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INTERNATIONAL ELECTROTECHNICAL COMMISSION

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

FOREWORD

1) The International Electrotechnical Commission (IEC) is a worldwide organization for standardization comprising
all national—electrotechnical—committess (Ilzf‘ National f‘nmmiffnnc) The r\hjnr\f of lEC is to promote
interpational co-operation on all questions concerning standardization in the electrical and electronijc, flelds. To
this gnd and in addition to other activities, IEC publishes International Standards, Technical Spegcifications,
Techpical Reports, Publicly Available Specifications (PAS) and Guides (hereafter referred)to fas “IEC
Publication(s)”). Their preparation is entrusted to technical committees; any IEC National Committee irjterested
in the subject dealt with may participate in this preparatory work. International, governmental gnd non-
govefnmental organizations liaising with the IEC also participate in this preparation. IECVCollaborate$ closely
with |the International Organization for Standardization (ISO) in accordance with conditions deternhined by
agre¢ment between the two organizations.

2) The formal decisions or agreements of IEC on technical matters express, as neatly.as possible, an intefnational
consensus of opinion on the relevant subjects since each technical committee has representation|from all
interg¢sted IEC National Committees.

3) IEC Publications have the form of recommendations for international .usev¥and are accepted by IEC [National
Compittees in that sense. While all reasonable efforts are made to etsure that the technical conter|t of IEC
Publications is accurate, IEC cannot be held responsible for the way in which they are used or| for any
misirjterpretation by any end user.

4) In orflder to promote international uniformity, IEC National Cemmittees undertake to apply IEC Pullications
trangparently to the maximum extent possible in their national and regional publications. Any diyergence
betwgen any IEC Publication and the corresponding national*or regional publication shall be clearly indjcated in
the latter.

5) IEC |tself does not provide any attestation of conformity. Independent certification bodies provide cqgnformity
assepsment services and, in some areas, access-to IEC marks of conformity. IEC is not responsiblg for any
services carried out by independent certification/bodies.

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

7) No lipbility shall attach to IEC or its directors, employees, servants or agents including individual experts and
mempers of its technical committees @nd IEC National Committees for any personal injury, property dgmage or
othel damage of any nature whatsoever, whether direct or indirect, or for costs (including legal fg¢es) and
expepses arising out of the publication, use of, or reliance upon, this IEC Publication or any ofher IEC
Publications.

8) Attertion is drawn to thes/Normative references cited in this publication. Use of the referenced publicptions is
indispensable for the correet application of this publication.

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

IEC TR 62543\ has been prepared by subcommittee 22F: Power electronics for elgctrical
transr:_{ssion and distribution systems, of IEC technical committee 22: Power elgctronic

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

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

c) 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 lan

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

accord
availab

IEC ar¢ described in greater detail at www.iec.ch/publications.

The co
stabilit
specifi

e TJecC

e withdrawn,

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

ance with ISO/IEC Directives, Part1 and ISO/IEC Directives, IEC)*Supp
le at www.iec.ch/members_experts/refdocs. The main document types develo

mmittee has decided that the contents of this document will remain unchanged u
date indicated on the IEC website under webstore.iec.¢hyin the data related

L document. At this date, the document will be

bnfirmed,

ped in
ement,
bed by

ntil the
to the

e replaced by a revised edition, or
e amended.
IMPOR[TANT - The "colour inside" logoyon the cover page of this document indicates that it

contains colours which are considered to be useful for the correct understanding of its

conten

Is. 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 transmission of power by high voltage direct current (HVDC). It describes converters
that are not only voltage sourced (containing a capacitive energy storage medium and where
the polarity of DC voltage remains fixed) but also self-commutated, using semigomductor
device$ which can both be turned on and turned off by control action. The scope,ifcludes
2-levell and 3-level converters with pulse-width modulation (PWM), along withomujti-level
converfers, modular multi-level converters and cascaded two-level converters, -but excludes
2-levelland 3-level converters operated without PWM, in square-wave output mode.

HVDC power transmission using voltage sourced converters is known,as "VSC transmigsion".

The vdrious types of circuit that can be used for VSC transmlission are described|in this
document, along with their principal operational characteristics<and typical applications. The
overall|aim is to provide a guide for purchasers to assist with the task of specifyingfa VSC
transmjssion scheme.

Line-cgqmmutated and current-sourced converters_ are specifically excluded from this
document.

2 Nagrmative references

The following referenced documents are indispensable for the application of this dogument.
For dafed references, only the edition-Cited applies. For undated references, the latest|edition
of the leferenced document (including any amendments) applies.

IEC 62p01, Voltage sourced converter (VSC) valves for high-voltage direct current (HVDC)
power fransmission — Electrical testing

IEC 62[f47, Terminology for voltage-sourced converters (VSC) for high-voltage direct current
(HVD(Q) systems

3 Tefrms.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.

AC point of DC point of
common coupling common coupling
v Converter unit VSC unit
LYY YN
Control ——
- Ry 2,
0—-«|I| _ LYY Y\ — ﬁ
, U GD@ f / —
i iy 5]
Ehi i [
]
L
Converter unit VSC unit &Q~
. o— |
= }
NG
IEC

Key

0o N o o b~ W DN -

circuit breaker

phase reactor 2.

pre-insertion resistor

line side harmonic filter ")

line side high frequency filter®
interface transformer

converter side harméhic filter ')

+8 | converter side high*ffequency filter 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

" In sdme deSigns of VSC based on controllable voltage source valves, it is possible the harmonic filter is not

required:

2 In sdme-designs of VSC, the phase reactor can fulfil part of the function of the converter-side high flequency

filter.

3) 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.

4} 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.

5)

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

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

filter.

) Optional.

8) Optional.

Figure 1 — Major components that 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 harmoni
alternating current of the converter unit(s), RMS value, including harmonics
line-to-line AC voltage of the AC system, RMS value, including harmonics
alternating current of the AC system, RMS value, including harmonic

DC terminal-to-terminal voltage of one converter unit

DC current of the DC bus of the VSC transmission system

CS

3.3

3.3.1

VSC D
capacit
storags

3.3.2

AC sicﬂe radio frequency interference filter
|

RFI fi
filters
system

3.3.3
convel
filters (|

3.3.4

DC side radio frequency interference filter

filters
accept

3.3.5

/SC transmission

C capacitor
or bank(s) (if any) connected between two DC terminals of the VSC, used for
and/or filtering purposes

er
if any) used to reduce penetration of radio frequency interference (RFI) into
to an acceptable level

ter side high frequency filter
if any) used to mitigate the HF stresses of the interface transformer

if any) used to reduce_pénetration of radio frequency (RF) into the DC sys
bble limits

type t

tests cprried out toterify that the components of VSC transmission system design wi
the requirements specified

Note 1

operatiopal tests.

sts

entryi ~In this document, type tests are classified under two major categories: dielectric t

energy

he AC

tem to

Il meet

bsts and

3.3.6

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

transm

3.3.7
operat

ission system

ional 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

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.

3.4.2
no-loafl operating losses
losses |produced in an item of equipment with the VSC substation energized but with the
VSCs blocked and all substation service loads and auxiliary equipment connected as r¢quired
for immediate pick-up of load

3.4.3
idling pperating losses
losses |produced in an item of equipment with the VSC substation energized and with the
VSCs de-blocked but with no real or reactive power output

3.44
operatjng losses
losses |produced in an item of equipment at a*given load level with the VSC substation
energized and the converters operating

3.45
total system losses
sum ofl|all operating losses, including the corresponding auxiliary losses

3.4.6
station essential auxiliary load
loads Wwhose failure will_‘affect the conversion capability of the HVDC converter |station
(e.g. valve cooling), as well as the loads that need to remain working in case of compldte loss
of AC power supply (e.g. battery chargers, operating mechanisms)

Note 1 fo entry: _Tetal "operating losses" minus "no-load operating losses" can be considered ds being
quantitafively equivalent to "load losses" as in conventional AC substation practice.

4 VSCitransmission 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 circuit on one side and to an AC circuit on the other.
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P
Rd ]d VSC conv :
| | > . 4
| I | o
+ resigtgnce + ~ 1 ooy
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Figure 2 — Diagram of a generic voltage source converter

The V§C can be operated as either an inverter, injecting real power into the AC netwo

K (I %

Uqe > 0), or as a rectifier absorbing power from the AC network (Iy x Uy, <\0). Similafly, the

VSC dan be operated either capacitively, injecting reactive power intothe AC n
(Im(U_|1.) > 0), or inductively, absorbing reactive power from the AC network (Im(U ‘]

etwork
) < 0).

