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INTERNATIONAL ELECTROTECHNICAL COMMISSION

HIGH-VOLTAGE DIRECT CURRENT (HVDC) SYSTEMS -
GUIDANCE TO THE SPECIFICATION AND DESIGN
EVALUATION OF AC FILTERS -

Part 5: AC side harmonics and appropriate harmonic
limits for HVDC systems with voltage sourced converters (VSQ)

FOREWORD

1) Thqg International Electrotechnical Commission (IEC) is a worldwide organization for standardization comlprising
all mational electrotechnical committees (IEC National Committees). The object of IEC is-te_promote interrfational
co-pperation on all questions concerning standardization in the electrical and electranje-fields. To this g¢nd and
in addition to other activities, IEC publishes International Standards, Technical Specifications, Technical Reports,
Puljlicly Available Specifications (PAS) and Guides (hereafter referred to a$_"IEC Publication(s)")} Their
preparation is entrusted to technical committees; any IEC National Committee ifterested in the subject deflt with
may participate in this preparatory work. International, governmental and non=governmental organizations [iaising
with the IEC also participate in this preparation. IEC collaborates closely/with the International Organizafion for
Stapdardization (ISO) in accordance with conditions determined by agreemeént between the two organizations.

2) Thqg formal decisions or agreements of IEC on technical matters expn€ss, as nearly as possible, an interrjational
consensus of opinion on the relevant subjects since each technical committee has representation ffom all
intgrested IEC National Committees.

3) IEQ Publications have the form of recommendations for int€rnational use and are accepted by IEC National
Corpmittees in that sense. While all reasonable efforts ate*made to ensure that the technical content|of IEC
Publications is accurate, IEC cannot be held responsible for the way in which they are used or for any
misjnterpretation by any end user.

4) In ¢rder to promote international uniformity, IEC “National Committees undertake to apply IEC Publications
trarjsparently to the maximum extent possible in-their national and regional publications. Any divergence between
anyl IEC Publication and the corresponding national or regional publication shall be clearly indicated in th¢ latter.

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

6) Al

7) No [liability shall attach to IEC or its directors, employees, servants or agents including individual expefts and
mefnbers of its technical eommittees and IEC National Committees for any personal injury, property danjage or
other damage of any nature whatsoever, whether direct or indirect, or for costs (including legal feds) and
explenses arising out” of“the publication, use of, or reliance upon, this IEC Publication or any othler IEC
Publications.

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

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

9) Att¢ntion.isidrawn to the possibility that some of the elements of this IEC Publication may be the subject of patent
rights.AECJshall not be held responsible for identifying any or all such patent rights.

IEC TR6200t-5tras beem prepared—by subcommittee22F—Poweretectromnics for etectrical
transmission and distribution systems, of IEC technical committee 22: Power electronic systems
and equipment. It is a Technical Report.

The text of this document is based on the following documents:

Draft Report on voting

22F/616/DTR 22F/621B/RVDTR

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

The language used for the development of this document is English.
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A list of all parts in the IEC 62001 series, published under the general title High-voltage direct
current (HVDC) systems — Guidance to the specification and design evaluation of AC filters,
can be found on the IEC website.

This document was drafted in accordance with ISO/IEC Directives, Part 2, and developed in
accordance with ISO/IEC Directives, Part 1 and ISO/IEC Directives, IEC Supplement, available
at www.iec.ch/members_experts/refdocs. The main document types developed by IEC are
described in greater detail at www.iec.ch/standardsdev/publications.

The committee has decided that the contents of this document will remain unchanged until the
stability date indicated on the IEC website under webstore.iec.ch in the data related to the
specific document. Atthis date, the document wittoe ... |
e reponfirmed,

e withdrawn,

e replaced by a revised edition, or

e amended.

IMPORTANT — The "colour inside" logo on the cover page of this document indidates
that it contains colours which are considered to be useful for the correct understanding
of it$ contents. Users should therefore print this document using a colour printer,
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INTRODUCTION
The IEC TR 62001 series is structured in five parts:
IEC TR 62001-1 — Overview

This part concerns specifications of AC filters for high-voltage direct current (HVDC) systems
with line-commutated converters, permissible distortion limits, harmonic generation, filter
arrangements, filter performance calculation, filter switching and reactive power management
and customer specified parameters and requirements.

IEC TR 62001-2 — Performance
This gart deals with current-based interference criteria, field measurements and verificat|on.
IEC TR 62001-3 — Modelling

This part addresses the harmonic interaction across convertersypre-existing harmpnics,
AC ndgtwork impedance modelling, simulation of AC filter performance:

IEC TR 62001-4 — Equipment

This gart concerns steady-state and transient ratings of-AC filters and their components, power
losses, audible noise, design issues and special)applications, filter protection, se¢ismic
requinements, equipment design and test parameters.

IEC TR 62001-5 — AC side harmonics and appropriate harmonic limits for high-voltage |direct
current (HVDC) systems with voltage sourced-converters (VSC)

This gart concerns specific issues of AG filter design related to VSC HVDC systems. The| rapid
prolifgration, increasing power, and-technical advances of voltage source converter {VSC)
HVD( technology in recent years-has had a revolutionary impact on large-scale electrical power
transmission. In the sphere of‘hiarmonics and filtering, the introduction of VSC technology has
been |highly significant. The“harmonic signature of these converters is not only smaller in
magn|tude than equivalent\line commutated converter (LCC) HVDC schemes, but also radically
differgnt in nature. Dugto the switching and control methods which may be used for VS, the
gene}tion of non-integer harmonics (interharmonics) may be an inherent characteristic ppf the
conversion process: The frequency range of interest has also extended upwards.

