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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

9)

all national electrotechnical committees (IEC National Committees). The object of IEC is to

Techhnical Reports, Publicly Available Specifications (PAS) and Guides (hereafter referred' ‘to

promote
elds. To

nd and in addition to other activities, IEC publishes International Standards, Technical Speeifications,

as “IEC

Publication(s)”). Their preparation is entrusted to technical committees; any IEC National Commitiee interested
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. IECjcollaborate

closely

with [the International Organization for Standardization (ISO) in accordance with cofditions determjiined by

agre¢ment between the two organizations.

The formal decisions or agreements of IEC on technical matters express, as nearly)as possible, an inte
consensus of opinion on the relevant subjects since each technical committeeshas representation
intergsted IEC National Committees.

ublications have the form of recommendations for international use”’and are accepted by IEC

national
from all

National

ittees in that sense. While all reasonable efforts are made to enstre that the technical conterjt of IEC

for any

In ofder to promote international uniformity, IEC National Committees undertake to apply IEC Puflications

parently to the maximum extent possible in their natiohal and regional publications. Any di
betwgen any IEC Publication and the corresponding nationalhor regional publication shall be clearly ind
the latter.

ergence
cated in

IEC |tself does not provide any attestation of conformity. Independent certification bodies provide cqnformity
assepsment services and, in some areas, access, to-IEC marks of conformity. IEC is not responsiblgd for any

services carried out by independent certification bodies.

All ugers should ensure that they have the latést edition of this publication.

No lipbility shall attach to IEC or its directors, employees, servants or agents including individual expgerts and
mempers of its technical committees and IEC National Committees for any personal injury, property dgmage or
othel damage of any nature whatsgeyer, whether direct or indirect, or for costs (including legal f¢es) and

expenses arising out of the puplication, use of, or reliance upon, this IEC Publication or any o
Publications.

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

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

The main task(ofy IEC technical committees is to prepare International Standards. How
technidal committee may propose the publication of a technical report when it has cqllected
data of| adifferent kind from that which is normally published as an International Stand
example\istate of the art".

her IEC
ptions is

ibject of

ever, a

ard, for

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

The present technical report cancels and replaces IEC/PAS 62543:2008 (Ed.1) which was
published by IEC and CIGRE jointly, and combined with engineering experience.

The present IEC/TR 62543 bears the edition number 1.


http://dict.cnki.net/dict_result.aspx?r=1&t=combination+with+engineering+experience&searchword=%e7%bb%93%e5%90%88%e5%b7%a5%e7%a8%8b%e7%bb%8f%e9%aa%8c
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The text of this technical report is based on the following documents:

Enquiry draft

Report on voting

22F/230/DTR

22F/239A/RVC

Full information on the voting for the approval of this technical report can be found in the

report on voting indicated in the above table.

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

The cdmmittee has decided that the contents of this publication will remain unchan

g&d until
the stgbility date indicated on the IEC web site under "http://webstore.iec.ch"(in*thHe data

related|to the specific publication. At this date, the publication will be

* recpnfirmed,

o wit

drawn,

* replaced by a revised edition, or

¢ am

ended.

IMPOR

that

colouy printer.

t contains colours which are considered to be useful
undergtanding of its contents. Users should therefore print this document u

for the

R TANT — The 'colour inside’' logo on the cover page of this publication inqcates
orrect

ing a

A biling

ual version of this publication may be issued at a later date.
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HIGH-VOLTAGE DIRECT CURRENT (HVDC) POWER TRANSMISSION

USING VOLTAGE SOURCED CONVERTERS (VSC)

1 Scope

This technical report gives general guidance on the subject of voltage-sourced converters
used for transmission of power by high voltage direct current (HVDC). It describes converters
that are not only voltage-sourced (containing a capacitive energy storage medium and where

the po
device
2-level
conver

wave dutput mode.

HVDC

The va
along

istop
schem

Line-cqa

2 Nagrmative references

The fo
For da

of the leferenced document (including-any amendments) applies.

IEC 60

IEC 61

3 Tefrms and_definitions

For thg purpose of this document, the following definitions apply.

3.1

5 which can both be turned on and turned off by control action. The scope_in
and 3-level converters with pulse-width modulation (PWM), along withomu
ers, but excludes 2-level and 3-level converters operated without PWM, in 4

power transmission using voltage sourced converters is known as “VSC transmig

Fious types of circuit that can be used for VSC transmissiof are described in the
vith their principal operational characteristics and typicalKapplications. The ovel

)

.

lowing referenced documents argldndispensable for the application of this dog
ed references, only the edition.cited applies. For undated references, the latest

£33, Terminology for high-voltage direct-current (HVDC) transmission

075, High-voltage-~direct current (HVDC) installations — System tests

arity of d.c. voltage remains fixed) but also self-commutated, using semicompductor

cludes
ti-level
quare-

sion”.

report,
all aim

ovide a guide for purchasers to assist with the task of.specifying a VSC transipission

mmutated and current-sourced converters are _specifically excluded from this report.

ument.
edition

~ |

senera

NOTE This report uses the terminology established by IEC 60633 and IEC 61803 for line-commutated HVDC.
Only terms which are specific to HVDC transmission using voltage sourced converters are defined in this clause.
Those terms that are either identical to or obvious extensions of IEC 60633 or IEC 61803 terminology have not
been defined.

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.
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IEC 567/11
Figure 1 — Major components that may be found in a VSC substation
a circuit breaker i VSC d.c. capacitor b
b line side harmonic filter j d.c. harmonic filter
c line side high frequency filter k neutral point grounding branch °©
d interface transformer | d.c. reactor °
e converter side harmonic filter m common modeé\blocking reactor d
f+g converter side high frequency filter ® n d.c. side high frequency filter d
g phase reactor ? o dec,"cable or overhead transmission line °
h VSC unit

In sdme designs of VSC, the phase reactor may fulfilpart of the function of the converter-side high flequency
filter] In addition, in some designs of VSC, part of ofall of the phase reactor may be built into the thre¢ “Phase
units| of the VSC unit, as “Valve reactors”.

In sgdme designs of VSC, the VSC d.c. capaecitor may be partly or entirely distributed amongst the thrge phase
units|of the VSC unit, where it is referred _toas the d.c. submodule capacitors.

° The location of the neutral point grourding branch may be different depending on the design of the VS unit.
¢ Not normally required for back-to-back systems.

3.2 | etter symbols

line-tosline a.c. voltage of the converter unit(s), r.m.s. value, includipg
onv harmonics;

alternating current of the converter unit(s), r.m.s. value, includipg

opnv harmonics;

U Hae-to I?r‘.c ae—volage—of—the—ae—system—rm-s—vatte—neldding
L harmonics;

I alternating current of the a.c. system, r.m.s. value, including harmonics;

Uqg d.c. line-to-line voltage of the d.c. bus of the VSC transmission system;

Iy d.c. current of the d.c. bus of the VSC transmission system.

3.3 Power semiconductor terms

NOTE There are several types of switched valve devices which can be used in voltage sourced converters (VSC)
for HVYDC and currently the IGBT is the major device used in such converters. The term IGBT is used throughout
this technical report to refer to the switched valve device. However, the technical report is equally applicable to
other types of devices with turn-off capability in most of the parts.
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3.31

switched valve devices

a controllable valve device which may be turned on and off by a control signal, for example
IGBT

3.3.2

insulated gate bipolar transistor

IGBT

a controllable switch with the capability to turn-on and turn-off a load current. An IGBT has
three terminals: a gate terminal (G) and two load terminals emitter (E) and collector (C).

By apTMmmW&Magﬁ_maMmm_nwvolled,
i.e. turmed on and turned off.

3.3.3
free-wheeling diode
FWD
power |semiconductor device with diode characteristic. A FWD has twoterminals: an]anode
(A) and a cathode (K). The current through FWDs is in opposite direction to the IGBT cyrrent.

FWDs |are characterized by the capability to cope with high/rates of decrease of purrent
caused by the switching behaviour of the IGBT.

3.34
IGBT-diode pair
arrangément of IGBT and FWD connected in inverse parallel

3.4 VSC topologies

3.41
symmetrical monopole
a single VSC converter with symmetrical d.c. voltage output on the two terminals

3.4.2
asymmetrical monopole
a single VSC converter with asymmetrical d.c. voltage output on the two terminals, nprmally
with one terminal earthed

3.4.3
bipole
two or more V\SC' asymmetrical monopoles forming a bipolar d.c. circuit

3.4.4
two-levetconverter
a converter in which the voltage at the a.c. terminals of the VSC unit is switched between two
discrete d.c. voltage levels

3.45

three-level converter

a converter in which the voltage at the a.c. terminals of the VSC unit is switched between
three discrete d.c. voltage levels

3.4.6

multi-level converter

a converter in which the voltage at the a.c. terminals of the VSC unit is switched between
more than three discrete d.c. voltage levels
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3.4.7

modular multi-level converter

MMC

multi-level converter in which each VSC valve consists of a number of self-contained, single-
phase voltage sourced converters connected in series

3.4.8

VSC unit
three VSC phase units, together with VSC unit control equipment, essential protective and
switching devices, d.c. storage capacitors, valve reactor and auxiliaries, if any, used for

conversion

3.4.9

VSC phase unit

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

NOTE |In the simplest implementation, the VSC phase unit consists of two VSC valves. lnvsome case, it|consists
of two VBC valves and valve reactors. The VSC phase unit may also include control and-protection equipnjent, and
other copnponents.

3.4.10

VSC valve

compldte controllable device assembly, which represents a funetional unit as part of [a VSC
phase |unit and characterized by switching actions of the“power electronic device$ upon
controlfsignals of the converter base electronics

NOTE Pependent on the converter topology, a valve can either have the function to act like a controllable switch
or to act|like a controllable voltage source.

3.4.11

diode yalve

a semigonductor valve containing diodes but no switched semiconductor devices, which might
be usef in some VSC topologies

3.4.12

valve

refers fo VSC valve or diode.valve according to the context

3.4.13

VSC valve level

part ofla VSC valve-comprising a controllable switch and an associated diode, or controllable
switchgs and diedes connected in parallel, or controllable switches and diodes connectged to a
half bridge orfull bridge arrangement, together with their immediate auxiliaries, s$torage
capacifor, if any

NOTE [n the context of modular multi-level converters, the term 'submodule” 1s also used to refer 10 a VSC valve
level.

3.4.14

diode valve level
part of a diode valve composed of a diode and associated circuits and components, if any

3.4.15

redundant levels
the maximum number of VSC valve levels or diode valve levels in a valve that may be short-
circuited externally or internally during service without affecting the safe operation of the
valve as demonstrated by type tests, and which if and when exceeded, would require
shutdown of the valve to replace the failed levels or acceptance of increased risk of failures
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valve protective blocking
means of protecting the valve or converter from excessive electrical stress by the emergency
turn-off of all IGBTs in one or more valves

3.4.17

submodule d.c. capacitor
a capacitor (if any) used as part of a certain VSC valve level, which is used as energy storage
d.c. source

3.4.18

valve reactor
or (if any) which is connected in series to the VSC valve. One or more valve riactors

a reac
can be
valve.

also pd
each v

NOTE
source 9

3.4.19
valve

physic
above

3.4.20
valve 9

associated to one VSC valve and might be connected at different positions ‘wi
According to the definition, valve reactors are not part of the VSC valve. Howev
ssible to integrate the valve reactors in the structural design of the VSC’valve, e
blve level.

\t present valve reactors are used in converter topologies with valves acting_like a controllablg
nly.

tructure
| structure holding the levels of a valve which is insulated to the appropriate
barth potential

upport

that part of the valve which mechanically supparts and electrically insulates the active

the val

NOTE
designs

3.4.21
multip
MVU
mecha

ve from earth

\ part of a valve which is clearly identifiable in a discrete form to be a valve support may not e
pbf valves.

e valve unit

nical arrangement ©f\2 or more valves or 1 or more VSC phase units sharing a c

valve support

NOTE

3.4.22

\ MVU might-natiexist in all topologies and physical arrangement of converters.

in the
er, it is
.g. into

voltage

oltage

part of

ist in all

bmmon

bnents,

electrigakassembly, composing a number of VSC or diode valve levels and other comp

which }

valve 1ection

3.4.23

valve base electronics

VBE

electronic unit, at earth potential, which is the interface between the converter control system
and the VSC valves

3.5 VSC transmission

3.5.1

VSC substation
part of a VSC transmission scheme, consisting of one or more VSC unit(s) installed in a single
location together with buildings, VSC d.c. capacitors, reactors, transformers, filters, control,
monitoring, protective, measuring and auxiliary equipment, as applicable
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3.5.2

interface transformer

transformer (if any) through which power is transmitted between the a.c. system connection
point and one or more VSC units

3.5.3

phase reactor

a reactor connected directly to the a.c. terminal of the VSC phase unit, and combined with
interface transformer leakage reactance (if any), in order to provide the commutating
reactance

3.5.4
VSC dic. capacitor

capacifor bank (s) (if any) connected between two d.c. terminals of the VSC, used as [energy

storage and / or filtering purposes

3.5.5
a.c. syistem side harmonic filter
a filter [(if any) used to prevent harmonics generated by the VSC from{penetrating into fhe a.c.
system. The filter can be located at the point of common coupling (outside the interface
transfofmer) or/ and on the valve side (inside the interface transformer)

3.5.6
a.c. side radio frequency interference filter (RFI filter)
filters (if any) used to reduce penetration of radio frequency interference (RFI) into the a.c.
system| to an acceptable level

3.5.7
HF-blocking filter
filters [(if any) used to reduce penetrationtof high frequency (HF) harmonics into the a.c.
system to an acceptable level

3.5.8
valve gide harmonic filter
filters (jf any) used to mitigate\the HF stresses of the interface transformer

3.5.9
commeén mode blocking reactor
a reactor (if any).used to reduce common mode harmonic currents flowing into|a d.c.
overhepd line or<able of a bipolar long distance transmission scheme

gqrmonic filter
d.c. filte H-aryusedto—prevent-harmenics—generated-byVSE—valve+from—penetrating into
the d.c. system. The filter can consist of a tuned shunt branch, smoothing reactor or common
mode blocking reactor or combinations thereof.