The V$C can be operated capacitively or inductively in both the inverter and the fectifier

mode.

The dg¢signation voltage sourced converter is used because-"the function of the
predicgted 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 R4 repre
the D( circuit resistance, and a DC capacitor connected. The DC shunt capacitor ser
purposk of stabilizing the DC voltage Uy. Depending on the VSC converter topology,
storag¢ capacitor is realized either as a central!DC storage capacitor between both p
iple storage capacitors distributed within the converter phase units. The con
to AC takes place in the VSC as gxplained in Clause 5.

On the|AC side, an interface inductance X, is provided which serves two purposes:
s the AC current, and seceondly, it controls active and reactive output power fn
s explained in 4.1.2. The~interface inductance can be implemented as react
inductances in transfoermers, or as a combination thereof. The DC capacitor
input sjde and the AC interface inductance on the output side are important componsg
the proper functioning of'a-VSC.

A passlive or active AC network can be connected on the AC side of the VSC. If the
connedted to a_passive network on its AC side, the power flow can be only from the D
side t
active
output

C network, the power flow can be in both directions by controlling the AC
U, of the VSC.

conv

SC is

senting
es the
the DC
ples or
ersion

first, it
om the
Drs, as
on the
nts for

VSC is
C input

ards ‘the passive load on the AC side. However, if the AC side is connected to an

oltage

By controlling the phase angle of U,
as explained in 4.1.2.2. By controlling the voltage amplitude of U, the reactive
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
which has the capability of individually controlling active and reactive power.

the active power through the VSC can be controlled

power

inertia,

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
grid.

the AC
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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= X
If Ugonf is in phase with the line voltage U and its amplitude is equal to U, therefisino AC
curren /.., from the VSC. Under these conditions, the DC current /; becomes zere gnd the
DC capacitor voltage Uy, becomes equal to the DC source voltage Us.
4.1.2.2 Principle of active power control
The principle of active power control is depicted in Figure 3, where the active power through
the intgrface inductance is controlled by regulating the VSC voltage’angle.
Xconv x Iconv Xconv x Iconv
...... A P
! \ 1
I \ /
Usorv I UL Uy Ucony Uconv 1 UL
I \ 1
1 \ I
| Vo W
1 \ s 1
I \ conv I
I \ y
Iconv
Y
Peony=0 Peony <0 Peony>0
Usonv = Uy, Rectifier Inverter
s £ operation operation
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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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.

41.3 Operating principles of a VSC transmission scheme

A
“conv ~ fconv =
I IE Xoonv * Toonv I
I | I
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 L ]
Toonv Toonv
Oconv =0 Oéony~ 0 Oconv>0
Uconv = UL Eeony < UL Usonv > UL
Iony=0 Inducti_ve Capaci_tive
operation operation

IEC

Figure 4 — Principle of reactive power control

The p¢int-to-point VSC jtransmission scheme shown in Figure 5 consists of two| VSCs
intercopnected on the DC side via a DC transmission line and connected to two different AC
grids an the AC side." The basic characteristics of a VSC have been described in 4.1.1 and
4.1.2. One of these-characteristics is that the DC voltage polarity usually remains the same (in
contragt with«line-commutated converter (LCC) HVDC, where the polarity of DC YVoltage
depends on-the direction of power transfer). Therefore, the direction of the power flow|on the

DC ling is-usually determined by the direction of the DC current. In Figure 5, the currgnt flow
and the_paower flow are from VVSC1 (1hn sending or rectifier pnd) to \ISC?2 (fhp receiving or

inverter end) of the DC line.

AC grid 1

DC transmission line

VSC1 Iy Ry VSC2 AC grid 2

Uiy =

i E— !
X, conv1 ~ + + ~ conv2 Z L2
(M- _|_J— Uit Ui _|_J— 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 of VSC transmission

asynchfronous AC systems and long-distance transmission via overhead lines and-c¢ablg¢s. The

In gere{eral, the main fields of application of HVDC transmission are interconnec(tion of
g characteristic features of VSC transmission are decisive for different applicatipns.

followi

e Thg smaller amount of external equipment such as AC harmonic filtérs resulls in a
compact design of VSC converter stations. Small footprints are beneficial for applifations
with spatial limitations such as installations in city centres or on remote offshore plafforms.

e Sinpe VSC transmission is based on self-commutating operation;applications with isolated
and weak AC systems are feasible. During normal operation, the VSC provides Yyoltage
and frequency control of the AC system. Operation during A€ Afaults is a major critefion for
VSC. The ability of the VSC to inject fault currents facijlitates AC system protectipn and
fault clearing. Examples are connection of remote wind farms, oil and gas platforfns and
remote mines.

¢ In host cases, VSC transmission operates with<a fixed DC voltage polarity. A reversal of
dirgction of power flow requires the reversal of DC current. In case of parallel
intgrconnection of AC systems via AC and DC lines, fast power reversals via DC purrent
control provide an accurate measure for foad flow stabilization between the AC systems.
Singe the polarity of DC voltage does nat reverse, multi-terminal systems and HVD[ grids
are|easier to realize with VSC than witt’ LCC HVDC.

4.2 Design life

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

The te¢hnical design life of transmission systems is normally very long — 30 years or mpre. An
investment, however, needs only to last as long as it can provide the highest capitall value,
and this is designated the "optimal life". The optimal life will always be equal to or legs than
the technical design life.

4.3 SC/transmission configurations

4.3.1 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
currents 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
influence the choice.

e 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 (XCPE) DC cables. Faults on DC cables are considered as excgptional
scenarios which result in a permanent fault of the affected section and an interrugtion of
power transfer.

e Sinfe overhead transmission lines are always exposed to lightning strikesyand pdllution,
faults along them are likely. Most line outages are temporary ¢{and transmission
recommences once the fault is cleared and the air insulation is restored,

A back-to-back configuration is a special case of VSC transmission where the DC
transmjssion distance is zero.

4.3.3 Monopole configuration
4.3.3.1 General
The VYC converter can be operated in different monopolar configurations:

e symmetrical monopole;

e asymmetric monopole with metallic return;
e asymmetric monopole with earth retura:
4.3.3.2 Symmetrical monopole

In a symmetrical monopole, thexDC output voltages are of equal magnitude but opposite

polarity. The neutral point t. of“the DC circuit is earthed, either by capacitors as shown in
Figure |6 or by other means)for example a high-frequency earthing reactor on the AC sifde.

o | EL | N\ a-

IEC

i
1

Figure 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.


https://iecnorm.com/api/?name=449cb3de5bbb871a9231736786bff973

IEC TR 62543:2022 © IEC 2022 -17 -

QD

=

D~

IEC

Figure 7 — VSC transmission with an asymmetrical monopole with metallic return
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gure 8 — VSC transmission with an asymmetrical monopoleiwith earth retunn
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ymmetrical converters can be connected together in ‘@ bipolar configuration either with

_C

Pole

HVDC: line.ot.cable

D—H

#—({

D_

_C

D—H &

HVDC: line or cable

#—({

Pole

D_

Figure 9 — VSC transmission in bipolar configuration with earth return
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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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Figure 10 — VSC transmission in bipolar configuration with dedicatéd-metallic return

A varignt of the bipolar configuration, known as the rigid bipolar cehfiguration (Figure|11), is
also p¢ssible. In the rigid bipolar configuration, there is no neutral connection betwgen the
two converter stations. Bypass switchgear is provided in parallel/with each converter unit such
that, il the event of a fault in one converter unit, the system can still be operated With the

remainjng 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 shoft time,
while tlhe bypass switchgear is operated, before resuming on the healthy pole.
’\V
~ J- HVD§I| or cable J- ~
)
—(D—# (& N an€D,
AN

o
[+

DA _ 1] 1| S -

HVDC: line or cable

Q~
AO Pole

IEC

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

parallel connection of converter units is chosen, a high level €ontrol is reqy
b coordinate current orders between the converter units.

r to achieve high reliability upon internal converter ufit faults, additional sw
breaking devices are required to isolate a faulty conveérter unit. Obviously, the ¢
hsmission circuit has no redundancy upon DC line faulis.