The ekisting-national and international regulations and recommendations governing harmonics
were priginally written considering the types of converters and associated harmonics relevant
at the| titme of their production. With the arrival of new conversion technologies, the guidglines
availa o—proving—i o—dealwi ew—harmonic—profiles—Individus dlatory
bodies are hastening to adapt their practices to the new technology and this document aims to
aid them by providing a firm basis of appropriate technical knowledge.

The implications of VSC transmission for harmonic generation are perhaps not widely enough
understood throughout the industry in terms of the frequencies and magnitudes produced and
the necessity (or otherwise) of having dedicated filters. The modelling of a VSC as a harmonic
voltage source rather than a current source may also not be fully appreciated in its implications
for regulatory methodologies. The generation of interharmonics due to the control techniques
used by some VSC HVDC converters also has profound implications.
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A further topic of interest is the effect of VSC installations on pre-existing (background)
harmonics. Some designs of VSC now produce a waveform so clean that it is quasi-sinusoidal
and in many applications harmonic filters may not be required for mitigation of the harmonics
generated by the converter. However, the converter will have a harmonic impedance as seen
from the network, and it is important to be able to assess this harmonic impedance and calculate
its impact in terms of possible amplification (or damping) of the pre-existing network harmonics.
In some instances, this amplification of pre-existing harmonics may be the only reason for
having to install filtering for a HYDC VSC.

The above aspects mainly refer to steady-state power quality issues. A separate topic is the
interaction of the VSC HVDC control system with phy3|cal resonances in the connected power

espeC|aIIy in the context of dlspersed rene
t|on In addition, the phase-out of conventional generation together with thetinergasing
installation of new generation sources coupled via converters and the changing charactefistics
of network loads will result in a reduction of harmonic damping in the system. Some conyerter
contrgl loops can have a bandwidth of several hundred hertz, and thus are able to interagt with
¢sonances. As a consequence, oscillations related to system harmoni¢ resonances|might
appedr and new mitigation techniques and assessment methods may-become a challenge.
Depending on system damping, such oscillations may be damped, suStained in steady-state or
incredse until some form of tripping or shutdown occurs. This phenomenon has become Widely
known as "harmonic stability" and although the suitability of thi§ name may be questioned, it
has bgen adopted in this document.
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HIGH-VOLTAGE DIRECT CURRENT (HVDC) SYSTEMS -
GUIDANCE TO THE SPECIFICATION AND DESIGN
EVALUATION OF AC FILTERS -

Part 5: AC side harmonics and appropriate harmonic
limits for HVDC systems with voltage sourced converters (VSC)

cope

This gart of IEC TR 62001, which is a Technical Report, provides guidance on the¢ state-

art of|

VSC technology in relation to harmonics and predicted future developmeénts, d

harmg@nic profile of present and predicted future VSC architectures and\ how the

chara

cterised and modelled — as voltage sources, current sources, ot “otherwise. |

assesses the harmonic impedance of VSC and the possible impact on pretexisting backg
harmanics emanating from loads or generation units in the supply network and consider
VSC harmonics are assessed under current IEC standards and natiohal regulations, and id

areas
for ex
subje

where improvements could be made, research can be needed, or other bodies cons
bmple when considering interharmonics. This document ¢an be a reference source
ct, which will also contain recommendations for use by those charged with mod

existing standards to adapt to VSC HVDC systems.

Issue$ relating to harmonics on the DC side of the converters, including DC grids
delibdrately not covered in this document, but are~addressed by a separate CIGRE Tec
Brochjure [1]".

2 Normative references

The fqllowing documents are referred-to in the text in such a way that some or all of their c
constitutes requirements of this document. For dated references, only the edition cited ap
For yndated references, the\latest edition of the referenced document (including

amen

IEC T

iments) applies.

R 62543, High-veltage direct current (HVDC) power transmission using voltage sd

converters (VSC)

IEC 6
(HVD

3 T

3.1

P747, Terminology for voltage-sourced converters (VSC) for high-voltage direct ¢
C) systems
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Terms and definitions

For the purposes of this document, the terms and definitions given in IEC 62543 and IEC 62747
apply.

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

addre

e IS

1

SSesS:

O Online browsing platform: available at https://www.iso.org/obp

Numbers in square brackets refer to the Bibliography.
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e |EC Electropedia: available at http://www.electropedia.org/

3.1.1

harmonic
integer harmonics and interharmonics

Note 1

to entry: The terms "harmonic" and "interharmonic" are used to describe components of a period

ic time

domain signal in the frequency domain. To do this, the periodical signal is expressed as a Fourier series. From a
physical point of view, harmonics and interharmonics are indistinguishable — they are merely signals of different
frequencies.

Due to the fact that definitions of the terms "harmonic" and "interharmonic" differ slightly in various standards, it is

essential to clarify the definitions used in this document in relation to those standards.
The Infernational Electrotechnical Vocabulary [2] defines in IEV 161-02-18:1990 a harmonic as "a cempopent of
order dreater than one of the Fourier series of a periodic quantity". The harmonic order is defined if 1EV 161-02-
19:199p as "the integral number given by the ratio of the frequency of a harmonic to the fundamental frequency".
IEC 61P00-4-7 [3] excludes other reference frequencies and connects the definition of the IEVspecifically to the
power [system frequency. Due to this, a harmonic becomes a "frequency which is an.integer multiple|of the
fundamental frequency of the power system". Furthermore, IEC 61000-4-7 states that, "forbrevity", the RM$ value
of a hafmonic component is simply called a "harmonic".
The safne aforementioned standards define the term "interharmonic" as the companehts of a periodic quantityl whose
order ig non-integer.
To avold constantly referring to "harmonics and interharmonics”, throughout this document the term "harmohics" is
used tg cover both integer harmonics and interharmonics, except where it iS\desired to distinguish some aspedt which
is partigular to either one.
3.2 |Abbreviated terms