3.5.11

d.c. reactor

a reactor (if any) connected in series to a d.c. overhead transmission line or cable used to
reduce harmonic currents flowing in the d.c. line or cable and to detune critical resonances
within the d.c. circuit. A d.c. reactor might also be used for protection purposes.

3.5.12

d.c. side radio frequency interference filter

filters (if any) used to reduce penetration of radio frequency (RF) into the d.c. system to
acceptable limits
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3.6 Operating states

NOTE This report only defines some operating states of the components of the VSC system, while the system
operating states are not included.

3.6.1

rectifier operation

operation mode of a VSC unit or a VSC substation when energy is transferred from the a.c.
side to the d.c. side

3.6.2

inverter operation
operation mode of a VSC unit or a VSC substation when energy is transferred from the d.c.

side to|the a.c. side

3.6.3
STATQOM operation
mode of operation with reactive power exchange to the a.c. terminals and without |lenergy
transfer on the d.c. line

3.6.4
forward valve direction
directign of current through a VSC valve, when current flows frem the positive termina| to the
negativye terminal

3.6.5
reversp valve direction
directign of current through a VSC valve, when cufrent flows from the negative terminal to the
positive terminal

3.6.6
forward valve current
currenf which flows through a VSC valve in forward valve direction

3.6.7
reversg valve current
currenf which flows throughha'VSC valve in reverse valve direction

3.6.8
VSC blocking
operation preventing further conversion by a VSC unit by inhibiting valve control signal or
applying a signal to turn off IGBTs

3.6.9
VSC deblocking
operation permitting the start of conversion by a converter by removing blocking action

3.6.10

conducting state

the condition in which load current flows through an IGBT-diode pair. In IGBT-diode pair, both
positive and negative conducting states may exist.

3.6.11

positive conducting state

the condition of an IGBT-diode pair in which load current flows through the IGBT from
collector to emitter
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3.6.12

negative conducting state
the condition of an IGBT-diode pair in which load current flows through the free-wheeling

diode f

3.6.13

rom anode to cathode

blocked state
the condition of an IGBT-diode pair in which load current does not flow and a voltage is
applied to the IGBT-diode pair such that a positive voltage exists on the collector of the IGBT
with respect to the emitter

3.6.14

reve rs’t recovery state
d

the co
conditi
has de

3.6.15

modulation index of PWM converters

M
modulg

where

(Vaoh
Vao

NOTE

modulati
principle
should b|

3.7

Those
design
major

3.7.1
dielect
those

Type tests

ition in which the FWD carries reverse current during commutation at the\sp
bns, starting at the zero-crossing of the current and ending when the reverse
cayed to the reverse off-state current after the tail-current phase

tion index M is the ratio of the modulating wave amplitude (to the carrier amplitug

Voontrol _ Peak _of (Vg
Vtriangle (Vdc /2)

M =

is the fundamental frequency component of Vg,
is the output voltage of one VSC phase unit at its a.c. terminal.

n addition, there are various definitions”of modulation index for VSC converters available. All
on indices represent secondary quantities which are derived from physical properties and d
5 of VSC converters. It is to be nbted that for a specific application any modulation index and i
e defined clearly.

tests which are_carried out to verify that the components of VSC transmission

ategories:_dielectric tests and operational tests.

ric fests

ecified
current

of these
perating
S usage

System

will meet the requirements specified. In this report, type tests are classified undger two

of the

ests” which are carried out to verify the high voltage withstanding capability

compo

3.7.2
operat

ents of VvoU Transmission sysiem

ional tests

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

3.8 Production tests

Those tests which are carried out to verify proper manufacture, so that the properties of the

certain

component of VSC transmission system correspond to those specified

3.9 Sample tests

Those production tests which are carried out on a small number of certain VSC transmission
components, e.g. valve sections or special components taken at random from a batch
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3.10 Insulation co-ordination terms

3.10.1

test withstand voltage

value of a test voltage of standard wave shape at which a new valve, with unimpaired
integrity, does not show any disruptive discharge and meets all other acceptance criteria
specified for the particular test, when subjected to a specified number of applications or a
specified duration of the test voltage, under specified conditions

3.10.2

internal and external insulation
air external to the components and insulating materials of the valve, but contained within the
profile of the valve or multiple valve unit 1S considered as part of the internal Insulation pystem
of the alve. The external insulation is the air between the external surface of the vplve or
multiple valve unit and its surroundings.

3.11 Power losses

3.11.1
auxiliary losses
the elgctric power required to feed the VSC substation auxiliary~loads. The auxiliary|losses
depend on whether the substation is in no-load or carrying load,-in which case the apxiliary
losses |[depend on the load level.

3.11.2
standhy losses
the losges 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

3.11.3
no-loaf operating losses
the losges 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

3.11.4
operatjng losses
the losises produced in(an item of equipment at a given load level with the VSC sulstation
energized and the converters operating

3.11.5
total system losses
the total system loss is the sum of all operating losses, including the corresponding apxiliary
losses

3.11.6

station essential auxiliary load

the loads whose failure will affect the conversion capability of the HVDC converter station
(e.g. valve cooling), as well as the loads that shall remain working in case of complete loss of
a.c. power supply (e.g. battery chargers, operating mechanisms)

NOTE Total “operating losses” minus “no load operating losses” may be considered as being quantitatively
equivalent to “load losses” as in conventional a.c. substation practice.
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4 VSC transmission overview

4.1 Basic operating principles of VSC transmission

411

The voltage sourced converter as a black box

The operation of a voltage sourced converter is described in greater detail in Clause 5. In this
clause the converter is treated as a black box that can convert from a.c. to d.c. 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
d.c. circuit on one side and to an a.c. circuit on the other.

Pconv
VSC
R

— —>

| I ~
+ + loony o
= U Us == —o—>{‘rﬂ—o—G
- - = conv UL

DC VSC d.c.

resistor capacitor IEC

)

568/11

Figure 2 — Diagram of a generic voltage sourcé converter (a.c. filters not shown)

The VS
Uy>0
VSC ¢
(Im(U,
The V
mode.

The de¢signation voltage sourced converter is used because the function of the

predicg

To the
the d.c
purpos

storageﬁ capacitor'is realised either as a central d.c. storage capacitor between both p
[

as mu
from d|

C can be operated as either an inverter, injecting real power into the a.c. netwo
, or as a rectifier absorbing power fromthe a.c. network (/3 x Uy < 0). Simila
an be operated either capacitivelys\injecting reactive power into the a.c. n
I.) > 0), or inductively, absorbing.reactive power from the a.c. network (Im(U, -

rk (/4 x
ly, the
etwork
1) <0).

bC can be operated capacitively or inductively in both the inverter and the fectifier

ted on the connection of a voltage source on the d.c. side.

left in Figure 2, a“d.c. voltage source Ug is shown with a d.c. resistor Ry repre
circuit resistance, and a d.c. capacitor connected. The d.c. shunt capacitor ser

SC is

senting
es the

e of stabilising the d.c. voltage Uy. Depending on the VSC converter topology, the d.c.

iple.-storage capacitors distributed within the converter phase units. The con
c.to-a.c. takes place in the VSC as explained in Clause 5.

ples or
ersion

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

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

output

Ucony Of the VSC.
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By controlling the phase angle of U.,,,, the active power through the VSC can be controlled
as explained in Subclause 4.1.2.2. By controlling the voltage amplitude of U_,,,, the reactive
power through the VSC can be controlled, as explained in Subclause 4.1.2.3.

4.1.2 The 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 inertia,
which has the capability of individually controlling active and reactive power.

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

The adtive and reactive power can be controlled simultaneously and independently gf each
other. |f U,y is in phase with the line voltage U and its amplitude is equalo U, there is no
a.c. cufrent /., from the VSC. Under these conditions, the d.c. current-/j becomes zgro and
the d.c| capacitor voltage Uy becomes equal to the d.c. source voltageUy:

4.1.2.2 The principle of active power control

The pr|nciple 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.

X conv * lconv X conv * Iconv
A A
\ 1
UL ‘ uconv U ,
\ conv ! UL
i ]
V@ -9
— —J
\ /
\ Iconv 1
\ 4
/)
conv
Y
=0 P <0 P >0
conv conv conv
Y =U Rectifier Inverter
Rt - operation operation
Iconv =0 IEC 569/11

Figure 3 — The principle of active power control

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

If, on the other hand, the VSC output voltage lags the voltage of the a.c. grid, the VSC will
absorb active power from the a.c. grid, i.e., it operates as a rectifier. On the d.c. side, an
equivalent current will be injected into the d.c. source and the voltage Uy will increase in
accordance with Ohm's law (Uy = Ug + Ry'ly).
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If the VSC is connected to a passive load, an a.c. output current will be drawn from the VSC
determined by Ohm's law /.5, = Uson/Z- Again, an equivalent d.c. current will be drawn from
the source and the voltage Uy on the d.c. capacitor will drop to a value determined by Ohm's
law. No active power can be drawn from the a.c. side, because it is a passive a.c. circuit.

4.1.2.3 The principle of reactive power control

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
a.c. voltage.

If the amplitude of the VSC output voltage U, is higher than the a.c. grid voltage U, the
VSC wjll inject reactive power in the a.c. grid, i.e., will operate in the capacitive modg. If the
amplityde of the VSC output voltage is lower than the a.c. grid voltage, the VVSC. gbsorbs
reactive power from the a.c. grid, i.e., the inductive operating mode.
A
J (A
conv COI’]VX
F , I
I conv " conv I
A
ULI ULI Uconv
| |
I I
I Uconv I
I I
I I
| NN, —
Iconv Iconv
= <0 >0
conv conv conv
conv = L conv < UL conv > UL
= Inductive Capacitive
conv . .
operation operation
IEC 570f11
Figure 4 — The principle of reactive power control
4.1.3 Operating principles of a VSC transmission scheme
DC transmission line
» 1
~ - | IS
ZL1 Xconv1 + + ~ XconvZ ZL2
@—:'*mﬂ%’- Us U = —A;Lmrw:l—@
UL1 - - = UL2

Sending end

Receiving end

IEC 571/11

Figure 5 — A point-to-point VSC transmission scheme
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The point-to-point VSC transmission scheme shown in Figure 5 consists of two VSCs
interconnected on the d.c. side via a d.c. transmission line and connected to two different a.c.
grids on the a.c. side. The basic characteristics of a VSC have been described in the previous
clauses. One of these characteristics is that the d.c. voltage polarity is always the same (in
contrast with LCC HVDC, where the polarity of d.c. voltage depends on the direction of power
transfer). Therefore, the direction of the power flow on the d.c. line is determined by the
direction of the d.c. current. In Figure 5 the current flow and the power flow are from VSC1
(the sending or rectifier end) to VSC2 (the receiving or inverter end) of the d.c. line.

The direction of a d.c. current is always from a higher d.c. voltage level to a lower d.c. voltage
level. The d.c. voltage at the sending end of the d.c. line shall therefore be higher than the
d.c. voltage at the receiving end. The value of the current is determined by Ohm's law, as the
voltagqd difference between sending and receiving ends divided by the resistance in the d.c.
line Id F (Ud1-Ud2)/Rd

The d.g. line power flow can be controlled by holding the d.c. voltage at theyreceiving end
converfer (the inverter) at a constant value, and by letting the sending énd converfer (the
rectifief) control the d.c. current.