Series connection of two converters
EC converters can be connected in series on-their DC side. This approach can b

nd the DC voltage capabilities of a VSE€“ransmission relative to the capability
al converter units.

chnically most relevant scenario of series connection is the bipolar arran
d in 4.3.4.

Parallel and series ¢conhection of more than two converters

iple, it is also possible to connect more than two converter units in parallel or in
ctions of each canverter unit are either to separate windings of a common trans

eral, the~increased complexity of multi converter units needs to be evaluate
to project’specific requirements.

4.4

ired in
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e used
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d with

Semiconductors for VSC transmission

In normal operation of voltage sourced converters, the power semiconductors are exposed to
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

blockin

g 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

Various different turn-off semiconductor devices are suitable for VSC technology, but only
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BiGT and the injection enhanced gate transistor (IEGT) are used in commercia
projects that have been built to date. Therefore the description( of
nductor devices in this document is concentrated on IGBTs, .although
nductors such as GTOs and IGCTs are also usable.

ich includes IGBTs, and the "thyristor" type, which includes GTOs and IGE€JFs. Devices of the
handle larger powers than devices of the "transistor" type, but lack certain control features sudg
control the device smoothly between the off and on states using aCtive gate control. Devicsg
" type also have higher gate power consumption than devices of thé€ ‘transistor" type, which ma

s of the “thyristor” type, such as IGCTs, is still going on.
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Figure 14 — Symbol of an-IGBT and associated free-wheeling diode

diodes, the free-wheeling diodes, which are connected in parallel to the cont
have a significant reverse recovery current when they turn off. Both the IGBTs
free-wheeling diodes-need to cope with these switching transients, particularly
ts and voltage gradients.

T is a voltage controlled device; only capacitive currents can flow in the gate t
vice can~be controlled at any instant, even during the switching transients, i.e. t
can bheuinfluenced by the gate voltage.

T such
| VSC-
urn-off

other

Ansistor”
hyristor"
h as the
s of the
es their
plication

ollable
as well
current

rminal.
e load

IGBTs

arevshort-circuit proof within defined operating conditions. This means that in ca

se of a

short circuit, the IGBT limits the load current to several kiloamperes (a process usually known
as de-saturation). Within some microseconds, an appropriate gate turn-off signal needs to be
applied to turn off the fault current and not to thermally overstress the device.

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 VS§Ctransmission converter topologies

5.1 Seneral

For a high power VSC transmission system, the key issue that determines the cdst and
operating losses of the overall system is the power circuit structure to construct the AC|output
voltagq waveform. The output voltage waveform needs to approximate a‘sine-wave in qrder to
elimingte or minimize the need for harmonic filtering. The switching eonverter considdred for
practical implementation is a voltage sourced converter operated with' a fixed DC voltage. The
converfer is a combination of turn-off semiconductor devices, ‘that connect the D input
voltagq periodically to the output for some intervals to produce” the AC output voltage. The
converfers at each end of a VSC transmission system, can be arranged in a nunjber of
differemt ways, with the configuration of the convertet{normally being referred to|as its
topology. At the time of writing, two different convertentypes have been used for commercial
projectp: those in which the converter valves act as\controllable switches and those in which
the converter valves act as controllable voltage sources. These two types are described in 5.2
and 5.3 respectively.

Some jpother converter topologies which share the characteristics of both the contfollable
switch and controllable voltage source typés have been described in the literature [1]7.

Itis anil‘undamental criterion for anylviable topology that it enables the functional requirements
to be met. Different topologies-have different technical characteristics, and therefore allow the
overall[scheme to be optimized’/in different ways. Manufacturers can have different preferred
topologies and be able tothest optimize their proposals around this preferred topology. It is
recommended that customiers do not stipulate the topology to be used for a VSC transiission
system|, unless there are'compelling reasons for doing so.

It is possible to—arrange the converters to have a single-, three- or multi-phajse AC
output/finput. For the purpose of this document, only the three-phase arrangement |will be
discusged.

5.2 Convertertopotogies with VSCvatves of switchtype
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-level converter topology experiences only 50 % of the terminal-to-terminal DC voltage.
Similarly, in normal operation, each VSC valve in an n-level topology experiences-~ohly the
termingl-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 described
in more detail. It is noted that a considerable research and developmént" effort i being
invested in voltage sourced converter technology, so additional suitable topologies will likely
become available subsequent to the issue of this document.

5.2.2 Operating principle

The basic operating mechanism of an ideal VSC is covered int5.2.2. The description is fnitially
limited|to a 2-level VSC. The 2-level VSC is the simplest structure needed to convent a DC
voltagqd into AC voltages. Although other types of muli-level VSCs are more complek, their
basic dperating principle does not differ from that of the 2-level VSC.

For thg purpose of illustration, the VSC valves-are described as ideal switches withgut any
switchiphg losses. A VSC valve in a real application consists of a large number of [series-
connedted semiconductor devices, and is\ described in greater detail in 5.4. Th¢ stray
inductgnces are neglected here, and the(DC capacitors have been assumed to have [infinite
capacifance — i.e., no DC voltage rippleis shown.

As expglained in 4.1, the output of‘the VSC needs to be connected in series with a| phase
reactorn. The phase reactor enables the VSC to control power flow in addition to smoothling the
output current.

5.2.3 Topologies
5.2.3.1 Two-level converters

A 2-leyel 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-level|lphase 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 voltage. The neutral voltage is
the avgrage voltage of the converter's two DC terminals.

Since the square-wave output voltage shown in Figure<15 is not acceptable in a pfactical
HVDC |scheme, this converter type is normally operatéd )with pulse width modulation [(PWM)
as desgribed in 9.3.

A typigal PWM-switched waveform, using a catrier-based control method with a switching
frequemcy of 21 times the fundamental frequency, is given in Figure 16. For the purpose of
this illstration, the DC capacitor has beentassumed to have an infinite capacitance (j.e., no
DC voljage 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'inh Figure 17 can be replaced by IGBTs in some applicatigns.

The AC waveform shown in Figure 17 is the phase-to-neutral voltage. The neutral voltage is
the volfage at the midpoint of the(DC capacitor. As illustrated in Figure 17, the output yoltage
of the B-level phase unit can(bg positive, negative, or zero. Positive output is produced by
gating pn both upper valves in the phase unit, while negative output is produced by gafting on
both lower valves. Zero output is produced when the two middle valves, connecting the| centre
tap of the DC supply via the two diodes to the output, are gated on. At zero output, pgositive
currenf is conducted by the upper-middle controllable device and the upper centre-tap| diode,
and nepative current by the lower-middle controllable device and the lower centre-tap djode.

As indicated<in. Figure 17, the relative duration of the positive (and negative) output yoltage
with regspect/to the duration of the zero output is a function of control parameter «} which
defineq thie’conduction interval of the top upper and the bottom lower valves. The magnitude
of the Tundamental frequency component of the oufput voltage produced by the phase unit is
a function of parameter . When o equals zero degrees, it is maximum, while at a equals 90°,
it is zero. Thus, one advantage of the 3-level phase unit is that it has an internal capability to
control the magnitude of the output voltage without changing the number of valve 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 fundamental frequency

5.2.3.3 Other multi-level converter topologies

The nqgutral-point clamped circuit can be extended to higher numbers of output levels, for
example 5 levels, but at the expenseof disproportionately greater complexity. Another
converfer type which has been used -in* some power electronic applications is the|"flying
capacifor" or "floating capacitor" cireuit, which can also exist in 3-level and 5-level foms but
suffers| the same disproportionately greater complexity as the number of output levels is
increaged. These and other possible multi-level converter topologies are described in [3], [3].