Acrgnym Phrase

DC direct current

DFIG doubly-fed induction generator

EHV extra high voltage

EM electro-magnetic

EMG electro-magnetic-compatibility

EMT electro-magnletic transient

EN european‘norms

FCC forced‘commutated converters

FDM frequency division multiplexed

FACTS flexible alternating current transmission system

FFT fast fourier transform

GTO gate turn-off thyristor

HVDC high voltage direct current

IEC International Electrotechnical Commission

IEEE Institute of Electrical and Electronics Engineers

IEV international electrotechnical vocabulary

IGBT insulated gate bipolar transistor

IGCT integrated gate-commutated thyristor

ITU International Telecommunication Union

LCC line commutated converter

LTI linear time invariant

MIMO multiple input multiple output
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Acronym Phrase

MMC modular multi-level converter
MOSFET metal-oxide-semiconductor field-effect transistor
MV medium voltage

NLC nearest level control

OPWM optimized pulse width modulation
PCC point of common coupling

PLC power line carrier

PLL phase-locked-loop

PM phase margin

POTE plain old telephone service

PTC positive train control

PSPWM phase shifted pulse width modulation
PWM pulse width modulation

RLC resistance (r), inductance (l), capacitance (c)
SCR short circuit ratio

SM sub-module

SSR subsynchronous resonance

THD total harmonic distortion

THFF telephone harmonic form factor

TIF telephone influence factor

TOV transient over voltage

TSO transmission system operator

UHF ultra high frequency

USA United States-of\America

WE(QS wind energy conversion system

VHF very high\frequency

VSC voltage source converter

4 Blasic aspects of VSC HVDC harmonics

4.1 General

Clause 4 provides an introduction to the harmonic aspects of VSC HVDC, setting it in the
context of line commutated converters (LCC) technology and including a preliminary overview
of some topics which are elaborated upon later in the document. The subjects covered are the
following:

e summary of the differences between the harmonic behaviour of VSC and LCC technologies;
e particular issues relating to harmonic aspects of VSC;

e range of frequencies pertinent to VSC HVDC;

e equivalent circuit of the VSC converter from which a harmonic analysis can be performed;

e impact of connecting a VSC to the network, both as a harmonic generator and as a harmonic
impedance.
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4.2 Differences between VSC and LCC harmonic behaviour

HVDC converters may be defined in two distinct categories. Until the late 1990s, all HVDC
projects utilized line commutated converters (LCC) which consisted of 12-pulse thyristor bridges
(or earlier 6- and 12-pulse mercury-arc bridges). Such converters depend on the AC line voltage

to commutate the current between phases and to turn off the thyristors, hence
commutated".

"line

From the late 1990s, very fast development of HVDC voltage source converters (VSC) has
taken place. These use IGBTs (insulated-gate bipolar transistors) in various possible bridge
configurations with capacitors for energy storage. These converters are classed as forced

Com ale ala = - ays e all e A Aec on ana o a all alallal a A
voltage cycle as required by the converter control. The many advantages of thisy
convdrter include independent controllability of real and reactive power, black start-Capg
and the elimination of the need for separate capacitive reactive compensation at the“con
statiops. Progress in valve design and control techniques has resulted in the rapid incre

e line
pe of
bility,
verter
hse of

converter power ratings and reduction in switching losses.

The main differences between LCC and VSC concerning harmonics are@as’follows:

a)

Re¢active power: LCCs consume reactive power, i.e. have a lagging power factor, due|to the
phase difference between the applied voltage and the current, caused by both the gontrol
angle delay and the commutation (overlap) effect. In ordetto control the interchange of
repctive power with the network, shunt capacitive compénsation is installed such thtlat the

ngt reactive power exhange with the network is limited within specified bands. Typically, an
LGC HVDC scheme may require the installation of shunt reactive power compensatjion of

arpund 40 % to 60 % of the value of the rated active power.

THis shunt compensation is typically implementied as a number of separate banks and sub-
bgnks, which are switched in steps determined by the reactive power consumption ppf the
cdnverter and the net reactive power interechange goal established by the system opdrator.

Ng@rmally, most of this shunt compensation is tuned at various frequencies to form harmonic
fillers. The land area required for these filter and capacitor banks, as well as their assogiated
cilcuit breakers, is a very significant part of the total converter station area.

V$Cs for HVDC systems may be designed such that the active and reactive power
cdnsumption or generation.are controlled independently. Normally, no additional [shunt
repctive compensation is required.

Harmonic generations-l"CCs generate a highly distorted AC current, which, for the usyal 12-
pUlse configuration,_contains large amounts of the characteristic harmonics (11,13, 23, 25,
3§ etc.), as well’as smaller levels of many other non-characteristic harmonics| The
magnitudes ,ofthose harmonics decrease rapidly with increasing frequency. Typijcally,
statutory tinfits are applied only up to the 50" harmonic order, as LCC-gengrated
fregquencies’higher than that are regarded as having negligible impact on the power system.
N@ interharmonics are generated, unless the frequencies at the two ends of the DC link are
different (in such a case, cross-modulation effects will produce a spectrum of interharmonic
CUTTE Om DO ONVETIE . AS a WOTKINg approxXimmation, g converter may be regarded
as a harmonic current source at characteristic harmonic frequencies, as the current
generated is reasonably independent of the AC side impedance, although at low order
harmonics the cross-modulation effects between the AC ad DC sides should be considered.