4.1.4 Applications of VSC transmission

In general the main fields of application of HVDC transmission are interconnection of
asynchronous a.c. systems and long distance transmission:via overhead lines and tables.
The following characteristic features of VSC transmission are decisive for djfferent
applicqtions.

e Theg smaller amount of external equipment su¢h as a.c. harmonic filters resulis in a
compact design of VSC converter stations. Small footprints are beneficial for appligations
with spatial limitations such as installations.in’city centres or on remote offshore plafforms.

« Singe VSC transmission is based on self:commutating operation, applications with isolated
and weak a.c. systems are feasible.During normal operation the VSC provides yoltage
and frequency control of the a.c. system. Operation during a.c. faults is a major cfiterion
for [VSC. The ability of the VSCxte inject fault currents facilitates a.c. system prqgtection
and fault clearing. Examples are connection of remote wind farms, oil and gas platforms
and remote mines.

« VSC transmission operates with a fixed d.c. voltage polarity. A reversal of diregtion of
power flow requires the\reversal of d.c. current. In case of parallel interconnection|of a.c.
systems via a.c. and-/d.c. lines, fast power reversals via d.c. current control proyide an
acqurate measute for load flow stabilisation between the a.c. systems. Since the polarity
of ¢l.c. voltage“does not reverse, multi-terminal systems are easier to realise with VSC
thah with LEC\HVDC.

4.2 Design'life

The seleetoreo M SCHransmisstonas—analerratveto LGB G—a-c—transmissien—or local
generation is normally motivated by financial, technical or environmental advantages. When
evaluating different technologies, it is important to compare their life cycle costs.

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

4.3 VSC transmission configurations
4.3.1 General

With VSC transmission there are several possibilities for the d.c. circuit and converter units.


https://iecnorm.com/api/?name=9b6c3158c354eb259a3fe60ad498d78e

TR 62543 O |IEC:2011(E) -21-

Each VSC substation may be constructed from a single converter unit of a phase unit
topology resulting in a monopolar transmission scheme.

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

The combination of two or more converter units can be accomplished in a number of ways.
The d.c. terminals of the converter units can be connected in parallel to achieve high output

curren

4.3.2

Both ¢

s or in series to achieve high output voltages

D.C. circuit configurations

there dre several aspects associated with the basic principle of VSC transtnission th

influen

« Sin

ce the choice.

ce a VSC generally allows only one d.c. voltage polarity, the“cable does not nee

bbles and overhead transmission lines can be used for VSC transmission. Hqwever,

at may

d to be

designed for voltage polarity reversal. This allows the use, of extruded crosg-linked

pol

ethylene (XLPE) d.c. cables. Faults on d.c. cables aré considered as excgptional

scenarios which result in a permanent fault of the affectéd section and an interrugtion of
power transfer.

e Sin
fau
rec

A bac
transm

4.3.3
4.3.31

bmmences once the fault is cleared and the-aijr insulation is restored.

Jssion distance is zero.

Monopole configuration

General

The V§C converter can be operated in different monopolar configurations.

e Syn
e Asy
e Asy
4.3.3.2
In a sy

midpoi
means

hmetrical monopole
mmetric monopele with metallic return

mmetric monopole with earth return
Symmetrical monopole

mmetrical monopole, the d.c. output voltages are of equal but opposite magnitug

Ce overhead transmission lines are always exposed to lightning strikes and pqllution,
ts along them are likely. Most line outages are temporary and transmission

K-to-back configuration is a special{case of VSC transmission where the d.c.

e. The

Nt OT the d.C. CIrcult IS earthed, either by capacitors as shown in Figure o6 or b

~ — — ~

y other

—(—H = X #—J—

IEC 572/11

i
L

Figure 6 — VSC transmission with a symmetrical monopole
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In an asymmetrical monopole as shown on Figures 7 and 8, the d.c. 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.

QD+

D~

Fig

_C

-

4.3.4

Two ag
earth 9

The nefutral return bus can be designed-by a similar process to that which is normally u
LCC HVDC schemes.

bipolar

When
possib

_C

Daa

= =
T T

=

Bipolar configuration

=

e

#—({

E

gure 8 — VSC transmission with an asymmetrical monopole with earth retu

EC 573/11

ure 7 — VSC transmission with an asymmetrical monopole with metallic retyirn

D_

EC 574/11

ymmetrical converters can be connected<ogether in a bipolar configuration eithler with
r metallic return.

sed for

there is an outage ofav‘converter or d.c. line/cable there is normally designed a

lity to operate the remaining system in asymmetrical monopole operation.

>_

D+ |T I A
QO+ /_| L I 2 D

4.3.5

Figure 9 — VSC transmission in bipolar configuration

Parallel connection of two converters

IEC 575/11

The d.c. terminals of two VSC converters can be connected in parallel resulting in high d.c.
currents.
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To prevent undesirable interaction between the two parallel-connected converters, some level
of impedance shall be provided between the two converters.

Where
order t

In ordgr to achieve high reliability upon internal converter unit faults, additional switchi
or bregking devices are required to isolate a faulty~converter unit. Obviously the comm
transmjssion circuit has no redundancy upon d¢c-’line faults.

4.3.6

Two V$C converters can be connected’in series on their d.c. side. This approach can b
to extegnd the d.c. voltage capabilities of a VSC transmission relative to the capability

individ

The technically most relevant scenario of series connection is the bipolar arran

outline

4.3.7

In pringiple, itiis-also possible to connect more than two converter units in parallel or in

Conne

or to sefparate transformers.

:]—IF

H

:]—IF
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Figure 10 — Parallel connection of two conyerter units
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parallel connection of converter units is chosen,a“high level control is reqy
b coordinate current orders between the converterunits.

Series connection of two converters

tlal converter units.

H in Subclause 4.3)4.

Parallel-and series connection of more than two converters

Ctions Of each converter units are either to separate windings of a common trans

ired in

ng and
on d.c.

e used
of the

jement

series.
former

In general the increased complexity of multi converter units has to be evaluated with regard to
project specific requirements.

4.4

Semiconductors for VSC transmission

In normal operation of voltage-sourced converters the power semiconductors are exposed to
a unipolar voltage and have to be able to conduct the current in both directions. Therefore
power semiconductor switches with turn-on and turn-off capability and with a high voltage
blocking capability (typically several kV) in the forward direction are needed.

Today these requirements are achieved by a parallel connection of a controllable switch and a

so call

ed free-wheeling diode as shown in Figure 11.
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Figure 11 — Symbol of a controllable switch and associated free-wheeling diode

Various different semiconductor switches are suitable for VSC technology, but only IGBTs
(insulated gate bipolar transistor, as shown on Figure 12) are used in commercial VSC-HVDC
projectp that have been built to date. Therefore the description of semiconductor switghes in
this document is concentrated on IGBTs although other semiconductors such as'GTQs and
IGCTs |are also usable.

NOTE $emiconductor devices suitable for VSC transmission type are divided into two categefies: the “trhnsistor”
type, which includes IGBTs, and the “thyristor” type which includes GTOs and IGCTs. .Dgvices of the “thyristor”
type canl handle larger powers more efficiently than devices of the “transistor” type,{but lack certaip control
features|such as the ability to control the device smoothly between the off and on states using active gatd control.
Devices |of the “thyristor” type also have higher gate power consumption than devices, of the “transistor” tyge, which
makes their use in high voltage applications such as VSC transmission more difficult.

L

IEC 578/11

Figure 12 —Symbol of an IGBT

Like all diodes, the free-wheeling diodes, which are connected in parallel to the contfollable
switch [ have a significant reverse recovery current when they turn off. Both the IGBTs jps well
as the [free-wheeling diodes have-to cope with these switching transients, particularly purrent
gradients and voltage gradients.

An IGHT is a voltage cantrolled device; only capacitive currents can flow in the gate tgrminal.
The dejvice can be controlled at any instant, even during the switching transients, i.e. the load
currenf can be influenced by the gate voltage.

IGBTs [are short-circuit proof within defined operating conditions. This means that in calse of a
short [ircdit,»the IGBT limits the load current to several kiloampers. Within| some
microseconds, an appropriate gate turn-off signal has to be applied to turn off the fault purrent

S thaoroa ol arate +h P2 PNWH
and now+to6 areTTTTaTy  OvVeToSU T SS e Ut vitTr

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 quite simple, since they have 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.

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
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ring of insulating material. For high voltage devices, this material is high strength porcelain in
most cases, though glass fiber reinforced resin is also used.

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

5 VSC transmission converter topologies

5.1 eneral

For a high power VSC transmission system, the key issue that determines (the cqgst and
operating losses of the overall system is the power circuit structure to construct the a.c.
output |voltage waveform. The output voltage waveform should approximate<a sine-wave in
order fo eliminate or minimize the need for harmonic filtering. The_ (Switching cophverter
considered for practical implementation is a voltage sourced converter ‘operated with fa fixed
d.c. vo|tage. The converter is a combination of controlled solid-state«switches that connlect the
d.c. input voltage periodically to the output for some intervalsto produce the a.c.|output
voltaggq. The converters at each end of a VSC transmission System can be arranggd in a
numbef of different ways, with the configuration of the converter*normally being referred to as
its topplogy. Two different converter types can be identified:” those in which the copverter
valves [act as controllable switches and those in which théconverter valves act as contfollable
voltagg sources. These two types are described in Subclauses 5.2 and 5.3 respectively

Itis arzl‘undamental criterion for any viable topologythat it enables the functional requirements
to be nmet. Different topologies have different te¢hnical characteristics, and therefore allow the
overalllscheme to be optimized in different ways. Manufacturers may have different prgferred
topologies and be able to best optimize their proposals around this preferred topology. It is
recommended that customers do not stiputate the topology to be used for a VSC transmission
system|, unless there are compelling.reasons for doing so.

It is possible to arrange the\:converters to have a single-, three- or multi-phagse a.c.
outputfinput. For the purpose’of this report, only the three-phase arrangement will be
discussged.

5.2 Converter topologies with VSC valves of “switch” type
5.2.1 General

The cgnverter-switches (normally called VSC valves) perform the function of connectjng the
a.c. bys to.the d.c. terminals. If the connection is direct through two alternately opjerating
switchgsy the a.c. bus voltage will change between the voltage levels at the two d.c. terminals.
Such a converter is known as a 2-level converter. In the 2-level converter, each of the VSC
valves has to withstand the voltage between the two d.c. terminals.

If the d.c. capacitor is subdivided, or additional d.c. capacitors are added, it is possible to
arrange for the a.c. voltage to move not only to the voltage at the two d.c. terminals but also
to intermediate levels. The number of voltage levels to which the a.c. bus voltage can be
switched will depend on the number of valves and the number of d.c. capacitor subdivisions or
additional d.c. capacitors. These arrangements are known as 3-level or multi-level converters,
depending on the number of voltage levels that can be achieved. The term multilevel refers to
a converter phase unit topology where the a.c. bus can be switched to attain more than three
different voltage levels.

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

In the following paragraphs, converter topologies suitable for VSC transmission systems will
be described in more detail. It should be noted that a considerable research and development
effort is being invested in voltage sourced converter technology, so additional suitable
topologies will likely become available subsequent to the issue of this report.

5.2.2 Operating principle

The basic operating mechanism of an ideal VSC is covered in this section. The description is
initially limited to a 2-level VSC. The 2-level VSC is the simplest structure needed to convert a
d.c. voftage into a.c. voltages. Although other types of multi-level VSCs are more jcgmplex,
their basic operating principle does not differ from that of the 2-level VSC.

For thg purpose of illustration, the VSC valves are described as ideal switches withqut any
switching losses. A VSC valve in a real application consists of a largeinumber of [series-
connedted semiconductor devices, and is described in greater detail in-Clause 5. Thg stray
inductgnces are neglected here, and the d.c. capacitors have been assumed to have [infinite
capacifance—i.e., no d.c. voltage ripple is shown.

As explained in Subclause 4.1, the output of the VSC needs,to.be connected in serieg with a
phase |reactor. The phase reactor enables the VSC to control power flow in addition to
smoothing 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 a.c.|output
from ald.c. source in the form of a simplé square-wave. A three-phase converter using three
2-level[phase units is illustrated in Figure 13.

+ 4 \ 4 \ 4
wll = KRR il
conv_a
.1 ‘ UCOnV_b I I Tt T
- conv_c
. O I 1 LL
%2 Uq | - | d
- PA ®

IEC 577/11

Figure 13 — Diagram of a three-phase 2-level converter and associated a.c.
waveform for one phase

The a.c. waveform shown in the figure is the phase-to-neutral voltage. The neutral voltage is
the voltage at the midpoint of the d.c. capacitor.
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Since the square-wave output voltage shown in Figure 13 is not acceptable in a practical
HVDC scheme, this converter type is normally operated with pulse width modulation (PWM)
as described in Subclause 9.3.