5.3 Converter topologies with VSC valves of the controllable voltage source tyge
5.3.1 General

With valves of the“controllable voltage source type, each VSC level is effectively a |single-
phase VSC in (its*own right, and contains power semiconductors and a capacitor for |energy
storag¢. Each-level has two main terminals used for the series connection of the VS(Q levels
within fhe’ valve. By appropriate control of the IGBTs within the valve level, either the yoltage
of the ¢apacitor 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.


https://iecnorm.com/api/?name=449cb3de5bbb871a9231736786bff973

- 26 — IEC TR 62543:2022 © IEC 2022

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

Becauge of its modular design and the multi-level technology, it is referred to as modular
multi-lgvel converter (MME) topology. For the design of the individual VSC levels, djfferent
power puilding blocks(can be used. At the time of writing, three different topologies are |used:
¢ MMC with VSQ.levels in half-bridge topology;

¢ MMC with"\/SC levels in full-bridge topology;

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

Since the circuil is inherenily modular, it is relalively siraightforward 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-
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.

IEC

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

The typical electrical arrangement of VSC valve levels and valve reactors in a convertgr block

is shown in Figure 21.
NOTE The valve reactors can be located on either the AC or DC side of the valves.
The V$C valve levels are controlled in that way that the sum of the upper arm and low
of one[phase unit equals to the DC voltage whereas‘the instantaneous voltage on
termingls is determined by the difference of the voltages of the two converter arms
phase lnit.
Iy
" g \ g +0,5 UdC
La L L}ﬂ L}ﬂ
> ©2T 7
23 A > A >
2T BT BT
Valve
reactor
N\ B ——— ]
/X/ 12 1
¢ ¢
tL’iﬁ L 2 1’9 L
B > B >
&1L |l [Pl
£ E '|' e '|'
I_ i l _0,5 UdC
Iy

IEC

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

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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Figure 22 — VSC valve level arrangement and equivalentcircuit
in MMC topology with full-bridge topology

In common with the half-bridge submodule configuration, each /SC level in the fulltbridge
configyration is capable of producing an output voltage of Zero or a positive output yoltage
equal tp the capacitor voltage. However, it can alternatively produce a negative output yoltage
equal tp the capacitor voltage.

In contrast to the converter arrangements ouflined in 5.2 and 5.3.2, this copverter
arrangément is capable of producing a DC output voltage of either polarity, a featurg which
can be|beneficial in applications where a VSGC transmission station is connected as a tap onto
an exigting line commutated HVDC link or.when the HVDC scheme uses a line comnputated
rectifief and a voltage sourced inverter.

A secgnd advantage of the full-bridge circuit is that it permits faults on the DC sideg| of the
converter to be cleared by using.only the power semiconductors in the valve, without relquiring
any adgitional switchgear.

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

5.3.4 CTL topology with VSC cells in half-bridge topology

of identica\VSC valve cells. One VSC valve cell acts as a single-phase two-level cohverter
and fupctions electrically equivalent to one level of the MMC described in 5.3.2, excgpt that
the voltage rating is higher. Instead of a single IGBT-diode pair in each switch position,
multiple IGBT-diode pairs are connected in series and synchronously controlled as one switch
in one CTL cell.

Each c:fthe 6. variable voltage sources shown in Figure 19 is realized with a series conpection

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
valve cells in CTL topology.

The 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 capable of
condudtimgcurrentuntititTanm be ciranged out, for exampie during a scheduted maintgnance
period.

This cppability of short-circuit failure mode (SCFM) operation is very critical for |series-
connedted valve levels, and needs to be verified by appropriate tests under:conditiohs that
are rel¢vant for a particular application. Some special designs of presspack 1GBT allow] SCFM
to be assured. Module IGBTs, however, do not exhibit this behaviourtand a faulty module
IGBT dan result in an open circuit. Thus, additional components inparallel to the valje level
termingls are required to ensure SCFM.

The operating voltage of the IGBT needs to be selected to_be low enough to achipve an
adequdtely low failure-in-time (FIT) rate.

In selecting the operating voltage and current of the{IGBT, due consideration need$ to be
given tp the load cycling requirements for the VSC system.

5.4.2 Current rating

One offthe important design bases of the(semiconductor in the VSC valve is rated curfent. In
additiop, the valve needs also to be-able to handle peak current, including ripple and
transiehts, as well as margins for ‘control and protection actions including converter valve
blocking delays and circuit breaker-operating time. The rated arm current gives the rfominal
stress jon the component and-needs to be considered regarding power losses and jlinction
temperature on the IGBT.

5.4.3 Transient current and voltage requirements

An imgortant aspect of IGBTs is their capability to turn on and turn off current and voltage.
This capability .iS¢defined in the switching safe operating area (SSOA) shown in Fighre 23.
There gre several types of SSOA, including the Reverse Bias Safe Operating Area (RBSOA)
which gefines. the turn-off capability of the IGBT and the Reverse Recovery Safe Opjerating
Area (RRSOA) which defines the turn-off capability of the free-wheeling diode.
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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
rectifier bridge. Thus they can be exposed to severe transient overcurrents, for example
during [DC-side short circuiis or at energization.
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Figure 24 — A 2-level VSC bridge ‘with the IGBTs turned off

In casg of a DC side fault, as shown intFigure 24, a short circuit between the two DC
termingls creates a fault current path threggh the diodes. The current in the AC phaseg in the
VSC biidge is limited only by the short-circuit impedance of the AC network and the regctance
in the |converter, for example thg, phase or valve reactors and/or transformers. The fault
currenf is detected by the protection system, which will open the breaker on the AC side and
thereby eliminate the fault cufrent. A normal protection and breaker scheme takes|a time
equivalent of three 50/60 Hz fundamental frequency cycles before the fault curfent is
extingyished. If the DC system only consists of cables, a fault will be very unlikely. Hqwever,
the coTsequences might not 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 wordt case.
Here, no reappliedwoltage occurs since the breaker has disconnected the AC system.

Another transient that the diode can experience occurs if the VSC is energized throygh the
AC brejakefr when there is either no voltage, or a low voltage, on the DC side. In this case, the

The valve 1s designed to handle the inrush current, or the cuarrent wi 0 be mited. The
normal method for doing this is to include pre-insertion resistors.

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.
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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
transient properties, and leakage currents in the blocked state.

Convetrter topologies with VSC valves of the controllable voltage source type enly fequire
synchrpnized switching of individual valve levels when multiple IGBTs are connécted in| series
in each switch position (as in the cascaded two-level converter). Where ho ‘direct| series
connedtion of IGBTs is used, a coordination of IGBTs switching properties(efindividugl valve
levels iis not required.

5.5 Dther converter topologies

The te¢hnical field of VSC transmission is developing rapidly. Aecordingly, it is to be edpected
that other converter topologies in addition to those described above will emerge.| Some
existing known topologies are already described in [3].

Purchdsers of VSC transmission schemes need.to. consider such alternative copverter
topologies on their merits and not limit the permittedycircuit topologies to those that havle been
descrijed in 5.2 and 5.3.

5.6 Dther equipment for VSC transmission schemes
5.6.1 General

According to its principle of operation, only a few components are essential in a yoltage
sourcefl converter (VSC). Thesé\are

e a neans to convert DCuinto AC voltages provided by a converter comprising VSC|valves
and controls;

e an |AC side reactance provided by phase reactors/valve reactors, transformerg, or a
cognbination thereof;

e a DIC voltage)source provided by at least one VSC DC capacitor, submodule DC cgpacitor
or gell DG capacitor.

In additionto these key components, a complete VSC substation 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 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
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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
equipppd with a closing resistor, or a separate resistor, with either a circuit bredker or
disconnector in parallel with it, can be provided in series with the main circuit break¢r. The
resistof reduces the charging currents of the DC circuit, resulting in smaller temporpgry AC
system disturbances and lower stresses on the free-wheeling diodes during energizatiop.

5.6.4 AC system side harmonic filters

Dependling on the converter design and AC system conditions, filtering can be reqdired to
prevenf 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 cpnsidered in the overall P-Q operating range of.the VSC system. The design pripciples
of sysfem 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
alternafing current transmission systems (FACTS). High pass, single, double or triplg¢ tuned
filters gan be used as described in IEC TR 620011 [4].

5.6.5 Radio frequency interference filters

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

HF harmmonics generated require special attention during the design of a VSC substatjon. To
calculate line-carried HF harmonics, a detailed representation of the VSC substation Idyout is
necessary, including,the structure and geometry of power components, busbafs and
groundjng system. Additionally, the current and voltage waveforms experienced dur|ng the
convergion procesS:heed to be known.

The delsign principles for the RFI filter do not differ from the design practice for LCC HYDC or
FACTS.