VSCs for HVDC systems generate a much less distorted AC side current waveform.
Depending on the converter topology and the control methods employed, the network side
voltage generated by the converter may approach a clean fundamental frequency sinusoid.
The converter may be considered as a harmonic voltage source behind an internal
impedance, rather than a current source as for LCCs, as it is the generated harmonic voltage
which remains independent of load. The harmonic levels may be extremely low compared
to LCCs, but due to the adopted switching regime may have a significant frequency range
much higher than for LCCs, and may contain significant levels of interharmonics, which are
a product of the control strategy adopted.
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Harmonic filters: LCCs require the installation of large filter banks to mitigate the harmonic
distortion imposed on the connected AC network. At fundamental frequency, these filters
supply reactive power to the AC grid, as explained above. Filtering is mainly provided at the
characteristic (and possibly low order) harmonic frequencies, but should also consider the
mitigation of intermediate non-characteristic harmonics by introducing resistive damping in
the filter design. Interaction of shunt filtering with the pre-existing harmonics of the AC
system should be taken into account, to avoid unacceptable levels of amplification.

VSC using switch type valves generally requires a very small amount of AC harmonic
filtering. VSC using controllable voltage source type valves or using multi-level converter
topologies however generate such low levels of harmonics that passive AC filtering of
converter emission is usually deemed unnecessary.

Issues relating to VSC harmonics

The perception and marketing of VSC HVDC technology has rightly emphasised thatone [of the
benef|ts of this technology is the considerable reduction, or even elimination, of thie requirement

for

AC filters and their associated switching. While this is true, it does not.mean that issues

related to harmonics can be completely disregarded. Careful analysis,-of the harmonic
generption and the impact of connecting the converter station to the AC-system is still required
during the converter station design. Studies are still necessary to show thiat the harmonic Jevels

will

be within specified limits and that the converter will not unaccéptably amplify pre-existing

harmgnics. Moreover, harmonic generation affects the stress levels to which converter-r¢lated

equipment will be exposed.

The fact that VSCs generate harmonics in frequency ranges above 2,5 kHz to 3 kHz
(for 50 Hz to 60 Hz systems respectively) and have wide) frequency spectra may give aldo rise
to harmonic related issues. Particular topics concerning harmonics, which have been addressed

in existing VSC HVDC projects include the following:

d|fferent topologies of VSCs and g|ve some |IIustrat|ve examples of their frequency spectra

the possible need for small AC filters, either for mitigation of emissions or to linmit the
amplification of pre-existing harmonics;

ggneration of voltage and current waveforms with harmonic frequencies that are unustal for
an AC system, and which in practice' may have a negligible physical impact. However,[these
may nevertheless violate some lew grid code limits which were originally formulated [in the
cantext of different harmonic spéctra typical of older technologies. Such frequencies include
inferharmonics and even fiarmonics;

regonance issues in isolated AC systems with high cable content, as typical of windfarms,

wind

V/SC'’s

Often VSCs are not the only source of distortion but are part of a larger system that may
experience harmonic issues. For instance, offshore VSC applications (i.e. connection of
offshore wind farms to onshore grids through HVDC links using VSCs), or connection to very
weak AC networks or DC grid applications, are classic examples where the VSC HVDC
generated harmonics are not necessarily the source of the problem. In such applications, small
harmonic magnitudes generated by other converters, for example wind turbines, may be
amplified due to resonances between inductive and capacitive impedances in the system. This,
together with low damping in the system, may result in high harmonic voltage distortions at the
point of evaluation.
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4.4 Range of frequencies considered

The electromagnetic compatibility (EMC) IEC 61000 series classifies harmonics and
interharmonics as low frequency conducted phenomena (e.g. IEC 61000-1-2 [4]). According to
the International Electrotechnical Vocabulary (IEV or IEC 60050 series [2]) "low frequency" is
defined as "frequency up to and including 9 kHz" (IEC 60050-161:2014, 161-01-26).
Nevertheless, most standards (for example IEC TR 61000-3-6 [5], EN 50160 [6] or IEEE Std
519-2014TM [7]) only regulate harmonics and interharmonics for frequencies up to and including
the 40th or 50t harmonic (2 kHz or 2,5 kHz respectively for a 50 Hz fundamental and 2,4 kHz
or 3 kHz respectively for a 60 Hz fundamental). Many grid codes adopt a limit of 50th harmonic

for the assessment of harmonic power quality, and this has been the range normally considered
for LGC_ HVDC

Harmonic magnitude limits for frequencies between 2,5 kHz or 3 kHz to 9 kHzlare not
standardised and are considered on a case by case basis when necessary.

This |[document takes into account that VSCs can use pulse-width modulated gontrol
(synchronous or asynchronous to the power system fundamental frequency)y-or other swiiching
technplogies, which may generate higher frequencies than the traditional power quality limit of
the 5Qth harmonic order.

Considering VSCs as nonlinear devices, the converters will create non-sinusoidal waveforms.
Genegated frequencies other than the fundamental are unwanted and are the result of nonf-ideal
convdrsion.

Figur¢ 1 shows the range of frequencies which may/é. contained in the voltage wavieform
generpted by a VSC in a typical HVYDC scheme, with an indication of which phenomena are
respopsible for the generation of frequencies in different bands. These are further discusged in
subsgquent paragraphs.

A

Non-ideal switching

50 Hz 1 kHz 3 kHz 200 kHz 30 mHz

IEC

Figure 1 — Frequency range of VSC waveform

In the lowest frequency range, the generation is a result of so-called converter imperfections,
such as measurement tolerances, component tolerances, and non-idealities in the control
system. The impact of the imperfections can be seen up to higher frequencies but the
magnitudes decrease strongly with increasing frequency.