A typical PWM-switched waveform, using a carrier based control method with a switching
frequency of 21 times the fundamental, is given in Figure 14. For the purpose of this
illustration, the d.c. capacitor has been assumed to have an infinite capacitance (i.e., no d.c.

voltage ripple).
T I I
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Fligure 14 — Single-phase a.c. output for 2-level converter with PWM switching

Other PWM techniques are also available, such as~optimised PWM (OPWM) or ség
harmonic elimination method (SHEM). These aim to.improve the compromise between

transfe|

5.2.3.2

A thresd
conver

there dre more valves used than in, the 2-level phase unit, and additional diodes or val

requirg
Howev
can be

at 21 times fundamental frequéncy

I capability, switching frequency and harmenic performance.

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

phase converter consisting of thre€ 3-level phase units is illustrated in Figure 1
er has three d.c. terminals to connect to a split or centre-tapped d.c. source. A

d to connect to the d.c.csupply centre-tap, which is the reference zero pog
br, with identical valve terminal-to-terminal voltage rating, the total d.c. supply
doubled so that the output voltage per valve remains the same.

lective
power

5. The
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gure 15 — Diagram of a three-phase 3-level NPRC/converter and associated a
waveform for one phase
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'he neutral-point clamping diodes shown in Figure(*5 may be replaced by IGBTs in some applicati

on both upper valves in the phase unit, while negative output is produced by g
wer valves. Zero output is produced when the two middle valves, connecting the

is conducted by the upper-middle controllable device and the upper centre-tap
gative current by thexNlower-middle controllable device and the lower centre-tap d

cated in Figure-15, the relative duration of the positive (and negative) output

spect to the-duration of the zero output is a function of control parameter a
the conduction interval of the top upper, and the bottom lower valves. The ma
undamental frequency component of the output voltage produced by the phase

a funcf

ion of ,parameter a. When a equals zero degrees it is maximum, while at a eq

IEC 579/11

DNS.

C. waveform shown in the figure is the phase-to-neutral voltage. The neutral voltage is
age at the midpoint of the d.c. capacitor. As illustrated in Figure 15, the output yoltage
3-level phase unit can be positive, negative, or zero. Positive output is produced by

ing on
centre

he d.c. supply via the two-diodes to the output, are gated on. At zero output, gositive

diode,
jode.

oltage
which
jnitude
unit is
als 90

degree it is zero. Thus, one advantage of the 3 level phase unit |s that it has an internal

swﬁchmg 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 a.c. ripple current with a generally
high triplen harmonic content flowing through the mid-point of the d.c. supply. This may
necessitate the use of a larger d.c. storage capacitor or the employment of other means to
minimize the fluctuation of the mid-point voltage. However, once these problems are solved,
the 3-level phase unit provides a useful building block to structure high power converters,
particularly when rapid a.c. voltage control is needed.
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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 16. For the purpose of this illustration, the
d.c. capacitor has been assumed to have an infinite capacitance (i.e., no d.c. voltage ripple).

N
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Techni
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5.3.1

With valves of the “contrellable voltage source” type, each VSC level is effectively a

phase

storage. Each level has two main terminals used for the series connection of the VSC
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Figure 16 — Single-phase a.c. output for 3-level NPC converter with PWM
switching at 21 times fundamental frequency

Other multi-level converter topologies

utral-point clamped circuit can be extended 0 ‘higher numbers of output lev
e 5 levels, but at the expense of disproportionately greater complexity. A
er type which has been used in some power electronic applications is the
or” or “floating capacitor” circuit, which_can also exist in 3-level and 5-level for
the same disproportionately greater<complexity as the number of output le
ed. These and other possible multi-level converter topologies are described in
cal Brochure 269 and in the Report‘of CIGRE WG B4-48.

General

VSC in its own-kight, and contains power semiconductors and a capacitor for

he valve. By-appropriate control of the IGBTs within the valve level, either the
apacitop-of. zero volts can be applied to the main terminals of the VSC level.

vidual and appropriate control of the VSC valve levels, a desired voltage

pls, for
nother
“flying
ms but
vels is
CIGRE

Converter topologies with.VSC valves of the “controllable voltage source” fype

single-
energy
levels
oltage

can be

generafted.at the valve terminals. The valve voltage is the sum of those capacitor volta

[ges, of

which the voltage is applied to the main terminals of the VSC Tevel.

Assuming infinite storage capacitances with equal voltages in the individual valve levels, 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 17. Each valve can be considered as a controllable
voltage source.

The valve reactors contribute to both the phase reactance and the d.c. 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 d.c.
terminals.
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Becauge of its modular design and the multi-leyel technology it is referred to as modular

multi-lgvel converter topology. For the designh of the individual VSC levels different
building blocks can be used. At the time of.writing, two different topologies are used:

«  MMC with VSC levels in half-bridge topology;
e  MMC with VSC levels in full-bridge topology.

power

Since the circuit is inherently modular, it is relatively straightforward to obtain high numrers of

output [levels, without requiring either PWM or series-connected IGBTs. Thus, a.c. filt
be omitted in many cases and considerations of voltage distribution amongst
connedted IGBTs do net.arise.

5.3.2 MMC topology with VSC levels in half-bridge topology

Each of the 6-variable voltage sources shown in Figure 17 is realised with a series con
of identical VSC valve levels with an electrical equivalent as shown in Figure 18. Th

rs can
series-

hection
e VSC
own in

valve lpvélVis a two-terminal component with its own d.c. storage capacitor unit as sh

Figure To. These VSC valve levels are individually controlled and can be switched between a

state with full module voltage (voltage of the associated storage capacitor) and a sta

te with

zero module voltage for both current directions. If the module voltage is applied to the VSC
valve level terminals, the capacitor can be charged and discharged dependent on the current

direction of the converter phase arm.

>

=

IEC 582/11

Figure 18 — VSC valve level arrangement and equivalent circuit
in MMC topology in half-bridge topology
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The electrical arrangement of VSC valve levels and valve reactors in a converter block is
shown in Figure 19.

The VSC valve levels are controlled in that way that the sum of the upper and lower arm of
one phase unit equals to the d.c. voltage whereas the instantaneous voltage on the a.c.
terminals is determined by the ratio of the voltages of the two converter phase arms of one
phase unit.
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Figure 19 — Converter block arrangement with MMC topology
in half-bridge topology

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 on Figure 20.
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Figure 20 — VSC valve level arrangement and equivalent circuit
in MMC topology with full-bridge topology

ration is capable of producing an output voltage of zero or a positive output
p the capacitor voltage. However, it can alternatively produce a negative output
b the capacitor voltage.

rast to the converter arrangements outlined in Subclauses 5.2 and 5.3.2, this co
bment is capable of producing a d.c. output voltage of ‘either polarity, a featurq

ting line commutated HVDC link.

nd advantage of the full-bridge circuit is that. it permits faults on the d.c. side
er to be cleared by using only the power semiconductors in the valve, without re
ditional switchgear.

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

/SC valve design considerations
Reliability and failure’mode

tion to the number~of series-connected valve levels that are needed to sust

conver
redund

nt valve levelsIn case of failure of an individual valve level component, uninte

-bridge
oltage
oltage

hverter
which

beneficial in applications where a VSC transmission station is connected as a tap onto

of the
quiring

IGBTs

hin the

er voltage rating;-each single valve in a VSC transmission scheme shall includ¢ a few

rrupted

operatipn of the_remaining healthy valve levels is mandatory. Therefore, a faulty valve level

shall spfely andyeontrollably enter into a short-circuit mode and be capable of con
currenf until it-ean be changed out, e.g., during a scheduled maintenance period.

This chapability of short-circuit failure mode (SCFM) operation is very critical for

jucting

series-

connected valve levels, and shall be verified by appropriate tests under conditions that are
relevant for a particular application. Some special designs of Presspack IGBT allow SCFM to
be assured. Module IGBTs, however, do not exhibit this behaviour and a faulty Module IGBTs
may result in an open circuit. Thus, additional components in parallel to the valve level
terminals are required to ensure SCFM.

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

In selecting the operating voltage and current of the IGBT, due consideration should be given

to the |

oad cycling requirements for the VSC system.
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5.4.2

Current rating

One of the important design bases of the semiconductor in the VSC valve is rated current. In
addition, the valve should also be able to handle peak current, including ripple and transients,
as well as margins for control and protection actions. The rated phase current gives the
nominal stress on the component and shall be considered regarding power losses and
junction temperature on the IGBT.

5.4.3

Transient current and voltage requirements

An important aspect of IGBTs is their capability to turn off current and voltage. This capability
is defined in the switching safe operating area (SSOA) shown in Figure 21.

During| switching, the IGBT shall be able to,turn-off the peak current, including
Additionally, a margin is added to handle cutrent control regulation and protection

during

results| from a short circuit occurring close to the valve. The IGBT short circuit op

capab

different from the SSOA under normal-operation.

5.4.4

In manly converter topologies (including the 2-level and 3-level converters and the MM

VoltageA
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0 >
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Figure 21 — Typical SSOA'\for the IGBT

transient conditions. The valve shall\also be capable of turning off the curren

ility is defined by the SCSOA f{(short circuit safe operating area), which is

Diode requirements

ripple.
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which
eration
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C with

half-topology), the freé-wheeling diodes (FWD) in a VSC bridge act as an uncontrolled

rectifief bridge. Thus. they can be exposed to severe transient overcurrents, for e

during

d.c.-side shertcircuits or at energisation.
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In case of a d.c. side fault, as shown in Figure 22, a short circuit between the two d.c.
terminals creates a fault current path through the diodes. The current in the a.c. phases in the
VSC bridge is limited only by the short-circuit impedance of the a.c. network and the
reactance in the converter, e.g., the phase or valve reactors and/or transformers. The fault
current is detected by the protection system, which will open the breaker on the a.c. side and
thereby eliminate the fault current. A normal protection and breaker scheme takes a time
equivalent of three 50/60 Hz fundamental frequency cycles before the fault current is
extinguished. If the d.c. system only consists of cables, a fault will be very unlikely. However,
the consequences may not be acceptable if the system is not designed to handle the fault.
The valve should be designed to handle the fault current with an asymmetrical offset as a
worst case. Here, no reapplied voltage occurs since the breaker has disconnected the a.c.
system.

Anothdr transient that the diode may experience occurs if the VSC is energized throygh the
a.c. breaker when there is either no voltage, or a low voltage, on the d.c. sidenln thi$ case,
the converter experiences a surge inrush current and an overvoltage will occur on the d.c.
bus. The valve shall be designed to handle the inrush current, or the currentwill have to be
limited] The normal method for doing this is to include pre-insertion resistorns-

5.4.5 Additional design details

Besidels controlling the switching device in regular operation, ¢he”gate unit should kgep the
switching device within the safe operating area in all other-operational and shorf-circuit
conditipns. IGBTs have proven comparatively easy to handle in this respect, fhereby
facilitaling 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 thg IGBT
and other components in the valve levels..Ahe energy stored in stray inductancg¢s and
capacifances will generate transient voltages and currents respectively.

Gate vpltage control makes it possible ‘to control the voltage between the main two tefminals
of the IGBT at its turn off process. 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
techno|ogy, the snubber circuit'\can be omitted from the circuit, although switching logses in
the IGBT become larger.

For copverter topologies )with VSC valves of “switch” type it is possible to design the VSC
valve quch that it does_hot use traditional snubber circuits for protecting the individual |[GBTs.
In this| case, the 4GBTs shall themselves maintain sufficient voltage sharing, both|during
switching and blocked conditions, by means of gate control and d.c. grading resistors. This, in
turn, rpequires.s@ small spread in device data concerning characteristic switching|times,
switchipg transient properties, and leakage currents in the blocked state.

Converter topofogtes with VST valves of the controttabte voltage source  type do not rely on
synchronized switching of individual valve levels. Thus, a coordination of IGBTs switching
properties of individual valve levels is not required.

5.5 Other converter topologies

The technical field of VSC transmission is developing rapidly. Accordingly it is to be expected
that other converter topologies in addition to those described above will emerge. Some
existing known topologies are already described in the work of CIGRE B4-48.

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

5.6.1

General

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

e« a means to convert d.c. into a.c. voltages provided by a converter comprising VSC valves
and controls;

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

e a thon
In addition to these key components, a complete VSC substation may also need

e a.c
e sur
e cird
* me
The ab

the resg
topolog

5.6.2

Figure
compo
compo
needed
in the f

5.6.3

The VS
to the
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and d.c. filters;
e arresters;
uit breakers and switches;

bsuring equipment.

due to

ove equipments are not always necessary in all conver{er/topologies, but differ
| requirements because different components are stréssed differently in the djfferent
ies.

Power components of a VSC transmission scheme

1 shows the basic structure of a VSC substation and the location of the major] power

nents. Depending on the design concept and the VSC substation topology,
hents might occur more than once\in” a real structure, while others might
. The functions and important design aspects of each component are briefly ex
pllowing paragraphs.

