactance as‘showp in
Figdre 27. Power is drawn from or pushed into the AC system depending on whether ¢ lags or
leads the phase angle of AC bus voltage.

To the control of phase
Porder (—>angle § either directly'¢r
through a vector centroller

Preasured -
—> Filter
IEC

Figure 27 — VSC power-controller

Power is one parameter that can be controlled*with fast response to improve the performgnce
of the AC transmission system under transiert conditions. This can be used to increasel AC
system damping of electromechanical osciltations, as well as to improve the transient stability
of the power system following a fault.

6.3.R Telecommunication between converter stations

For |[VSC transmission contrel-there is no need for fast telecommunication signals between
the pnds. However, telecommunications between the converters can be applied for conditjons
such as the following:

e \when power control is required between converters for a multi-terminal configuration, guch
as for coordinated damping of electromechanical oscillations;

e \Wwhen damping of electromechanical oscillations is required at the converter that is| not
controlling power;

o |fitsis_.desired to reconfigure the control modes between converters.

The normal use of communication is however between the converier stations and dispatch
centre which requires indications, status signals and alarms for operation of the system.

6.4 Reactive power and AC voltage control
6.4.1 AC voltage control
AC voltage control is achieved by regulating the magnitude of the fundamental frequency

component of the AC voltage generated at the VSC side of the interface reactor and/or
transformer as shown in Figure 28.


https://iecnorm.com/api/?name=506f32be73452503aa93b753b50f5b80
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