The switching pattern is dependent on the converter topology and the applied modulation
strategy. For converters of the cell type such as MMC, the generated frequencies are strongly
dependent upon the number of submodules — the more submodules, the higher are the
frequencies of the spectrum. For a classical two-level topology, the switching frequency and its
integer harmonics will dominate the spectrum in the switching pattern range. With higher
frequency, the impact of the pattern typically decreases by approximately 20 dB per decade,
eventually becoming negligible.
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The effect with greatest impact on the highest frequency range is the non-ideal switching of the
power electronic devices. The commutation of the current from one device to another will lead
to voltage and current overshoots, which result in even higher frequency content than caused
by the switching patterns.

The main focus of this document is the frequency range up to 50th harmonic order covered by
the standards listed above in 4.4, because most issues in regard to harmonics (e.g. power
quality issues or control interactions) have their origin in this frequency range.

However, where it is helpful to explain certain phenomena resulting from the converter
operation, a wider frequency range will be considered. When harmonic generation remains at

a signfificantTevel at frequencies above around 3 KHz, It may be desirable To consider the

qualit
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4.5

Converter representation for harmonic analysis — Figure 2 a)¥—"and an equivalent circuit

convg

implications. Calculation of the rating stresses of converter components should-als
requencies into account.

uld be considered that modelling of the connected AC system becomes.more ung
igher frequencies, as secondary effects (such as stray capacitance, skin effect and
t losses) become influential and so the analysis of the system to be'investigated bed
ssively more complex.

Equivalent circuit of the converter for harmonic analysis

rter for harmonic analysis — Figure 2 b) — based onv[8}-are presented in Figure 2 b
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a) Converter representation for harmonic analysis
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b) Equivalent circuit of the converter for harmonic analysis

Figure 2 — Harmonic representation of a VSC station for harmonics analysis
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The converter is represented by a voltage source consisting of two parts. The voltage 7, synth
represents the synthesization of the reference voltage signal. The reference voltage includes
not only the fundamental voltage, but may also be active in the higher frequency range, in
defining the impedance of the converter. Vpy represents the voltage created by the non-ideal
behavior of the power electronics hardware (e.g. voltage drop across the semi-conductor
devices).

The reference signal for voltage synthesization is defined by the transfer function of the current
controller C((f) and the voltage feedback transfer function C,(f). The transfer functions also

include current and voltage transducer representation, control hardware sampling, delays and
all other relevant parameters.

The donverter impedance consists of passive and active converter impedance. The passive
impedance is defined by transformer (Z7) and reactor (Zg). The impedance of any.passive filter

shouldl also be included. The active impedance depends on the converter control, Determipation
of the|converter impedance is presented in Clause 6.

4.6 |[Dual impact of a VSC converter on harmonic distortion at PCC

4.6.1 General

To defermine the total harmonic distortion at the point of commoen coupling (PCC) caused by a
VSC HVDC converter, two aspects have to be considered:

e converter-generated harmonic emission;

e pre-existing (background) harmonics, including their possible amplification by the conyerter.

The way to study and treat the total harmonic generation caused by these factors is very gimilar
to that for LCC HVDC converters (or any non-linear load). However, there are two signfficant
differgnces between LCC and VSC in this.respect. Firstly, a LCC HVDC station has extgnsive
passiye shunt filtering and reactive conipénsation, which have the effect of largely masking the
harmanic impedance of the converter.itself. Secondly, for VSC HVDC, the converter geng¢rated
harmagnics tend to be less significant, and so the possible amplification of pre-existing
harmanics becomes a relatively yital aspect. The complex behaviour of the VSC in response to
harmgnics in the supply system should be understood and taken into account.

In the calculation of the-overall harmonic distortion, the network and converter harmonic
sources can generally‘be considered as independent from each other. This assumption allows
separpte analysis (of-both effects, using different models and tools, and is valid for| most
purpoges.

In the|following, the network is represented as an ideal harmonic voltage source along with its
impecance ZNet(f). The same harmonic impedance is used for the calculations of both the

emis priate
assumptlons regardlng what magmtude of pre- eX|st|ng harmonic voltages and what values of
AC network impedance should be used in such calculations is a complex issue which is equally
relevant to LCC converters and is discussed at length in [9], [10] to [14].

4.6.2 Converter generated harmonics

The impact of the converter harmonic contribution on the overall harmonic distortion at PCC
can be analyzed by use of the model shown in Figure 3.
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Figure 3 — Harmonic contribution by the converter

bnverter is represented as an ideal harmonic voltage source Uggy,, (/). Ima typical g
the converter impedance Zg,,(f) is defined by the HVDC manufactdrer and the ng

etwork impedance may have a wide range of possible values depending on configL%

CC for each individual frequency.

armonic distortion at the PCC is then calculated by:
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An equivalent (Norton).current source model could be used, with an internal impedance located in
armonic current source.” However, such a model offers no particular advantages for most applicationg
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Figure 4 — Amplification of the background harmonics
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Zconvlf) represents the impedance of the converter, and is discussed in detail in Clause 6 and

Clause 10. The harmonic voltage distortion at the PCC due to pre-existing harmonics is then
defined by:

©)

Zconv (/)

e et f)
ol 1)+ zoame( 7| NS

Upcc_net(.f )| =

4.6.4 Combining the effects of converter-generated and pre-existing harmonics

There is no flxed reIatronshlp between the phase angles of the converter generated harmonics
. he PCC

at the
¢ pre-
existing harmonics by methods based on the relevant standards, for example)the "g¢neral
summation law" presented in IEC TR 61000 3-6 [5], as expressed in Formula'(4):

1

Unpee (1) =42 U8 = (Upcc_cone( £ +{Upco_net( .97 (4)

wherqg the suggested indicative values of the exponent a are frequency-dependent, as shown
in Table 1.