VSC substation circuit breaker

C substation circuit breaker is located at the feeder from the a.c. transmission
VSC transmission_Scheme. Its main function is to connect and disconnect t
ion to and from the*a.c. system. There are no special requirements compared

is common practice for circuit breakers used for a.c. substation applications.

Depen
equipp

ling on the start-up concept of the VSC transmission scheme, a circuit breaker
ed withha-closing resistor. The resistor reduces the charging currents of the d.c.

resultin

g im smaller temporary a.c. system disturbances and lower stresses on th

wheelivrg diodes during energization.
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5.6.4

A.C. system side harmonic filters

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

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

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

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

The design principles for the RFI filter do not differ from the design practice for LCC HVDC or
FACTSY.

5.6.6 Interface transformers and phase reactors

In many cases, the VSC substation design will include interface transformefs! In general, they
can fulfill the following tasks:
1) proyide a reactance between the a.c. system and VSC unit;

2) addgpt a standard a.c. system voltage to a value matching the'VSC a.c. output voltage and
allgw optimal utilisation of VSC valve ratings;

3) connect several VSC units together on the a.c. side(that have different d.c. yoltage
potentials;

4) preyent zero sequence currents from flowing between the a.c. system and VSC unit

Depengling on the design concept applied to the\YSC substation, the reactance mentioned
under point 1) can be provided by a phase reactor, a transformer, or a combination thereof.
The repctance is necessary to allow controlof the a.c. output current of the VSC. Pesign
criteria[to determine the size of the reactance are
« the|required dynamic behaviour of-the system;
» the|tolerable harmonic content-of the converter a.c. current;

» constraints revealed from analysis of transient conditions and fault scenarios.

If points 2) to 4) do not_apply under specific circumstances, the required reactance c¢uld be
providgd by phase reactors, which would eliminate the need for a transformer.

For thg design of-reactors or transformers, the following points have to be taken into actount:

» strgsses due'to fundamental current;

« satpration characteristics with respect to possible a.c. harmonic and d.c. flux compagnents;

e streSSes due to harmonics in the lower and middie rrequency range,

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

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

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

For valves of the “controllable voltage source” type, valve reactors are connected in series to
the VSC valve levels as shown in Figure 17. These reactors have several different functions:

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

* the valve reactors limit the valve short circuit current;

« the valve reactors are a contribution to the interface impedance between the converter

andthe-a-c—network-

5.6.8 D.C. capacitors
5.6.8.1 VSC d.c. capacitor
5.6.8.1}1 General

The V$C d.c. capacitor, in conjunction with the d.c. cable (wherg“dsed) provides the d.c.
voltagqd necessary to operate the VSC. It is connected directly in parallel to the d.c. tefminals
of the YSC phase units. For the design of the VSC d.c. capacitory-the following aspecfs need
to be cpnsidered.

5.6.8.1{2 Commutation circuit inductance

Switch'Lng the semiconductor devices of the VSC«gauses HF commutation current fo flow
through the commutation circuit formed by the swit¢ching valves, the VSC d.c. capacitpr, 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 minimizg these
stressgs, the inductance of the connection’of the VSC d.c. capacitor to the valves shuld be
as low jJas possible.

5.6.8.1.3 D.C. voltage ripple

VSC dgperation results in harmonic currents flowing in the d.c. circuit. These hgrmonic
currentﬁ cause harmonic voltages (also known as d.c. voltage ripple). The following [factors
will influence the size of the'd.c. voltage ripple:

« imbalances in the a«c. system and/or converter operation;
e pretexisting harmonics in the a.c. network;

* VSC valve'switching strategy.

5.6.8.1{4 Capacitance of the VSC d.c. capacitor

The VSC d.c. capacitance shall be large enough to keep the d.c. voltage ripple within
tolerable limits.

5.6.8.1.5 Control aspects

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

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

« maximum d.c. voltage for continuous operation;
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* maximum acceptable d.c. voltage variations under transient conditions, such as faults on

the
5.6.8.1

a.c. system.
.6 Harmonic coupling of different VSC substations connected to one d.c.
circuit

Harmonic currents generated by a VSC cause harmonic voltages not only on their own VSC
d.c. capacitor, but also on the VSC d.c. capacitors in other VSC substations connected to the
same d.c. circuit. As a result, the different VSC substations in a transmission scheme become
mutually coupled via the d.c. circuit. To avoid unwanted interactions between the VSC
substations, this coupling should be reduced to the largest extent possible. The capacitance
of the VSC d.c. capacitor is an important factor influencing the coupling between the VSC

ogy is

module

substatiens

5.6.8.2 Submodule d.c. capacitor

5.6.8.211 General

In pringiple, the design and function of the submodule capacitors fof-MMC techno
similar|to that of the VSC d.c. capacitors.

Howevgr, due to their operation principle the current stresses are-different for d.c. sub
capacifors. The individual submodules can be individually swjtched "off" or "on" depending on

output
pass t
when t

voltage generation. When the submodule is switchedy"off" the valve current d¢
nrough the d.c. submodule capacitor and the capacitor current is zero. Cony
he submodule is switched "on" the full valve current flows through the capacitor

"on" state, components of d.c. current and fundamental and low order currents have

consid
submo

bred. The current flow in the "on" state results in a significant ripple voltage
Hule capacitors per power cycle. The average and r.m.s. capacitor current stres

calculdted based on current contribution in the("on" state.
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HF commutation current o flow through the commutation circuit of the subnodule.

the stray inductance~within the commutation circuit, these HF currents rg
ht voltage stresses on the submodule. To minimize these stresses, the inductd
module should be.as.low as possible.

L3 D.C. voltage ripple

Submodule capacitor voltage ripple

mentioned before, the ratio of the voltage ripple to d.c. voltage of the sub

caf

sult in
nce of

module

acitor is larger than that of VSC d.c. capacitors.

b)

D.C. link voltage ripple

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

5.6.8.2

4 Capacitance of the MMC submodule capacitor

The MMC submodule capacitance shall be large enough to keep the voltage ripple of
submodule capacitor within tolerable limits.
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5.6.8.2.5 Control aspects

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

« MMCs have many submodule capacitors. So the voltage of submodule capacitors should
be balanced.

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

5.6.8.2.6 Harmonic coupling of different MMC substations connected to one d.c.
circuit

Betwegn the submodule capacitors of different substations, there are some semicorluductor
devices$. So harmonic coupling is less serious for the MMC VSC systems than that of [2-level
or NPQ VSC systems.

5.6.9 D.C. reactor

For long distance transmission, a d.c. reactor can be connected in series with a d.c. overhead
transmjssion line or cable. Its main purpose is to reduce harmonigc currents flowing in the d.c.
line or cable.

The d.¢. reactor also serves a secondary function in limiting ‘short-circuit currents.

If a d.qd. reactor is used in a VSC transmission system), its size can normally be consiflerably
smallef than one used in an LCC HVDC scheme.

5.6.10| Common mode blocking reactor

A common mode blocking reactor consists of two magnetically-coupled windings havjng the
same gelf impedance. Due to the winding arrangement, the reactor provides low impgdance
for differential mode currents but high impedance for common mode currents. The reactor,
therefogre, serves to block the ¢ommon mode currents and leaves the differential mode
currem’:Ls largely undisturbed andy-in consequence, does not affect the dynamic behaviour of
the trapsmission system.

The design of the reactor depends largely on the system grounding arrangement,
transmjssion line type,) environmental conditions and electrical stresses associated|to the
project

5.6.11| D.C_filter

Filtering.‘ef ,harmonics on the d.c. side is achieved by the VSC d.c. capacitor, d.c. neactor,

= Ll let + P~ N dadi tod-d £l
commoRi-moteBrotkihgreattorafta & & f
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The design principles of the d.c. filters for VSC-based HVDC systems are similar to those for
LCC HVDC systems, as described in CIGRE Technical Brochure 92.

6 Overview of VSC controls

6.1 General

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

3 4
. ~ rrm—
) 2 == — Y N— ¢
b — Y — -
5
T (D——mep
Vconv ) 5
IEC 587/11
Kely
1 active power 5 phasgireactor and/or interface trangformer
2 | d.c. side 6 a.ciside
3 | voltage sourced converter 7 eduivalent representation of a V$C as a
4 | point of phase and magnitude control voltage behind an inductance

of a.c. voltage

Figure 23 — Representing a VSC unit as.an‘a.c. voltage of magnitude U
and phase angle 6 behind reactance

Figure |23 shows that a VSC can be represented as an a.c. voltage source of magnitude U,
and phase angle delta behind the reactance: If the per-unit voltage magnitude U,y is| higher
than thie per-unit line side voltage U, thetrreactive power will be transferred into the lipe side
similarly to an overexcited synchronous machine. Conversely, if the magnitude U.,, [ is low
and legs than the line side volts, the VSC will be absorbing reactive power similarly to an
under-¢xcited synchronous machine.

frequency a.c. voltage withirespect to the phase locked loop normally synchronized to the a.c.
side vdltage. Regulating-the phase angle 0 causes active power to be transferred throdigh the
VSC, lbecause a phase angle in fundamental frequency voltage is developed acrdss the
interfag¢e reactor,so-that power flows into or out of the VSC.

The cgntrol of the phaseyangle 6 is achieved by shifting the phase of the fund1mental

A VS( therefore has the capability of acting as a rectifier or as an inverter, and/qr as a

6.2 Operational modes and operational options

The normal way of a.c. side voltage control is achieved by controlling the d.c. side capacitor
voltage. In turn, the d.c. side capacitor voltage is varied by pumping power from the a.c. side
into it or out of it. If power is pumped into the capacitor, its charge will increase and
consequently so will its voltage. If power is taken from the capacitor, its voltage will decrease.
Power can be taken from or fed into the a.c. side by varying the phase angle 9, as described
above. In this way, d.c. voltage control is achieved by regulating a.c. phase angle 6.

Control of the magnitude and phase of the converter voltage U.,,, for VSC transmission
applications is usually achieved by means of vector control strategy. With vector control,
three-phase currents are transformed to d and q axis quantities based on the conventional
abc to dqg transformation, synchronized to the a.c. side three-phase voltage through a phase
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locked loop (PLL). The d and q axis voltages generated by the vector controls are transformed
to three-phase quantities and converted into line voltages by the VSC as shown in Figure 24.

Ao(d(?r . Ido A ud dq Ua<d P 1 la
VSC converter
A Ua<3-120* b
measured Ly
Borger g0 A Ug Ua<d+120°% PRI
abc
| Ua
Bmeasured
PLL ub
Uc
/dmeasured dq ia
ib
Iqmeasured abc ic

IEC 588/11

Figure 24 — Concept of vector control

With VBC converters, the degrees of freedom available ar€ as follows:

« frequency control by direct control of the main firing- oscillator;

« the|various control options provided by phase shifting the a.c. voltage that is generated by
the|VSC;
« the|various control options provided by_eontrol of the magnitude of the a.c. voltage| that is
gerlerated by the VSC.

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

6.3 Power transfer

6.3.1 General

To conftrol power into{ of out of the a.c. system, the VSC shall have a means for trangferring
power linto or out.of\the d.c. side without over or under charging the capacitor. In |a VSC
transmjssion scheme, this means that the converters at the two ends of the scheme shhall be
controlled to work together. Generally, one of the two converters will have as par} of its

objectiye the'¢ontrol of the d.c. voltage.

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

Porder

Pmeasured

IEC 589/11

Figure 25 — VSC power controller

Power control is achieved by regulating the phase angle 6 of the fundamental frequency
component of the a.c. voltage at the converter side of the interface reactance as shown in
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Figure 25. Power is drawn from or pushed into the a.c. system depending on whether & lags
or leads the phase angle of a.c. bus voltage.

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

6.3.2 Telecommunication between converter stations

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

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

* when damping of electromechanical oscillations is required at the converter thafl is not
controlling power;

« if it|lis desired to reconfigure the control modes between converterst

The ndrmal use of communication is however between the converter stations and d|spatch
centre which requires indications, status signals and alarms for*operation of the system

6.4 Reactive power and a.c. voltage control
6.4.1 A.C. voltage control
A.C. vopltage control is achieved by regulating ¢the magnitude of the fundamental freguency

compofent of the a.c. voltage generated at'the VSC side of the interface reactor|and/or
transformer as shown in Figure 26.

Droop signal = «====u==s '

v
Voo To the control of
order —> modulation index M

IEC 590/11

Figure 26 — A.C. voltage controller

If the VSC is feeding into an isolated a.c. system with no other form of active power source of
any significance, the a.c. voltage controller will automatically control power to the load. This
assumes another converter, such as the sending end of a VSC transmission link,
independently controls the d.c. side voltage.

6.4.2 Reactive power control

The need to use reactive power control arises when other nearby controllers are acting to
maintain a.c. voltage. To avoid interference between the various controllers, it is preferable to
retain those VSCs not needed for a.c. voltage to provide reactive power control.