5.6.6 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 account:

e DC|voltage stress on converter winding insulation to ground, for the cases of asymmetrical
monopole or bipole;

e strgsses due to fundamental current;
e satyration characteristics with respect to possible AC harmonic and DG, flux components;
e strgsses due to harmonics in the lower and middle frequency range;

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

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

Particurlllarly in the case of high-voltage VSC valves of the switch type, the magnitudeq of the
harmonic voltages generated require detailed design ‘studies to provide reliable infomation
about the voltage and current profiles along wifidings. The interface transformer dqes not
requirel a tap changer. However, if a tap changer is used, it is possible to optimize tHe VSC
operatipn, for example to achieve reduced power losses or to increase power capability under
low-voltage conditions.

5.6.7 Valve reactor

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

e the|three-phase unitssrepresent three DC voltage sources, connected in parallel. [During
opgration, these yvoltages cannot be exactly equal, resulting in circulating currents
between the three-phase units. The valve reactors limit these circulating currerlts and
engble to controlithem;

e the|valve réactors limit the valve short-circuit current;

e the|valve,reactors are a contribution to the interface impedance between the cophverter
and the AC network;

e in some designs, the valve reactors 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 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

VSC operation results in harmonic currents flowing in the DC circuit. These harmonic currents
cause [harmonic vottages (atso RkKnown as_DC vottage Tippte). 1 he foffowing factgrs will
influenge the size of the DC voltage ripple:

e imbalances in the AC system and/or converter operation;
e pretexisting harmonics in the AC network;

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

The VBC DC capacitance needs to be large enough to keep¢the DC voltage ripplg within
tolerabje limits.

5.6.8.1|5 Control aspects

The DL voltage influences active and reactive, power exchange with the AC syst¢m. To
achievé¢ stable operation of the transmission system, it is important to keep the DC Yoltage
within Jtight limits. Changing power orders,~A€ system unbalances, or system trahsients
changq the operating conditions of the VS€ and can cause DC voltage fluctuatijons or
oscillaions. Due to its energy storageccapability, the VSC DC capacitor stabilizes the
operatipn of the VSC.

Important design parameters of thetVSC DC capacitor are as follows:

e maximum DC voltage for continuous operation;
e maximum acceptablesDC voltage variations under transient conditions, such as faults on
the|AC system.

5.6.8.116 Harmonic coupling of different VSC substations connected to one DC
circuit

Harmopic currents generated by a VSC cause harmonic voltages not only on their own VSC
DC capacitor, but also on the VSC DC capacitors in other VSC substations connected to the
same DC gircuit. Asa rest he differen SC substations-inatransmission-scheme Bbecome
mutually coupled via the DC circuit. To avoid unwanted interactions between the VSC
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
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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 result in
transiept voltage siresses on the submodule. To minimize these siresses, the inducignce of
the suhmodule 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) DCllink voltage ripple

Thg DC link voltage ripple of the MMC is much lower than‘that of the VSC DC cagacitors
of 2-level or NPC converters, because the MMC DC link woltage is almost the same]| as the
sum of the output voltage of submodules in a phasé¢leg. By shifting the output yoltage
pulse of each submodule, the DC link voltage rippleyof'the MMC is small.

5.6.8.214 Capacitance of the MMC submodule\capacitor

The MMC submodule capacitance needs tojbe”large enough to keep the voltage ripple of
submodgule capacitor within tolerable limits.

5.6.8.2|5 Control aspects

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

¢ MMCs have many submodule capacitors, whose voltages can tend to become unbalanced.
Thegrefore, a balancing-control is required in order to ensure that any unbalance dges not
bedome excessive and result in equipment ratings being exceeded.

o Dispharge of thesMMC submodule capacitors caused by a DC fault can be prevented by
blo¢king the-converter.

$J

5.6.8.2L6 Harmonic coupling of different MMC substations connected to one D
circuit

Between the submodule capacitors of different substations, there are some semiconductor
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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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

LCCH

5.6.11

VDC systems, as described in [5].

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

HVDC

faults i

There
valves
power

6 Overview of VSC controls

6.1
Althou

be considered to exhibit a common operating concept. All configurations possess a
inductiye interface separating the switching valves from the AC system. The switching

n the receiving-end AC system, typically for durations of 1 s to 2 s.

are several possible ways of implementing such a dynamic bragking system
in this system will, in general, be of similar design to the main VSC valves u
ransmission.

Seneral

h there are many configurations for voltage.sourced converters (VSCs), they

s5ystem can be required to include a dynamic braking system, for example as achopper
connedted to the DC terminals of the VSC system. The function of the dynamic
system| is to absorb and dissipate the power generated in the islanded AC system

braking
during

put the
sed for

all can
series
valves

generafe a fundamental frequency AC voltage-from a DC voltage. The magnitude and| phase
of the fundamental frequency component;eof this AC voltage at the valve side of the| series
inductive interface can be controlled. Thecontrol of this voltage magnitude and phase is the
essentfal controlling function commoncto all VSCs.
4
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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
VSC, 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 VS(Q therefore has the capability of acting as a rectifier or as an inverter, @and/qr as a
generaor or an absorber of reactive power. It is the control of the magnitude and)phasg of the

converfer voltage U, that dictates the strategies for controlling voltage sourced converters.

6.2 Dperational modes and operational options

The DC side capacitor voltage is varied by pumping power from the”AC side into it or out of it.
If powgr is pumped into the capacitor, its charge will increase @nd consequently so|will its
voltagq. If power is taken from the capacitor, its voltage will -d€crease. Power can bg taken
from of fed into the AC side by varying the phase angle 4, as described above. In th|s way,
DC voljage control is achieved by regulating AC phase angle—.

Contro| of the magnitude and phase of the convertér voltage U, for VSC transtission
applicgtions is usually achieved by means of vector control strategy. With vector ¢ontrol,
three-pghase currents are transformed to d and-q ‘axis quantities based on the convgntional
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 thre¢-phase quantities and converted-into line voltages by the VSC as shown in Figufe 26.
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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 ¢ of the fundamental frefjuency
compopent of the AC voltage at the converter side of the interface reactance as)shiown in
Figure |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 (O—>angle § either directly of
through a vector controller

P measured

— Filter
IEC

Figure 27 — VSC power.controller

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

6.3.2 Telecommunication betwéeen converter stations

For VSC transmission control;-there is no need for fast telecommunication signals bgtween
the endls. However, telecommunications between the converters can be applied for conditions
such a$ the following:

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

. whrTn damping of electromechanical oscillations is required at the converter thaf is not
controlling'power;

e f itlisndesired to reconfigure the control modes between converters.

The normal use of communication is however between the converter 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.
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Figure 28 — AC voltage controller

If the \Sﬁmmmmmwmmmrmmnwmtrce of
any significance, the AC voltage controller will automatically control power to the-oad. This

assumes another converter, such as the sending end of a VSC transmissioh link,
independently controls the DC side voltage.

6.4.2 Reactive power control

The nged to use reactive power control arises when other nearby,eontrollers are agting to
maintaln 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 VBCs in close proximity to each other are controlling the same quantities, then it|can be
possible for each to participate in AC voltage contraol~through a carefully designed droop
characferistic. However, if the controlling functions ¢f the VSC are quite different, sjuch as
separate and independent power controllers, the droop characteristic can be difficult to [define.
Under |these circumstances, a reactive power control can be preferable, with the gettings
either pt zero MVARs or slowly controlled by joint VAR controller or an order frpm the
SCADA system.

6.5 Black start capability

To supply an AC load that has noiother source of generation, the rectifier connected to the
main gfid or generation can have the following controls:

e DCj|voltage control;

e AC|voltage or reactive,power control at the sending end system.
The re¢eiving end needs to have controls as follows:

o frequency control (defining the frequency of the load);

e AC|voltage control of the receiving end system.

With these cantral modes in place the load-side AC voltage and frequency can he conmtrolled
within acceptable limits. As the load changes, the transmission self-regulates the power flow
simply by maintaining AC voltage and frequency.

If an AC synchronous generator or an AC transmission line is added or switched on-line so
that the VSC transmission is relieved of providing the frequency control and all the AC voltage
control to the load, the firing pulses can be switched from an independent clock to being
phase locked onto the AC voltage. Alternatively, a droop characteristic for the frequency
control and the AC voltage control can be invoked so that the VSC transmission can operate
in concert with the active system that the receiving end has changed to.