Table 1 — Indicative summation exponents

Harmonic order a
h<5 1
5<h<10 1,4
h>10 2
SOURCE: IEG.TR 61000-3-6 [5]

It canl be noted howeverythat [5] emphasizes that these values should only be used |n the
abserjce of more specific*information. If there is any technical reason why some harnjonics
shouldd have a more;ar“less, coincident phase relationship than implied by these expopents,
anothpr more appropriate summation may be applied.

In IEC TR 64000-3-6 [5], the general summation law and the above exponents arg only
specified for integer harmonics. Since the interharmonics from the converter and from the
netwdrk’ are assumed to be uncorrelated, similar to the higher frequency harmonics, it is
! roach
corresponds to the method used in IEC 61400 21 [15] for power qualrty characterrstrcs of grid
connected wind turbines.

For assessment of the rating of affected components, a more conservative approach may be
desirable. It should be considered that the phase angles of some individual harmonics from the
converter and the pre-existing harmonics could be coincident. If any individual harmonics have
significant amplitude with respect to rating of any components, their possible phase coincidence
should be considered appropriately.
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5 Harmonic generation

5.1 General

VSCs are devices that can ideally generate any set of three phase voltages by following a
reference signal as a result of some primary control strategy. The reference signal is typically
a continuous function, for example a three phase fundamental frequency sine function.

A VSC typically attempts to follow the reference signal by switching in and out capacitors. This
will result in an output voltage which is a stepped function. The deviation of the stepped
waveform from the continuous reference will result in integer harmonics in case of repetitive
eriod.
qulting
waveflorms, it is important to consider a suitable time window for the fast Fourier transform
(FFT)[analysis, which may be longer than one fundamental frequency period [3]

A number of different topologies and switching strategies can be used to-.create the desired
high poltage outputs. Subclause 5.2 presents the principal factors.(influencing harmonic
generption common to all topologies. Some of the existing ones arg discussed in 5.3 which
descrlbes the harmonics generated by different VSC topologies<and switching pafterns.
Subclpuse 5.4 discusses aspects of the generation of interharmenics, while 5.5 considefrs the
impadt of various non-ideal conditions.

VSCs| regardless of their topology and switching pattern, generate harmonics in a| wide
frequgncy range. In order to show the nature of the harmonic generation, an extensive spectrum
of hafqmonic frequencies is shown in Clause 5. This should be treated as general informafion to
descr|be the nature of the given harmonic spectrumyfor example, to illustrate where the h|ghest
magn(tudes in the frequency range are located for a certain switching pattern. By comparing
differ%nt topologies or switching patterns, it can’be concluded that different frequency ranges

are rejquired to show the nature of their respective harmonic spectra. Therefore, in the follpowing
subclauses, different frequency rangessmay be shown for different converter types and
switching techniques.

The frequency range to be considered for practical harmonic power quality analysis is gerjerally
much|more restricted. Nevertheless, it is recommended that the HYDC manufacturer provides
the "blig picture" to the customer, i.e. a general overview of the range of harmonic genetration.
This Has the benefit of creating mutual understanding on the topic between the HVDC supplier
and the customer. Additionally, the customer is informed and therefore capable of addrgssing
any possible future(isstes that may arise due to harmonics being generated outside the
standard harmonjctanalysis range.

Knowledge of\the harmonic generation "big picture" also enables precautionary measureq to be
taken|in the.early stages of a project to avoid any adverse or undesired interactiong with
sensnve equment in the AC grid, for example PLC transm|tters/rece|vers having resohance
frequen - tems.
Dialogue between the customer and the HVDC suppller is recommended in order to exchange
information on any such sensitive equipment.

The analysis presented in subsequent subclauses refers to the phase values of generated
harmonics. The generation from the three phases may be unbalanced, i.e. may contain positive
and negative sequence components. Any zero sequence harmonics on the converter side of
the transformer will be blocked by the converter transformer configuration (either Yd, or Yy
without starpoint grounding on the converter side).
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Factors influencing harmonic generation

General

The influences to be considered in the calculation of harmonic generation are the following:

e CO

e CO

nverter topology;
nverter control:
reference voltage generation;

synthetisation of the reference voltage;

e p

The V|
conve
topolg

wer efectromcs trardware:
interlocking time;
semiconductor voltage drop.
ISC converter topology has the greatest impact on the harmonic generation. Four diff

rter topologies are presented in 5.2.2, and sample harmonic calculations of
gies are provided in 5.3.

ferent
these

The hjarmonics generated due to interlocking time and semiconductoer voltage drop are due to

physi
Subcl

profilg.

al effects which ultimately depend on the converter topolegy and semiconductor
huse 5.2.4 describes why these occur and how they contribute to the overall har

The hfrmonic generation described in most of 5.2 relates to idealized operation conditi

the ¢
side h

5.2.2
Accor

o VS

o VS

The G
patter

nverter. The effects of non-ideal behaviour,hasymmetries, pre-existing harmonic
armonic interaction, and other factors are discussed in 5.5.

Converter topology
ding to IEC 62747, VSC convertertopologies can be grouped in two types:

bC converter using switch typewalves:

two-level converter (Figure 5);

three-level converter (Figure 6);

bC converter using.€ontrollable voltage source type valves:
modular multizlevel converter (MMC) (Figure 7);
cascadeditwo-level converter (CTL) (Figure 8).

onverier-topologies differ in the energy storage (capacitor) location and the swi
n of(the semiconductors.

ypes.
monic

bns of
5, DC

ching
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5.2.3 Control
5.2.3.1 General

According to the CIGRE Technical Brochure 604 [16], the converter controls which are relevant
for harmonic generation can be grouped in three levels as shown in Figure 9:

e upper-level controls;
e |ower-level controls;

e valve building block.