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

6.5 Black start capability

To supply an a.c. load that has no other source of generation, the rectifier connected to the
main grid or generation may have the following controls.

+ D.C. voltage control
« A.C_voltage or reactive power control at the sending end system

The regeiving end should have controls as follows:

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

e a.c| voltage control of the receiving end system.

With these control modes in place, the load-side a.c. voltage and frequency can be controlled
within gcceptable limits. As the load changes, the transmission selfsregulates the powler flow
simply by maintaining a.c. voltage and frequency.

If an ajc. synchronous generator or an a.c. transmission lineyis added or switched on{line so
that the VSC transmission is relieved of providing the{frequency control and all the a.c.
voltagqd control to the load, the firing pulses may be _switched from an independent dlock to
being phase locked onto the a.c. voltage. Alternatively, a droop characteristic for the
frequency control and the a.c. voltage control may“be invoked so that the VSC transmission
can opgrate in concert with the active system that the receiving end has changed to.

6.6 Bupply from a wind farm

When d.c. transmission is required to bring power from a wind farm to an a.c. grigl, VSC
transmjssion can be integrated into“the wind turbine design for maximum performange and
economy. This technology may be‘particularly applicable for offshore wind farms. This is an
important and fast-growing use>of VSC transmission, which is described in detail in CIGRE
Technigal Brochure 370.

At the sending end the'VSC converter controls the a.c. voltage and frequency of the gystem.
The converter at the a-c. grid side transfers the incoming d.c. power to the a.c. grid. The a.c.
grid shpll be strongwenhough to accept fluctuating wind farm infeed.

One importantsaspect is how to handle energy surplus in case there is a temporary rletwork
disturbpnee where the a.c. 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 a.c. grid;

« on the d.c. side of the VSC transmission, via a chopper circuit.
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7 Steady state operation

7.1 Steady state capability

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

The active and reactive power can be controlled simultaneously and independently of each
other as described in Subclauses 6.3 and 6.4.

The P@—eapab Hi cHaeram—oef—a—y show 5E3Sth operathe—reaime: re—djiagram
normally gives the capability at the a.c. interface point. When active output powgr P is
ive, the VSC is operated as an inverter, either in capacitive mode, when Q is posifive, or
in induftive mode when Q is negative. When P is negative, the VSC is operated as a réectifier,
either fin capacitive or inductive mode. A simplified PQ diagram at minimum (U,|,) and
maximyim (U,,,x) a.c. grid voltage, in which filters are not considered, is shiown in Figpre 27.
The V§C can be operated within all four quadrants of the PQ plane.

Peonv  (Inverter Mode)
Umin
Umax

P design line P i
___________ P g MV e e e ————
2
Constant
MVA

conv < Q conv

(Induftive Mode)

a
>

(Capacitive Mode)

Limitation |n
capacitivg
mode

v

P (Rectifier Mode) IEC 591/11

Figure 27 — A typical simplified PQ diagram

The PQ diagram shows that the capability of the VSC depends on the a.c. grid voltage. At low
a.c. voltage, 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 characteristic.
With an on-load tap changer, the transformer ratio can be continuously optimized to maximize
the steady-state power capability of the converter. Note that the centre of the circles is
dependent on the design of the converter, and may not be at the origin of the diagram.
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The diagram also indicates an active and a reactive power design line. The design line is the
maximum power rating of the VSC and it is mainly determined by the maximum current for
which the converter is designed. In addition to the limitation by the maximum converter
current there might be other design limitations, for example affecting reactive power
capability. In capacitive mode, the peak converter a.c. voltage U, needs to exceed the
peak line-side a.c. voltage U, ; however U.,,, generally cannot exceed 0,5 Uy. Therefore the
capacitive output rating is limited, particularly at high values of U . The active power design
line in the PQ diagram indicates the desired rated power of the VSC. In the example shown,
the required power capability in inverter operation is less than the potential capability of the
VSC.

7.2 Converter power losses

One off the main obstacles to using voltage sourced converters in bulk power transmigsion is
the comparatively high power losses, including IGBT, filter and interface transfermer Josses,
in comparison with LCC HVDC. However, VSC technology is developing rapidly and| power
losses Jare decreasing.

The 2{level VSC topology is attractive because of its simplicity. However, the switching
frequency chosen shall be comparatively high in order to keep the<current ripple reagonably
low, and this will result in high switching losses. One way of reducing the losses is|to use
more gdvanced converter topologies, but at the expense of greater complexity. The omn-going
semicdnductor device development and converter topology ¢optimization will contribufe to a
further|reduction in overall losses in the future.

In common with LCC-HVDC, it is recommended that pewer losses in VSC be determing¢d by a
combirfation of calculation and factory measurement;.rather than direct measurement op site.

For mdst equipment, the overall principles are the same as described in IEC 61803 fgr LCC-
HVDC,|although adjustments need to be made to reflect, for example, differences of h}rmonic

spectrg. For converter losses, the methods, described in IEC 61803 do not apply. Therg is not
yet a [detailed procedure for determining losses in the converter; however the general
principles outlined in Annex B may be.used for guidance.

The pgwer 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. In 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 pérformance

8.1 A\.C(system disturbances

bRtre A—HRprove er—grid—dynamic
performance under disturbances. For example, if a severe disturbance threatens system
transient stability, fast power run-back and even instant power reversal control functions can
be used to help maintain synchronized power grid operation. VSC systems can also provide
effective damping to mitigate electromechanical oscillations by active and reactive power
modulation.

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

e emergency power control;
e voltage support;

¢ short circuit current contribution.

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

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

The short circuit power contribution from a VSC converter can be controlled. In systems
where the short circuit currents are already high there is a large benefit in a low contribution.
In systems fed solely by the VSC converter, higher short circuit currents are desirable in order
to have the standard overcurrent protections in the a.c. network operating as normal. The

maximrmjmmamm_&maumnmmﬂmwmnverter
which are equal to or higher than rated current.

8.2 D.C. system disturbances
8.2.1 D.C. cable fault

Mechapism: cable or junction failure, external mechanical stress.
Type: permanent fault, for which repair is needed.

Detectgéd by: d.c. cable faults are detected by measuring the d.c. voltage and current, both
amplityde and rate of change.

Proteciive actions: since any fault in a cable shall\be thoroughly investigated and will most
likely require a lengthy repair, the d.c. link has to*be tripped when such faults are detegted. It
is thergfore very important to correctly detect these faults.

8.2.2 D.C. overhead line fault

Mechapism: insulation failure betweenmone d.c. conductor and ground or between the tivo d.c.
condugtors, due to lightning strike, brushfires, trees, pollution, external mechanical [stress,
etc.

Type: ¢an be a non-permanent fault, but may be permanent if the d.c. insulators havg been
damaggd.

Detected by: d.c. everhead line faults are detected by measuring the d.c. voltage and qurrent,
both amplitude and-rate of change.

Proteclive ~actions: it should be noted that when insulation breaks down on ovprhead

transmjssion’lines, the VSC’s free-wheeling diodes normally continue to feed current ipto the
fault eWMmM&_mmmmmmw& they

normally also need to be isolated from the a.c. system by opening the a.c. breakers, to enable
the air insulation to de-ionize. After this, re-starting the system may take a time of the order of
10 s. Another method is to introduce d.c. breakers and open these when a fault is detected, or
to use a special VSC topology which gives an inherent capability to clear d.c. line faults (see
Subclause 5.3.3).

8.3 Internal faults

VSC systems should be designed, where practical, to permit operation of the rest of the
system to continue in the presence of internal faults within one converter station.

A typical protection diagram for a VSC substation is shown on Figure 28; however, VSC
substation protection against internal faults will differ depending on the VSC design and
protection philosophy. Therefore, the protection system shown in Figure 28 is only
representative.
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Figure 28 — Protection concept of a VSC substation

protective functions include the following:

rcurrent protection of a.c. circuit breakers;
ormal a.c. voltage protection;

th fault protection;

filter protections;

erential protection;

rcurrent protection of the converter;

ormal d.c. voltage protection;

rcurrent protection of the VSC d.c. capacitors;
discharge unit;

Ve protection, e.g., in the valve gateselectronics.

ling on the VSC substationcdesign and the application, the following ad

protectjons are usually applicable:

* |os{
e d.c

o fred

5 of cooling protection;
line/cable earth fault protection/supervision;

uency protection;

* impgedance relay\protection;

» fire|protection;

* meghanical protection.

9 HVDBEperformaneeregtHirements

Hitional

9.1 Harmonic performance

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

For the purpose of this clause the converters are treated as ideal sources. For real systems,
however, the impedances and susceptances are finite. Consequently, the simple calculations
presented here may not give results with acceptable accuracy.
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VSCs generate harmonics on both the a.c. and d.c. sides. Measures shall be taken to limit the
amplitude of the harmonics entering the a.c. network and the d.c. line. The main methods of
reducing the harmonics to acceptable levels are as follows:

e pulse width modulation (PWM) techniques;

« multi-level techniques;

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

« multi-pulse (12-pulse, 24-pulse etc) techniques;

« combinations of the above.

Since g
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onsiderations.

ave distortion

dividual voltage distortion factor (D,), total harmonic distortion (THD),
ic form factor (THFF), telephone influence factor (TIF) and total harmonic

IT), as defined in IEC/TR 62001, are relevant also to VSC transmission schemesg.

ormally
pactive

telgphone

current

Id be noted that with VSC technology it is relatively ‘easy to shift the spec:I:]um of
harmonics to higher orders of the fundamental frequency. When setting the distortion li

transmission scheme, it may be appropriate to.assess harmonics to a highe
s been the case for LCC HVDC schemes, e.g:\to increase the order to be in
e 50th harmonic to, for example, the 100th harmonic.

its for
I order
cluded

has to be noted that the accuracy of medelling of harmonic impedance decreases at

gh frequencies.

Fundamental and harmonics
Three-phase 2-level VSC

el converter is shown in Figure 14.

wave shape at-a,V'SC phase unit output may consist of a sequence of square
wn in Figure (29 Many different modulation methods can be used to cont
ers to achieve .a specific wave shape. The most commonly used method is the

waves,
ol the
carrier-

ted methgd\(voltage reference as sine wave or other with a triangular carrief wave

29a shows the control signals (the carriers and the voltage references as sine

wave)

for a H

VWV VSC . Figure 29b shows the resulting voltage V at the a.c. terminal

, with

respect to a hypothetical midpoint m of the d.c. capamtor In this. example the frequency of the

carrier

(triangular wave signal) is nine times the fundamental frequency.

The general harmonic form of the switched waveform of Figure 29b can be written as follows:

where

V()= ZEMcOS(@t +6)+ 5 5 Cp COSIM(ct +6,)+ (et +6))

m=1n=-c

M is the modulation index,

w, is the fundamental frequency,

We

is the carrier frequency,

(2)
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m is a multiple of the carrier frequency,

n is a multiple of the fundamental frequency,

6, is an arbitrary phase offset of the fundamental waveform, and
6. is an arbitrary phase offset of the carrier waveform.

The most effective approach to determine the harmonic coefficients C,,, is using double
integral Fourier form as follows:

_L m T j(mx+ny)
C —ZHZI_WIWF(X,y)e dxdy (3)

mn

where
F(x,y) |is the switched waveform for one fundamental cycle,
X = wf and

Y = wqf

IEC 593/11

b)  Control'sighals for a PWM VSC

IEC 594/11

a) Phase a output voltage (Vam)

Figure 29 — Waveforms for three-phase 2-level VSC

The g¢neral sharmonic form of the switched waveform defines carrier multiple harmonics
(when #* O and n = 0) and sideband harmomcs around the carrier multlples (when n = 0

. - veforms
for phase- to floatmg neutral and phase -to- phase respectlvely, for a 2- Ievel VSC using PWM
switched waveforms with a carrier-based control method using 21 times fundamental
frequency and assuming infinite d.c. capacitance (i.e., no d.c. voltage ripple). These harmonic
spectra would be changed under different specific operating conditions.

For a three-phase 2-level VSC, a balanced set of three-phase line-line output voltages is
obtained if the phase leg references are displaced by 120° . In this case, the triplen sideband
harmonics around each carrier multiple are cancelled in the line-line output voltages. It is
important to note that the harmonic cancellation is a consequence of the triplen sideband
harmonics. The carrier/fundamental ratio has no influence, and it can be odd, even or not
integer.
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a) Phase-to-phase voltage amplitude versus harmonic rank

Figure 30 — Voltage harmonics spectra of a 2-level
VSC with carrierfrequency at 21st harmonic

9.3.2 Selective harmonic elimifation modulation

Selective harmonic elimination” modulation (SHEM) is known as a modulation method to
elimingte the undesirable\low order harmonics. SHEM approach is an effective ay to
elimingte the selected most significant harmonics using lower switching frequency. Figure 31
shows the waveform switched at predetermined angles. The switched waveform has odd half-
wave gymmetry and\even quarter-wave symmetry. The K switching angles can be ysed to
elimingte K-1 significant harmonic component and control the fundamental voltage.