6.6 Supply from a wind farm

DC transmission is sometimes used to export power from an isolated wind farm to an AC grid.
This technology can be particularly applicable for offshore wind farms. This is an important
and fast-growing use of VSC transmission, which is described in detail in [6].
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At the sending end, the VSC converter controls the AC voltage and frequency of the system.
The converter at the AC grid side transfers the incoming DC power to the AC grid. The AC
grid is usually strong enough to accept fluctuating wind farm infeed.

One important aspect is how to handle energy surplus in case there is a temporary network
disturbance where the AC grid is unable to absorb the energy from the wind farm.

Alternatives to handle this energy surplus include to store the surplus energy in the wind
turbine by temporarily increasing rotor speed or to dissipate the energy via resistors, for
example

e in the wind turbine itself

e on the offshore AC grid, or

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

7.1 Bteady-state capability

The VEC can be considered as an equivalent of a synchrongus machine, which has the
capability of individually controlling active and reactive powery albeit normally with [limited
inertia.

The adtive and reactive power can be controlled simultaneously and independently gf each
other as described in 6.3 and 6.4.

The PQ capability diagram of a VSC shows.lits possible operating regime. The diagram
normally gives the capability at the AC interface point. When active output power P is ppsitive,
the VYC is operated as an inverter, either in capacitive mode, when Q is positivg, or in
inductiye mode when Q is negative. When P is negative, the VSC is operated as a rgctifier,
either [in capacitive or inductive made. A simplified PQ diagram at minimum (Uf,) and
maximym (U,,ax) AC grid voltage; in ‘which filters are not considered, is shown in Figpre 29.
The V3C can be operated within-all four quadrants of the PQ plane.
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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
age, a higher current is necessary to produce a given output power, and the|output
capability is limited by the current capability of the converter. Therefore, if an interface
transformer is provided, the transformer ratio can be used to optimize the PQ characferistic.
With anp on-load tap changer, the transformer ratio can be continuously optimized to maximize
the stgady-state power capability of the converter. Note that the centre of the circles is
dependent on the design-of'the converter, and might not be at the origin of the diagram

The diggram also indicates an active and a reactive power design line. The design ling is the
maximym powerirating of the VSC and it is mainly determined by the maximum curfent for
which the converter is designed. In addition to the limitation by the maximum copverter
curreny, there might be other design limitations, for example affecting reactive | power
capability.I[n"capacitive mode, the peak converter AC voltage needs to exceed the peak
line-si
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.

UCOI’IV

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 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
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more advanced converter topologies, but at the expense of greater complexity. The on-going
semiconductor device development and converter topology optimization will contribute to a
further reduction in overall losses in the future.

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

For most equipment, the overall principles are the same as described in IEC 61803 [7] for
LCC-HVDC, although adjustments need to be made to reflect, for example, differences of
harmonic spectra. For converter valve losses, IEC 62751 (all parts) [8] is used instead of
IEC 61803 (see also [9], [10]).

The pqwer losses in the VSC substation depend on a variety of operating conditiops, but
chiefly the real transmitted power and the reactive power absorption or generation:\n" general,
losses |in the VSC substation will be lowest when the real and reactive power are both dlose to
zero 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
performance under disturbances. For example, if a seVvere disturbance threatens pystem
transient stability, fast power run-back and even instant power reversal control functigns can
be used to help maintain synchronized power grid opération. VSC systems can also provide
effectije damping to mitigate electromechanical oscillations by active and reactive| power
modulgtion.

A VSC|system can support the network during disturbances in the following ways:

e emergency power control;
e volfage support;

e shdgrt-circuit current contribution.

The abfility of the VSC converter to rapidly control active power makes it a tool for emgrgency
power |support during metwork disturbances where power can be transferred to/from the
disturbpd area in a cantrolled way. This is also possible with LCC HVDC but VSC HVIDC has
better possibility to rapidly reverse power.

The VYC converter can operate as a local STATCOM with possibilities for fast voltage $upport.
This can be used to support the connected AC network during a fault or disturbance| where
the AC|veoltage 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
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

Mechanism: cable or junction failure, external mechanical stress.

Type: permanent fault, for which repair is needed.
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Detected by: DC cable faults are detected by measuring the DC voltage and current, both
amplitude and rate of change.

Protective actions: since any fault in a cable needs to be thoroughly investigated and will most
likely require a lengthy repair, the DC link needs to be tripped when such faults are detected.
It is therefore very important to correctly detect these faults.

8.2.2 DC overhead line fault

Mechanism: insulation failure between one DC conductor and ground or between the two DC
conductors, due to lightning strike, brushfires, trees, pollution, external mechanical stress, etc.

Type: ¢an be a non-permanent fault, but can be permanent if the DC insulators havge been
damaggd.

Detected by: DC overhead line faults are detected by measuring the DC voltage and qurrent,
both amplitude and rate of change.

Proteclive actions: it is noted that when insulation breaks down @n<overhead transmission
lines, the VSC’s free-wheeling diodes normally continue to feed current into the fault feven if
the converter is blocked. This means that besides blocking the«onverters, they normally also
need tp be isolated from the AC system by opening the (AC“breakers, to enable [the air
insulatlon to de-ionize. After this, re-starting the system can(fake a time of a few seconds, for
example 2 s to 4 s. Another method is to introduce DC bréakers and open these whenj|a fault
is detefrted, or to use a special VSC topology which gives an inherent capability to clear DC
line faylts (see 5.3.3).

8.3 Internal faults

VSC systems are designed, where practical; to permit operation of the rest of the sygtem to
continyge in the presence of internal faultsswithin one converter station.

A typigal protection diagram fora_.VSC substation is shown in Figure 30; howevef, VSC
substation protection against _jnfernal faults will differ depending on the VSC design and
protection philosophy. Therefore, the protection system shown in Figure 30 is only

represgntative.
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Figure 30 — Protection concept of a VSC substation

Typical protective functions include the following:

a) overcurrent protection of AC circuit breakers;
b) abnormal AC voltage protection;
c) earth fault protection;
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filter protections;

e) differential protection;

f) overcurrent protection of the converter;

g) abnormal DC voltage protection;

h) overcurrent protection of the VSC DC capacitors;

i) DC

discharge unit;

j) valve protection, for example in the valve gate electronics.

Depending on the VSC substation design and the application, the following additional

protect

ons are usually applicable:

k) loss
) DC
m) freg
n) imp
o) fire

p) me
9 H\

9.1

of cooling protection;
line/cable earth fault protection/supervision;
uency protection;
edance relay protection;
protection;

chanical protection.
DC performance requirements

Harmonic performance

Many aspects of the harmonic performance of a‘\/SC transmission scheme are sin

those ¢
The m
differe
perforn

In com
comple
networ

fan LCC HVDC scheme, as described in-JEC TR 62001-1 [4] and IEC TR 62001
in difference between the two comes ff@m the different switching strategies use
t types of converter. Different VSC\topologies also have widely differing h

nance.

mon with LCC converters, thecinteraction of VSC converters with the network i
x and, for an accurate calculation, the pre-existing (background) harmonics on

very important. Pre-existing-harmonics can be damped or amplified due to operation

VSC. |
distorti
guidan

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

VSCs
the am|
of red
e pul

e mul

enerate"harmonics on both the AC and DC sides. Measures need to be taken
plitude-of the harmonics entering the AC network and the DC line. The main m
ing.the harmonics to acceptable levels are as follows:

nilar to
-5 [11].
in the
rmonic

S quite
the AC

need to be taken into/account and the network impedance at harmonic frequerncies is

of the

n order to performthese calculations, accurate information about background hgrmonic

. More

to limit
ethods

Wb techmiques;

ti-level techniques;

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

e mul

ti-pulse (12-pulse, 24-pulse, etc) techniques;

e combinations of the above.

Since a VSC can operate at any desired power factor, the design of the filters is normally
based only on harmonic performance and (unlike for LCC HVDC) is not affected by reactive
power considerations. Some multi-level converter topologies can generate sufficiently low
levels of harmonics that harmonic filters can in some cases be omitted.
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9.2 Wave distortion

The individual voltage distortion factor (D,), total harmonic distortion (THD), telephone
harmonic form factor (THFF), telephone influence factor (TIF) and total harmonic current
factor (IT), as defined in IEC TR 62001-1 [4], are relevant also to VSC transmission schemes.