Set-points-and-orders
for:

- Pac, Qac, Pdc

- Udc, Uag, f

/Upper-level controls

Power-control (non-island)
Voltage/frequency-control
(Island)

Energy-control
Energy-balancing-control
Circulating current control

Valve reference voltages

-
Lower-level controls

PWM
Nearest level control

Capacitor voltage balancing
o 4

Switching pulses

(" \/&Ne building block

Semiconductor switching

\ /
IEC

SOURCE: [16]

Figure 9 — HVDC VSC converter control structure

The uppef-level controls includes the voltage/current control at the converter terminals and the
contrglnofsthe converter internal current and energy-balancing. Since the converter internal
and energy-balancing Contro depend on the cor rter e _upperl

controls are topology dependent.

The output of the upper-level controls is the reference for AC or valve voltage. The purpose of
the lower-level controls is then to generate a replica of the reference voltage via creation of the
semiconductor switching signals. This part of the control system and how it generates
harmonics is described further in 5.2.3.3.

In the valve building block, the semiconductor switching may generate noise of a high frequency
range; however, that is outside the scope of this document.
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5.2.3.2 Upper-level controls (reference voltage generation)

Harmonics generated during the process of reproducing reference voltages are usually caused
by the switching of the valves. Both the converter control and the measuring system contribute
to the harmonic output. Therefore, both the control software and hardware should be considered
in the harmonic generation analysis.

Due to the complexity of the control software and hardware, and intellectual property issues,
few publications and only general analysis can be found in the public literature on the subject
of harmonics generated by the converter controller. Without detailed knowledge of the system,
a general recommendation regarding the required analysis cannot be provided.

As nqg general rules for harmonic generation analysis can be provided, different conyerter
operating states should be analysed to determine the impact on the converter \Warmonic
generption. Examples of the converter operating parameters and characteristics which [might
be relpvant are

e full range of operation (active/reactive power and operation at different'modulation indices),
e nggative phase sequence voltage in the AC network,

e control mode active/reactive power or (non-island) or voltage/frequency (island),
e cogmponent tolerances,

e influence of measurement filters, and

e crpss-modulation.

Due tp the high number of relevant operating parameters and possible combinations of [these
paranjeters, a comprehensive calculation of harmonic generation for all possible opefrating
condifions may not be practically feasible. ®@epending on the project requirements and
implemented control functions, the HVDC supplier should agree with the customer sditable

methqds by which a sufficiently high degree-of confidence in the calculated harmonic genefration
may He assured.

In contrast to the effect of other sources, the harmonics generated by upper-level contro|s can
be m¢dified by adjustments to dhe control software, which can be implemented durirlg the
commyissioning phase of a project if necessary.

5.2.3.8 Lower-level-controls (synthesization of the reference voltage)

Synthesization of the reference voltage is achieved via semiconductor switching according to a
switching pattern~implemented in the lower-level controls. The switching patterns whigh are
commponly used\for VSC HVDC are

. p::llse Wwidth modulation (PWM),
e phase shifted pulse width modulation (PSPWM), and
e nearest level control (NLC)

Converter topologies with distributed energy storage (MMC and CTL) also require control
algorithms for capacitor voltage balancing between the distributed energy storages. Switching
patterns and capacitor voltage balancing strategies are highly dependent on the converter
topology. An explanation regarding the resulting harmonics is provided in 5.3, where the
different topologies are presented.
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5.2.4 Power electronics hardware

5.241 General

Harmonics created by the power electronics hardware depend on the converter valve voltage
and current values. For determination of the worst case harmonic generation, all relevant
operating points have to be considered. The HVDC manufacturer is best able to determine
which operating points are most relevant for determining worst-case harmonic generation.

The effect of interlocking (blanking) time and semiconductor voltage drops are discussed below.

In VSIC terminology, "interlocking" describes the time delay (alternatively termed~!bla
time) petween the switching events of the individual IGBTs in one half bridge. Thé linterld

time i$ required to avoid an unintended short circuit of the capacitor.

A demonstration of the interlocking time is visualized in Figure 10 (a) to~(d). With the ¢
flow through the diode D1, the submodule is considered as turned on, with,the capacitor v
at the[submodule terminals. During the diode conduction, the paralleKIGBT T1 is in the on|

nking"
cking

urrent
bltage
-state

to allqw the current direction change. For turning off the submodule NIGBT T1 is turned offf and

after p defined blanking time the IGBT T2 is turned on. During the interlocking perio

submedule voltage is applied unintentionally at the submodulé.terminals.

ON BLK OFF

_T14D1 J J T1 £ D1 J JF T1 D1
f —> N> :l Ucap
Usm l JE T2 £D2 [ 12502 | 12702

| Without Interlocking

ta tg t

With Interlocking

tg tg t [EC

i, the

a) Interlocking time during the first part of the transistor switching cycle
ON BLK OFF
[T %01 J [ T1zD1 [CT1#D1
—p e« = — p e
jt T2 D2 [ T27D2 2702
=
S)
Ucap

b)

| Without Interlocking

ta tg t

With Interlocking

tg tg t [EC

Interlocking time during the second part of the transistor switching cycle
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OFF BLK ON
71301 | T17XD1J | T1TD1J
' = —p —
[ T2 %D2 [Cm2asD2 [ m2a8D2
= j
S}
U,
cap Without Interlocking
5 tg t
3
S}
U,
£ap | AfttrtertoTkimy
T T
ty tg t Ec

c)

Interlocking time during the third part of the transistor switching cycle
OFF BLK ON
J
T3 D1 113 D1 [T 11% D1
= —Pp ' = —p {
_T2%D2 127 D2 [ T25 D2
1l
| Without Interlocking
0 5 tg t
With Interlocking
T T
0 tg ts t IEC

d)