—Ug/2

/7 /N /) Ny T T -
ar ax a3 0>40é & T2 n—aé\ ea| T

Te=ds Teqa3 Te=aq IEC 597/11

Figure 31 — Phase output voltage for selective harmonic elimination modulation (SHEM)
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The general Fourier series of the switched waveforms shown in Figure 31 can be given as
v, (t)= Z (a,cosnat + b, sinnat) (4)
n=

For a waveform with quarter-wave symmetry, only the odd harmonics with sine component will
be present. Therefore,

a =0

4 & C (5)
b, =— +2§ —1)
s :( )cosnakE

Note that K number of simultaneous equations are required to solvevthe K number of
switching angles. The fundamental voltage can be controlled using one”“equation ahd K-1
harmoiics can be eliminated using the other K-1 equations. Usually-the lowest sigpificant

harmonics are to be eliminated. For a three-phase three-wire” 2-level VSC, the |triplen
harmonics can be ignored if the phase references are displaced, by 120°.

9.3.3 Multi-pulse and multi-level converters

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

The indlividual levels of such converters are switched to obtain desired output voltagg at the
a.c. and d.c. terminals of the converters. The.methods for switching individual levels [can be
distingtiished in two main categories:

— |methods resulting in a random type pulse pattern;

— |methods creating a fixed pulse pattern (for given output voltages).

Randoin 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 pjatterns
can be|easily predicted ‘and analysed.

9.4 Harmonic/voltages on power systems due to VSC operation

One pgssible-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
commgnsconnection (PCC) of the VSC and the power system, the equivalent circuit isTshown
in Figure 32, where Zy,, Is the system impedance at the harmonic n and £, is the harmonic
impedance of the VSC, including the interface transformer, phase reactor and a.c. filters (as
appropriate). If shunt filters are used either as part of the network or as part of the converter
they should be included in respective impedance.

Q Z(n) Zs(n)

En PCC

IEC 598/11

Figure 32 — Equivalent circuit at the PCC of the VSC

Since both Zy and Z,, are a complex impedance, a resonance may occur. Therefore, it is
essential to have knowledge of the purchaser harmonic system impedance at the PCC.
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9.5 Design considerations for harmonic filters (a.c. side)

If the evaluation indicates that the VSC contribution to harmonics at the PCC will exceed the
permissible level, harmonic filters shall be designed and installed to keep the harmonics
within the required limits. The filter configuration for the VSC is determined in a similar
manner as those for LCC HVDC (see IEC/TR 62001). However, one important difference is
that the VSC behaves as a harmonic voltage source on the a.c. side, and hence the series
filtering action of the phase reactor and associated equipment is more important than the
effects of any shunt filters.

9.6 D.C. side filtering

If the ) . T.
combirfation of d.c. cable and d.c. overhead line, its d.c.-side harmonics may interfe
other dquipment and substations near the transmission line. VSC systems frequently use land
cables|which may be installed in trenches alongside telecommunication cables/If th¢re are
copper| telecommunication cables close to d.c. cables over a long distance; the potential
interfenence between these cables shall be considered. The frequencies used in commercial
voice transmission range from 200 Hz to 3500 Hz. Telephone noise evaluation is performed
accord|ng to various weighting factors (such as CCITT and BTSEEI) according tp local
practices. The coupling between power circuits and telephone circuits is through both ¢lectric
and mpgnetic fields. However, unless the spacing between theJ)two circuits is small, the
magnetic coupling predominates and the electric coupling is negligible. For bipolar d.d. lines,
this colipling is usually calculated using the “Equivalent Disturbing Current” [20]1.

If filtering is required on the d.c. side, a common modeg)reactor, d.c. reactor, or a d.c. filter can
also bg used to perform the role of RF filtering.

10 Environmental impact

10.1 General

This clpuse 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. Qther factors of a moresgeneric character that result from VSC substation develppment
are not covered, nor are the impacts from the development of a cable or overhegd line
system. End-of-life issues.like recycling and disposal, are similar to those for an LCC|HVDC
scheme, as are power Josses.

10.2 Audible noise

IEC 61R73 covers in a comprehensive manner the audible noise related to line comnutated
HVDC [conyerter stations, and is applicable also to VSC transmission. Audible noise the¢ory is,
thereforenot covered here.

The noise characteristics of the cooling equipment and auxiliaries are similar to those used in
a conventional a.c. substation. Dependent on the converter topology used, the noise
characteristics of the transformer may be similar to those of a substation transformer, as the
use of filters on the converter side results in a very low level of harmonics in the transformer.
For some converter designs the noise characteristics may be different. For converters using
valves of the “switch”-type, the filters, VSC valves, phase reactor and VSC d.c. capacitors
typically have noise components at higher frequency than for an LCC HVDC scheme. For
converters using valves of the “controllable voltage source” type, the noise spectrum may
have a significant component at fundamental frequency, with higher harmonics being more
characteristic of “white noise”.

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

10.3 Electric and magnetic fields (EMF)

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

In general, the electric and magnetic fields around a VSC facility, including the.Substation,
connedtions and d.c. overhead line or cable, are similar to those for an LCC HVDC-sch¢me.

10.4 Electromagnetic compatibility (EMC)

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

» radjo interference (RI),
» telgvision interference (TVI),
» teldphone interference (see Clause 9),

e power line carrier interference (see Clause©y.

VSC VI|Ve switching can generate high frequency emissions up to several hundred MHz. The
VSC design shall ensure that such noise\does not cause unacceptable interference for pthers.
Different mitigation methods can bewémployed, 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 $everal
hundred MHz. Television.interference, on the other hand, results from noise in the freguency
range $4 MHz to 1 GHz. Consequently, the whole frequency range up to 1 GHz shall b¢ taken
into acgount when designing the VSC substation.

Electri¢al interference and noise are transmitted in three forms: radiated, conduct¢d and
electrofmagnetically induced.. For the VSC, conduction on power lines is a more sigpificant
source| than radiation. Housing a VSC in a metal enclosure generally reduces the radiated
compopent of disturbances.

The conducted phenomena consist of two categories, commonly known as the differential
mode and the common mode. The differential-mode disturbance is a current or a voltage
measured between the power lines of the VSC, while the common-mode is a current or a
voltage measured between the power lines and ground. Any filter design has to take into
account both modes of noise.

The path of the common-mode disturbance is through stray capacitance. These stray
capacitances exist between any system components and ground. In close proximity to the
source, other predominant coupling paths should be considered, such as electric fields (high
impedance field) and/or magnetic fields (low impedance field). Except in far field conditions,
one of these will be predominant.
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A proper design of a VSC valve and converter layout can reduce the disturbance emissions at
their source. In addition it may be necessary to use filters. Emission level can be assessed by
simulation and measurement in-situ.

The IEC 61000 series on electromagnetic compatibility covers emission and immunity for
phenomena in the 0 to 400 GHz frequency range. This range is split into several frequency
bands, according to measurement techniques.

11 Testing and commissioning

11.1 General

This clause provides general guidelines for testing and commissioning of VSC transrLission
systems. Emphasis has been put on subsystem and system tests rather than) thgse for
compopents.

Testing and commissioning are part of a process that begins in the facterysand 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 fhat equipment, including the control system, meets the deSign criteria. Commisgioning
tests afe performed after the equipment has been delivered to the site and installed. The tests
are ordanised to test subsystems, systems and overall performance.

As a general rule, all parties involved in the project should be included in the tests pnd all
respongibilities clearly defined.

General requirements for system testing are similar to those described for LCC-HYDC in
IEC 61P75.

11.2 Factory tests
11.2.1| Component tests

These fests concern the verification of the single components, including control and prdtection
equipment, before they are .sent to site. They may be subdivided into routine tests,| aimed
essentfally at quality contral, and type tests which verify that a component has been pfoperly
designed to sustain the ‘stresses from potential transients and service conditions. Factory
testing| of VSC converter valves is covered by IEC 62501. Traditional components sfich as
switchgear, transfermers, capacitors, capacitor fuses, reactors, resistors, insulators, yoltage
and cuyrrent transfermers, surge arresters, etc, are covered by the CIGRE B4.48 report, in
which the avajlable standards (IEC, IEEE, ANSI) are pointed out and the special tegts are
introduced;,

11.2.2 —€ontrotsystemtests

As with the controls for LCC HVDC systems, the control system for a VSC transmission
system, including hardware, software and documentation, can be tested and verified in a
factory system test (FST). A real time simulator will be required that can represent power
components and parts of the a.c. system in a sufficiently detailed way. Every effort should be
made to test as complete a system as practical, including redundancy, so as to minimise work
on site. Factory system testing is an extensive and thorough check of the control and
protection system under normal and fault conditions, without the constraints imposed by the
real system. Selected on-site system tests will repeat some of the factory system tests, but
will include the actual transducers and main circuit equipment, as well as actual system
conditions (as permitted within system constraints). All software and hardware functions,
including redundancies, should be tested before the equipment is shipped to site for
installation and commissioning.
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Besides simulator tests identical to those for LCC-HVDC, other tests should be considered
that account for the additional modes of operation possible with a VSC. Each mode should be
tested both in the factory and during commissioning (e.g., operation of the converter as a
STATCOM, black start capabilities, and feeding a passive network). The results obtained from
real time simulator tests and system studies (in particular the dynamic performances studies)
are the main references used to define the commissioning plan and validate the test results in
the field.

11.3 Commissioning tests / System tests

11.3.1 General

Commissiommy testsare organised M 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 transporthand asgdembly.
This pphase is followed by the “subsystem tests,” which test several components working
togethgr to perform a specific function. These are followed by the “system tests,”| which
involvel all converter stations and full power transmission. The system‘fests require [careful
coordination between all interested parties, in particular the system<{dperators, utilities and
industrjal customers that could be affected by the tests.

During|inspection and testing, all applicable health, safety ‘and environmental requirements
and regulations shall be followed. Any deviations should be’ discussed and resolved|at site
meetinpgs. Often there is an overlap between commissioning and installation, especially in the
area off cable termination. Care must be taken when interconnected subsystems are engrgised
and started up that personnel are notified so that ne potentially hazardous condition$ exist.
For an|efficient process, it is important to completé’as many as possible of the equipmgnt pre-
commissioning checks before energisation of-the equipment. Most utilities have exfensive
safety fules that protect workers from accidental electrical contact.

11.3.2| Precommissioning tests

Preconmpmissioning consists mainly.of inspection and equipment tests. Equipment tests |nclude
electrigal and mechanical tests~ahd simple functional tests confined to a single installgd unit.
The pyrpose of these tests is)to check the condition of the equipment and verify [proper
installgtion. If normal auxiliary power is not yet available, electrical tests can be performed
with pgrtable or temporary* power supplies. At this stage, settings are verified in prdtection
and coptrol equipment:

tests, grecommissioning tests on main circuit equipment should be performed before the main
condudtors,are connected. Equipment tests should be performed as soon as possible after
installgtioh,-and according to the manufacturer’s recommendations.

In thode cases where disconnection and reconnection would be required for the eq;riipment

11.3.3 Subsystem tests

Subsystem tests verify the proper operation of a group of interconnected or related
equipment. Subsystem testing should be done in stages from small to progressively larger
sub-systems, and should check as many functions as possible.

Typical subsystem tests are

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

* low-voltage energisation.
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11.3.4 System tests
11.3.4.1 General

The system tests involve operating the converter(s) in conjunction with the interconnected a.c.
transmission system. These tests should not only check for proper performance of the
automatic controls during normal changes in references, set points or operating modes, but
also take place, in so far as possible, under different network conditions. System tests should
also include selected disturbances to verify dynamic performance and robustness.
Disturbances can consist of nearby capacitor bank switching, transformer energisation, line
switching, generator tripping, step responses, or even staged faults where specified, and
should cover the most critical conditions evidenced by the system studies and by simulator
tests’ n-so far as the networks allow Some tosts with hlnh pnfnnhgl |mr\gr\f may equire
special provisions to mitigate the possible adverse system impact of Iarge reactivg/active
power pNariations. These will require tight coordination with the transmission system operator
(TSO)/ptilities of a.c. networks to which the VSC transmission system is connected.

v

Usually, tests with lower impact on a.c. networks are performed first, fellowed by thge more
onerous ones.

11.3.42 High-voltage energisation

When [all prerequisites for high-voltage energisation have “been completed, opefational
authority is transferred to system operators to ensure thatall safety rules are followpd and
that aiy system constraints are observed. Operationdl/ procedures should be formalised
beforehand. High-voltage energisation is preceded by final trip tests and “dry run” testg where
the opgrators execute the procedure without actually.energising the equipment.