It is noted that, with VSC technology, it is relatively easy to shift the spectrum of harmonics to
higher orders of the fundamental frequency. When setting the distortion limits for a VSC
transmission scheme, it can be appropriate to assess harmonics to a higher order than has
been the case for LCC HVDC schemes, for example to increase the order to be included from
the 50th harmonic to, for example, the 100th harmonic.

It also heeds to be noted that the accuracy of modelling of harmonic impedance decreases at
such high frequencies.

9.3 Fundamental and harmonics
9.3.1 Three-phase 2-level VSC

Singleqphase AC output for a 2-level converter is shown in Figure 16%

The AC wave shape at a VSC phase unit output can consist of‘@ sequence of square waves,
as shdwn in Figure 31. Many different modulation methods can be used to conffol the
converfers to achieve a specific wave shape. The most commonly used method is the garrier-
moduldted method (voltage reference as sine wave of other with a triangular carrief wave
shape)l Some typical modulation strategies used with*2-level VSC are discussed in Anrjex B.

a) Control signals for a PWM VSC

IEC

b) Phase a output voltage (Vam)

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

9.3.2 Multi-pulse and multi-level converters

Multi-pulse and multi-level converter topologies can also be used to reduce the harmonic
output. The harmonics are calculated by Fourier analysis of the individual waveforms.

The individual levels of such converters are switched to obtain desired output voltage at the
AC and DC terminals of the converters. The methods for switching individual levels can be
distinguished in two main categories:

e methods resulting in a random type pulse pattern;
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e methods creating a fixed pulse pattern (for given output voltages).

Random type pulse patterns distribute the harmonic distortion over the full frequency range,
resulting in a "white noise" with moderate amplitudes. Due to their random nature, these
harmonics are not easy to predict on a pure analytical basis. In contrast, fixed pulse patterns
can be easily predicted and analysed.

9.4 Harmonic voltages on power systems due to VSC operation

One possible method for calculating the harmonic performance of the VSC is to consider it to
be a harmonic generator of equivalent voltage E, at each individual harmonic. At the point of
common connection (PCC) of the VSC and the power system, the equivalent circuit is shown
in FiguFe 32, where Zg,,, 1S the system Impedance at the harmonic n and Z,, Is the ngrmonic
impedgnce of the VSC, including the interface transformer, phase reactor and AGHfilters (as
appropriate). If shunt filters are used either as part of the network or as part of the)converter,
they are included in respective impedance.

O—+1 = 1 = k4

E, PCC Ec

Figure 32 — Equivalent circuit at the PCC of the VSC

Since both Z,, and Z,, are a complex impedance, a{resonance can occur. Therefofe, it is
essentfal to have knowledge of the purchaser harmonie system impedance at the PCC.

9.5 Design considerations for harmonic filters (AC side)

If the gvaluation indicates that the VSC contribution to harmonics at the PCC will exceged the
permissible level, harmonic filters need. t0,be designed and installed to keep the harmonics
within fthe required limits. The filter cenfiguration for the VSC is determined in a |similar
mannef as those for LCC HVDC;wsee IEC TR 62001 (all parts). However, one important
differemce is that the VSC behaves-as a harmonic voltage source on the AC side, and hence
the selfies filtering action of thelphase reactor and associated equipment is more important
than thee 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 ling¢, or a
combirjation of DC-cable and DC overhead line, its DC-side harmonics can interfere with other
equiprent and_substations near the transmission line. VSC systems frequently uge land
cables|whieh\Can be installed in trenches alongside telecommunication cables. If thg¢re are
copper| telecommunication cables close to DC cables over a long distance, the p¢tential
interfenence between these cables is usually considered. The frequencies used in commercial
voice transmission range from 200 Hz to 3 500 Hz. Telephone noise evaluation is performed
according to various weighting factors (such as CCITT and BTSEEI) according to local
practices. The coupling between power circuits and telephone circuits is through both electric
and magnetic fields. However, unless the spacing between the two circuits is small, the
magnetic coupling predominates and the electric coupling is negligible. For bipolar DC lines,
this coupling is usually calculated using the "equivalent disturbing current" [5].

If filtering is required on the DC side, a common mode reactor, DC reactor, or a DC filter can
also be used to perform the role of RF filtering.
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10 Environmental impact

10.1 General

Clause 10 covers the main environmental impact resulting from the development of a VSC
substation. The environmental aspects discussed are audible noise, visual impact, EMF and
EMC. Other factors of a more generic character that result from VSC substation development
are not covered, nor are the impacts from the development of a cable or overhead line system.
End-of-life issues like recycling and disposal are similar to those for an LCC HVDC scheme,
as are power losses.

10.2 Audible noise

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

The nodlise characteristics of the cooling equipment and auxiliaries are similar to those yised in
a conyentional AC substation. Dependent on the converter topology used, the| noise
characferistics of the transformer 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 sone converter designs, the noise characteristics can be.different. For converter$ 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 scheje. For
converlers using valves of the controllable voltage soutCe‘type, the noise spectrum can have
a signjficant component at fundamental frequencyy with higher harmonics being more
characijeristic of "white noise".

Noise |attenuation can be achieved by a,fQumber of reduction measures that ¢an be
incorpgrated into the design of a VSC statian. For many components, such as transfgrmers,
coolind equipment and auxiliaries, the me@sures taken to reduce noise are similar to thpse for
a conventional AC substation.

10.3 Electric and magnetic fields (EMF)

The elgctric and magnetic fields (EMF) associated with a VSC scheme can be separatfed into
AC and DC fields. The AC\fields are produced by the AC components of the substation, and

the compnection between the VSC and the AC grid. The DC fields (also referred to ag static
fieIds)Izre produced by the cable/OH line, by connections to the DC equipment, and|by the
DC equipment itself.

In genegral, the-electric and magnetic fields around a VSC facility, including the substation,
connedtion§ and DC overhead line or cable, are similar to those for an LCC HVDC schegme.

10.4 Electromagnetic compatibility (EMC)

The operation of high-voltage electrical equipment can generate electromagnetic fields over a
wide range of frequencies, from power frequencies to television frequencies. It is possible for
electrical or electronic equipment in the vicinity of such electromagnetic fields to be affected,
or to have their proper operation interfered with. Interference limits imposed on facilities
typically consider

e radio interference (RI),

e television interference (TVI),

e telephone interference (see Clause 9), and

e power line carrier interference (see Clause 9).

VSC valve switching can generate high frequency emissions up to several hundred MHz. The
VSC design usually ensures that such noise does not cause unacceptable interference for
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others. Different mitigation methods can be employed, such as proper grounding, the use of
passive radio interference filters, and shielding of the sources by EMC barriers.

Radio interference is associated with noise in the frequency range of 150 kHz to several
hundred 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 needs to be
taken into account when designing the VSC substation.

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

The cdnducted phenomena consist of two categories, commonly known as thé&“diff¢rential
mode and the common mode. The differential-mode disturbance is a current or a yoltage
measufed between the power lines of the VSC, while the common-mode is-a currept or a
voltagqd measured between the power lines and ground. Any filter design ‘\needs to take into
accourt both modes of noise.

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

A proper design of a VSC valve and converter layouti\can reduce the disturbance emisgions at
their squrce. In addition, it can be necessary to usé-filters. Emission level can be assegsed by
simulafion and measurement in-situ.

IEC 61D00 (all parts) [14] on electromagnetic compatibility covers emission and immuhity for
phenomena in the 0 GHz to 400 GHz\frequency range. This range is split into $everal
frequency bands, according to measutement techniques.

11 Testing and commissioning

11.1 General

Clause| 11 providesigeneral guidelines for testing and commissioning of VSC transmission
systems. Emphasis.*has been put on subsystem and system tests rather than thgse for
compohents.

Testing and-commissioning are part of a process that begins in the factory and ends with the
handing over of the equipment for commercial operation. There are two distinct ghases:
factory or off-site testing, and commissioning testing. Off-site testing is usually performed to
prove that equipment, including the control system, meets the design criteria. Commissioning
tests are performed after the equipment has been delivered to the site and installed. The tests
are organized to test subsystems, systems and overall performance.

As a general rule, all parties involved in the project needs to be included in the tests and all
responsibilities clearly defined.

General requirements for system testing are described in [15].
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11.2 Factory tests
11.2.1 Component tests

These tests concern the verification of the single components, including control and protection
equipment, before they are sent to site. They can be subdivided into routine tests, aimed
essentially at quality control, and type tests which verify that a component has been properly
designed to sustain the stresses from potential transients and service conditions. Factory
testing of VSC converter valves is covered by IEC 62501 [16]. Traditional components such as
switchgear, transformers, capacitors, capacitor fuses, reactors, resistors, insulators, voltage
and current transformers, surge arresters, etc, are covered by [3], in which the available
standards (IEC, IEEE, ANSI) are pointed out and the special tests are introduced.

11.2.2| Control system tests

As with the controls for LCC HVDC systems, the control system for a VSC transiission
system|, including hardware, software and documentation, can be tested and verifigd in a
factory| system test (FST). A real time simulator will be required that can)represent| power
compopents and parts of the AC system in a sufficiently detailed way. Every effort is usually
made tp test as complete a system as practical, including redundancy;’so as to minimize work
on sitg. Factory system testing is an extensive and thorough Check of the contdol 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 tesgts, but
will inglude the actual transducers and main circuit equipment, as well as actual pystem
conditipns (as permitted within system constraints). Al software and hardware furjctions,
including redundancies, are usually tested before the)'equipment is shipped to gite for
installgtion and commissioning.

Besidep simulator tests identical to those for LEC HVDC, other tests need to be considered
that account for the additional modes of operation possible with a VSC. Each mode is usually
tested [both in the factory and during commissioning (e.g., operation of the convertgr as a
STATJOM, black start capabilities, and feeding a passive network). The results obtaingd from
real time simulator tests and system studies (in particular the dynamic performances studies)
are thgl main references used to define’the commissioning plan and validate the test repults in
the fielf.

11.3 Commissioning tests/system tests
11.3.1| General

Commissioning tests\are organized in a succession of phases.

The fifst phase is the so-called "precommissioning tests" executed on single |station
compofents in order to check their condition and functionality after transport and asgembly.
This phase is followed by the "subsystem tests," which test several components working
together—to—perform—a—specificfunction—These—are—foltowed—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
industrial customers that could be affected by the tests.

During inspection and testing, all applicable health, safety and environmental requirements
and regulations need to be followed. Any deviations are discussed and resolved at site
meetings. Often there is an overlap between commissioning and installation, especially in the
area of cable termination. Care needs to be taken when interconnected subsystems are
energized and started up that personnel are notified so that no potentially hazardous
conditions exist. For an efficient process, it is important to complete as many as possible of
the equipment pre-commissioning checks before energization of the equipment. Most utilities
have extensive safety rules that protect workers from accidental electrical contact.
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11.3.2 Precommissioning tests

Precommissioning consists mainly of inspection and equipment tests. Equipment tests include
electrical and mechanical tests and simple functional tests confined to a single installed unit.
The purpose of these tests is to check the condition of the equipment and verify proper
installation. If normal auxiliary power is not yet available, electrical tests can be performed
with portable or temporary power supplies. At this stage, settings are verified in protection
and control equipment.

In those cases where disconnection and reconnection would be required for the equipment
tests, precommissioning tests on main circuit equipment are performed before the main
conductors are connected. Equipment tests are performed as soon as possible after
installdtion, and according 1o the manufacturer's recommendations.

11.3.3| Subsystem tests

Subsydqtem tests verify the proper operation of a group of interconnected orrelated equipment.
Subsydtem testing needs to be done in stages from small to progressively)larger subsystems,
and to check as many functions as possible.

Typical subsystem tests are

e subsystem functional testing,
o staft-up of auxiliary systems, and

o |owtvoltage energization.
11.3.4| System tests
11.3.41 General

The syptem tests involve operating the cornverter(s) in conjunction with the interconnedted AC
transmjssion system. These tests aré* not only checked for proper performance |of the
automgtic controls during normal changes in references, set points or operating modgs, but
also tare place, in so far as possibte, under different network conditions. System tests need
also t9 include selected disturbances to verify dynamic performance and robuptness.
Disturbances can consist of. nearby capacitor bank switching, transformer energizatign, line
switchihg, generator tripping, step responses, or even staged faults where specifigd, and
cover the most critical conditions evidenced by the system studies and by simulator tgsts, in
so far|as the netwotks allow. Some tests with high potential impact can require gpecial
provisipns to mitigate the possible adverse system impact of large reactive/active| power
variatigns. These~will require tight coordination with the transmission system operator
(TSO)/ptilities.ef AC networks to which the VSC transmission system is connected.

U

Usually,. 4€sts with lower impact on AC networks are performed first, followed by the¢ more
onerous-enes-

11.3.4.2 High-voltage energization

When all prerequisites for high-voltage energization have been completed, operational
authority is transferred to system operators to ensure that all safety rules are followed and
that any system constraints are observed. Operational procedures need to be formalized
beforehand. High-voltage energization is preceded by final trip tests and "dry run" tests where
the operators execute the procedure without actually energizing the equipment.

Energization of AC equipment follows a step-by-step sequence for the AC buses, bays, filters
and transformers. This can require temporary disconnection of some high-voltage
terminations where disconnect switches are not provided. Equipment is initially energized for
several hours. Checks are made for corona and any abnormal audible noise. Phasing and
phase rotation are rechecked with full voltage. During filter energization, unbalance
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protections are checked and load checks are made. Visual inspections of all equipment and
surge arrester counters are made before and after energization.

Energization of the converter and DC equipment follows that of the AC equipment. In most
cases, valve cooling needs to be running before energizing the converter. With the VSC, the
connected DC side equipment (i.e., DC buswork, DC capacitors and DC transducers) is
energized through the valve anti-parallel diodes when the main AC breaker is closed thereby
energizing the converter.

As an additional check, the converter 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
converfer at the oppasite end of the link could be used as a rectifier to provide this function.

During| energization, DC voltage measurements and status signals from" lindividual
semiconductor positions are checked via the valve monitoring.

If othef converters or DC cables are included in the particular applications they are |nitially
energized separately while isolated from the other converter(s) and intefconnecting caples or
buswork.

11.3.43 Converter operating tests
11.3.43.1  General

Once the converter and DC equipment have been energized and checked out, the conhverter
can bg deblocked, sending switching pulses to the valves. Initially, this is performgd one
converfer at a time, with the VSC operated in AC.yoltage control or reactive power ¢ontrol.
The plirpose 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, trans@ucers,
auxiliafies and main circuit equipment;nare 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.

11.3.43.2 Sequences

It is checked that breakers, disconnects and deblock/block and trip sequences ¢perate
properly in responséxto manual, automatic or protective orders. Check that the initial opgerating
conditipn is nedfral, minimizing the disturbance to the network, for example aujomatic
connedtion of filters, if any, with net zero reactive power exchange through counterbalancing
VSC alpsorption.

11.3.4.8.3°_DC voltage control

It is checked that the DC voltage is controlled to its reference voltage, and that all levels of
DC voltages 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.
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11.3.4.3.5 Reactive power control

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

NOTE Operating restrictions on AC voltage can limit the amount 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 controlled to the reference, if relevant, and that the reactive
power is stable. Vary slope. reference. deadband and voltage control modes. as provided.
Check [stability with the AC network by reference step response, capacitor bank switching
and/or |JAC line switching.

11.3.4.8.7 Load test

The capability of the cooling equipment is checked, primarily for the VSE.valves. Obsefve the
temperfatures and sequencing of the cooling equipment as the load is increased.

Operatjng restrictions on AC voltage can limit the amount of ‘reactive power that ¢an be
excharjged with the AC network, and special provisions need\then to be made to regach full
output.

11.3.4.8.8 Disturbance tests

In addition to the testing of the step responses to.regulator references, the converter jand its
controlg are tested for various internal disturbanges (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 jnearby
capacifor banks, transformers, transmissiéh lines, or tripping generators.

11.3.4.4 Transmission tests
11.3.4.4.1 General

Transnpission tests involveroperation of converters that work together to control the| power
flow. Juch testing requires a very high degree of coordination with the system operator
(dispatgher).

Typical tests petformed 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 voltage control

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