Energigation of a.c. equipment follows a steptby-step sequence for the a.c. buses| bays,
filters pnd transformers. This may require ‘temporary disconnection of some high-}yoltage
termingtions where disconnect switches -are not provided. Equipment should be |nitially
energiged for several hours. Checks are‘made for corona and any abnormal audible| noise.
Phasing and phase rotation are reehecked with full voltage. During filter energ{sation,
unbalapce protections are checked“and load checks are made. Visual inspectiong of all
equipment and surge arrester counters are made before and after energisation.

Energigation of the converter-and d.c. equipment follows that of the a.c. equipment. In most
cases, [valve cooling sheuld be running before energising the converter. With the V$C, the
connedted d.c. side equipment (i.e., d.c. buswork, d.c. capacitors and d.c. transduders) is
energiged through the.valve anti-parallel diodes when the main a.c. breaker is closed fhereby
energiging the converter.

As an|additional check, the converter may be energised via the d.c. side, with the a.c.
connedtioh“open. A special d.c. power supply could be provided for this purpose,|or the
converterat the opposite end of the link could be used as a rectifier to provide this fungtion.

During energisation, d.c. voltage measurements and status signals from individual
semiconductor positions should be checked via the valve monitoring.

If other converters or d.c. cables are included in the particular application, they should be
initially energised separately while isolated from the other converter(s) and interconnecting
cables or buswork.

11.3.4.3 Converter operational tests
11.3.4.3.1 General

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

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

Typical tests performed during converter operation are the following:

11.3.4.3.2 Sequences

Check that breakers, dlsconnects and deblock/block and tr|p sequences operate properly in
responge gndition
is neufral mlnlmlsmg the dlsturbance to the network e.g., automat|c connectlon of f| ters, if
any, with net zero reactive power exchange through counterbalancing VSC absorption.

11.3.43.3 D.C. voltage control

Check [that the d.c. voltage is controlled to its reference voltage, and(that all levels |of d.c.
voltaggs are balanced.

11.3.4.3.4 Measurements

Check [that all controls, indications and measurements hayve correct polarity, phase and
scaling. Take selected measurements of a.c. and d.c. harfmonics and distortion.

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

Check [that the reactive power control, if relevant, follows the reference at the selectefd ramp
rate fqr both inductive and capacitivegranges. Check proper converter reactive | power
limitatipns.

NOTE Pperating restrictions on a.c. voltage may limit the amount of reactive power that can be exchanged with
the a.c. petwork.

11.3.43.6 A.C. voltage.control

Check fthat the voltage-is_controlled to the reference, if relevant, and that the reactive ppwer is
stable.| Vary slope, reference, deadband and voltage control modes, as provided. [Check
stability with the aw¢. network by reference step response, capacitor bank switching|and/or
a.c. ling switching.

11.3.4.3.7 Load test

Check The capability of the cooling equipment, primarily for the VSC valves. Observe the
temperatures and sequencing of the cooling equipment as the load is increased.

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

11.3.4.3.8 Disturbance tests

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

11.3.4.4.1 General

011(E)

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

Typical

tests performed during transmission testing are as follows:

11.3.4.4.2 Sequences

Check
respon
is neut
exchar

11.3.4.

Energi
Repea
check

blockin

11.3.4.

Check
control

transmjssion in both directions. Check proper converter real power limitations.

11.3.4.

Check,

the different converters by changing their respective references during the different op

modes

11.3.4.
Check,

the dif
referen

11.3.4.

that breakers, disconnects and deblock/block and trip sequences operate proj
5e to manual, automatic or protective orders. Check that the initial operating. cq
ral, minimising the disturbance to the network, e.g., zero net reactive or-active

ge.
4.3 D.C. voltage control
bation of high-voltage d.c. cables, bus work or lines interconnéecting the con

that the d.c. voltage is controlled to a reference{,during power transf
g/tripping of one of the other converters.

4.4 Power control

that the power flow and power ramp rate follew the reference values. Check the
stability by step response or system disturbance, such as line switching.

4.5 Reactive power control

if relevant, the joint operation ©f the reactive power control and active power co
Check proper converter.réactive power limitations.

4.6 A.C. voltaget'control

if relevant, the joint operation of the a.c. voltage control and active power co
ferent converters. Check the stability by step response in the power and
ces, or during system disturbances such as capacitor bank or line switching.

4.7 Load test

erly in
ndition
power

erters.

with the other converter connected. Depending on application and protective sIategy,

r and

power
Check

htrol at
erating

ntrol at
boltage

Ramp

ip\to full power transmission or MVA converter rating for the different operating

nodes,

as permitted by a.c. system and other conditions.

11.3.4.

Take s

NOTE

11.3.4.

4.8 Measurements

elected measurements of a.c. and d.c. harmonics and a.c. voltage distortion.

Final measurements are usually reserved for acceptance tests.

4.9 Redundancy checks

If the system is equipped with redundant control and protection systems, perform transfers
from the active to standby system. Transfers between redundant auxiliary systems should
also be checked during operation, e.g., auxiliary power, cooling pumps.
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11.3.4.4.10 Remote control

Test operation from remote locations. Check all remote indications and control functions.

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

from the system operator.

11.3.4.4.11 Disturbance tests

In addition to testing the step responses to regulator references, the converter and its controls
should be tested again for various external disturbances in the a.c. transmission system to
verify proper performance, stability and robustness. External disturbances can consist of

switching nearby capacitor banks, transformers, transmission lines, tripping generators, or

even sfaged faults, e.g., d.c. or a.c. overhead line faults, as relevant.

11.3.4. Trial operation

Trial operation allows the owner to operate the integrated system accofrding to its infended

purpose from the normal control location. Trial operation does not start until almost all
tests hjave been successfully completed. During trial operation, obsetrvation of the cdg
system and subsystems takes place. All alarms or abnormal conditions are dealt
required.

11.3.4. Acceptance tests

11.3.4.6.1 General

Acceptpnce tests verify the performance of the ‘system according to the specificatio
selectdd basis. Acceptance tests may involve méasurements to verify that interference
are within the design limits and that other fundamental performance criteria are met.

11.3.4.6.2 Heat run

if applicable. Monitor .temperatures and cooling systems. This test usually
severa| hours due to the slow heating of the transformers.

11.3.4.6.3 Interference-measurements

5ystem
mplete
vith as

nh on a
levels

at rated and overload capacity for specified periods of time in different opjerating

takes

Verify [that harmonics“on the a.c. and d.c. sides, audible noise, radio interferencg¢, PLC

interfenence, etc, )meet the performance requirements.

11.3.4.6.4 ~ Disturbance response

Test auxiliary supply changeover, control system changeover, line switching, shun

t bank

switching, generator tripping or staged faults, as necessary.
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Annex A
(informative)

Functional specification requirements
for VSC transmission systems

A.1 Introduction

This annex presents the minimum requirements of a functional specification for a VSC
transmjssion system. Once the technical requirements of the VSC transmission system have
been defined and confirmed by basic system studies, a functional specification ‘¢an be
prepargd. Supplemented by the commercial conditions, the specification allows the’ puichaser
to invite tenders from manufacturers for the equipment required. The functional.'sSpecification
shall provide adequate information from the purchaser to the manufacturer \and the re¢quired
information exchange between the purchaser, the manufacturers and relevant subcontractors.

The splecification should include parts where a minimum requirement’is specified, as well as
those parts where a performance above the minimum standard (s,desired but not esgential.
The spgecification should include a method for evaluating thet@above-minimum perfofmance
criteria

In the following sections the minimum technical information that needs to be provided|by the
purchaser and manufacturer are summarized. These summaries describe
e gerleral requirements of the VSC transmission system;

« power system configuration to which the VSC transmission system is connected, ingluding
all the parallel transmission systems, if.any;

* requirements of the d.c. line, i.e., type of cable or overhead line or combination thgreof. If
the|d.c. line is not within the scopé of supply, the converter manufacturer should provide
infgrmation that would be needed for a proper line specification. The type of line fhosen
shquld be approved by the converter manufacturer as to its applicability;

* sitd and environment;
« opgrating function of-the VSC;

*« malntenance, perfarmance tests and spare parts requirements;

-

» VSC site, trapsmission right of way, and environmental constraints and consideratiop;

» facfory and‘commissioning tests;

« other coensiderations relating to loss evaluation, tender evaluation, health and safety, and
othegrancillary requirements.

The purchaser shall provide a detailed description of the power systems connected to the
VSC transmission system to enable the suppliers to offer the most suitable and economic
equipment design. In addition, the purchaser and the manufacturer shall maintain a
continuous dialogue starting at the tender stage and continuing until the project is completed.
It is recommended that the manufacturer should review the basic studies undertaken by the
purchaser, and vice versa.

A.2 Purchaser and manufacturer information requirements

A.2.1 General

In the following tables, information marked with an asterisk (*) may require detailed studies
that may not be available before the contract stage.
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For some parameters, time varying data may be appropriate, e.g., the range of a.c. system
r.m.s. voltage may include excursions outside a normal range during brief periods (hours,
minutes, seconds or milliseconds) with different limits for each duration. Such time varying
data shall be described in an appropriate manner.

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

* studies

e computer simulation

e tests

A.2.2 General requirements

Punchaser specification requirement VSC manufacturer supplied information

Definitjon of scope of supply

Locatipn of the VSC

Role of the VSC General description“of solution

Converter type and d.c. side configurations |Confirmation of’the VSC type and configyration
(if fixed) and d.c. sidé configurations

e |Converter type
e |Topology of d.c. system
e |Type of d.c. line/Cable

e |Transmission voltage (if fixed)

Main ratings of the VSC Guaranteed rating of the VSC
* |Power to be transmitted

e |Locations of real and.reactive power
reference points

- |D.C. voltage and-eurrent, if
applicable

* |A.C. sending and receiving voltages
* |Frequency of the system

* |Power resolution

Important ancillary control requirements Guaranteed performance of the VSC
e.g.:

* Reactive power regulation
requirements

e Overload requirements

e Transient performance
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Purchaser specification requirement

VSC manufacturer supplied information

Requirement on VSC losses

Definition of operating point(s) for
which losses are to be determined

Capitalised Loss evaluation rate

Losses at designated operating conditions and
the method of loss calculation and loss
distribution between the major components

Standards and codes

Confirmation of the standards and codes

In service date

Confirmation of the critical dates

Tendel assessment criteria

Specidl premiums applied, e.g., for
perforfance in excess of the minimum
requirgment

Details of the areas where the minimum
required performance is exceeded

Health

and safety requirements

A.2.3 Detailed descriptions
A.2.3.1 Power system configurations
A.2.3.11 General
Purchaser specification requirement VSC manufacturer supplied
information
Sygtem configuration

1Single line diagram of the system
connection points

4Harmonic impedance envelopes seen
from the points of connection

41Data on nearby generation

41Modelling infotmation for nearby

(volt-ampere reactive) compensators
(SVCs), wind turbines etc.

controllable devices, such as static VAR

A.2.3.1.2— D.C linelcable (incase of turnkey, supplied by the converter

manufacturer)

Purchaser specification requirement

Converter manufacturer supplied

Main features of d.c. side

Configuration of the d.c. system

Topology of d.c. system

Type of d.c. transmission line (cable
or overhead line or a combination
thereof)

Length of the overhead line

Length of the cable

Confirmation of the configuration of the d.c.
system including cable/ over head line
parameters e.g.:

current capability, steady state and
overload (if any)

voltage withstand capability

proposed type tests including test
levels
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Purchaser specification requirement

Converter manufacturer supplied

National safety codes/standards for design
of overhead lines and cables

Confirmation of the National safety
codes/standards

Information about the overhead line
¢ Air temperature range
* Wind conditions
* Ice loading requirements

e Air pollution level

Confirm that design meets the criteria*

1 Risk of vandalism

Infoymation about the cable
{ Length of cable
4 Minimum required depth of burial

4 Survey data about the subsea/land
terrain

4 Thermal resistivity of soil/silt/seabed
4 Temperature conditions

1 Requirement for fiber optic cable
(whether embedded or not)

Confirm that design meets the criteria*

Location of nearby communication cables

Confirm there is no effect on
communication cables*

A.2.3.1.3

Since the design of the converterand the cable are interdependent, the design process

D.C. line/cable (not supplied by the converter manufacturer)

will be

iterative. Therefore the data ‘needs to flow between the VSC manufacturer and thg cable
suppligr as shown below.
Purchaser specification requirement Converter manufacturer supplied
information
Proyide dataffom the d.c. line/cable * Maximum steady state, dynamic|{and
supplier to-the converter manufacturer transient current by the VSC
¢« Maximum steady state, dynamic|and

transient \lnlfagn hy the \/SC

¢ Harmonic voltage and current at the
VSC terminals caused by the VSC

e Overvoltage protection provided

« Approval of selected d.c. line/cable
system

Requirement for VSC data for cable
manufacturer

Data provided
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