Interlocking time during the’fourth part of the transistor switching cycle

Figure10 — Interlocking example

Semiconductor voltage drop

nt flow in the module causes a voltage drop at the diode terminals (described as er
tor voltage Vgc) and'a voltage drop at the IGBT terminal (collector-emitter voltage
Althodigh the voltage(drop due to these in each individual submodule is very low (0,9 V td

mmation of the-submodule voltages can cause a voltage drop which should be consi
monic analysis.

ptal ;yoltage drop depends on the number of diodes and IGBTs in the current pat

thereflore on the current direction and operating point of the converter.

nitter-
4V),
dered

h and

Where I, is the module current and Ngy; g, @and Ngy off are the number of the submodules in
the ON and OFF states, the total voltage drop of the converter module according to Figure 11

is given by:

Vbrop_pos = Nsm_on *VEc + Nsm_of -VcE

I, >0A

VDrop_neg = NSM_On Ve + NSM_Off Ve

I, <0A
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An overview of the states and the resulting voltage drop is shown in Figure 11.

ON OFF

IEC
Figure 11 — Semiconductor voltage drop

5.3 |Harmonic generation
5.3.1 General

Sampje harmonic output profiles for the different types of cofiverters described in 5.2(2 are
presenhted below in 5.3.2 and 5.3.3.

For a|better comparison between the different topologi€s; precise harmonic information|might
be degsirable; however, such information is difficult to provide for VSC technologyl The
generpted harmonics depend mainly on the converter controller which is influenced by|many
factorg. Furthermore, due to the fast development.of the VSC technology, any harmonic Jyalues
provided might be outdated very quickly.

It should be emphasised therefore that _these plots should be treated as examples of 4 wide
range| of possible harmonic voltage generation, which is dependent on many factors.| They
shoul@ not be seen or quoted as beifg typical or representative of a certain technology.

All plgts show harmonic voltages that are internally generated by the converter valves and are
not the harmonic levels expected at the point of common coupling.

In all plots, harmonic~veltages are presented in p.u. of direct voltage in order to better vispalize
the infernal harmonic-voltage levels generated by the converter valves.

For a|better visualization, the plots for two- and three-level converters are shown with allinear
scale [on the-y-axis, and for MMC and CTL converters, the y-axis is shown with a logarjthmic
scale

For some plots, the harmonics and interharmonics are indistinguishable. No attempt has been
made to make a clearer distinction, as in reality different converters and controllers may create
different frequencies from those shown.

5.3.2 Harmonic generation from VSC using switch type valves
5.3.2.1 Two level converter with PWM

A carrier with triangular waves is used. The pulse number is defined as the ratio of the frequency
of the carrier and the fundamental frequency. By making the pulse number an odd integer
divisible by 3, a symmetry between the three phases is achieved, as well as a symmetry
between the positive and negative half period for each phase. This is demonstrated in Figure 12
and Figure 13 which have a pulse number of 9 (such a small number is not typical but is chosen
here for a clearer illustration).
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Figure 12 — References and carrier for a two level converter
using PWM with pulse number of 9
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Figure 13 — Reference, carrier and the resulting phase voltage for
one phase of a two level converter using PWM with pulse number of 9

The PWM output voltage pattern consists of a fundamental frequency which matches the
reference, plus voltage harmonics.

The voltage harmonics when using a pulse number of 39 are illustrated on Figure 14.
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Figure 14 — Harmonic spectrum, phase to ground, of“a two level converter
using PWM with pulse number)of 39

With the given selection of the carrier frequency, symmetry of the three phases is achievegd and
therefore the generated harmonics divisible by 3 wilkbe of zero sequence.

In Figrre 14, it can be noted that the highest\p€ak of the first pulse band after the fundamental

is a z¢ro sequence harmonic (39t order). The spectrum of the remaining harmonics withdut the
zero gequence orders is shown in FigureA15.

1,2T

0,8 1

Voltage (peak values p.u. of Uy)

0

N

O I i i ‘| i i >
0 80 90

0 10 20 30 40 50 60 7 100
Harmonic order
IEC

Figure 15 — Harmonic spectrum, phase to ground, of a two level converter using PWM
with pulse number 39 after removal of the zero sequence orders

The frequency spectrum continues higher up in the frequency spectrum as illustrated in
Figure 16.
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Figure 16 — Extended harmonic spectrum of\a two level converter using PWM
with pulse number 39 after removal.of the zero sequence orders

P Two level converter with optimized PWM (OPWM)

M is a control technique which eamputes the switching instants so that all unw
nics, up to a specified harmonic-erder, are eliminated whilst, at the same time, obt
rrect magnitude for the fundamental voltage. The optimisation lies in using the m

selecfive harmonic elimination(SHE) is also used for a similar technique.

With &

n equivalent pulse.number of 23, all positive and negative sequence harmonics up

including the 31st can be)cancelled. The voltages in the time domain and the harmonic spe

are ill

istrated in Figure 17 and Figure 18.

anted
Aining
nimal

ing frequency possible to aceomplish this; thereby minimising switching losses. Th¢ term

o and
ctrum
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Figure 17 — Fundamental and phase voltage for one phase
of a two-level converter using OPWM
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Figure 18 — Harmonic spectrum, phase to ground, of a two-level converter using OPWM

The voltage harmonics below the 35t order, in Figure 18, are of zero sequence. Figure 19
displays the spectrum with the zero sequence removed.
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The hprmonic spectrum up to order 500 is displayeddn Figure 20.
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Figure 19 — Harmonic spectrum, phase to ground, of“a two level converter
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using OPWM after removal of the zero sequence
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NOTE The fundamental is not shown.

Figure 20 — Extended harmonic spectrum, phase to ground, of
a two-level converter using OPWM after removal of the zero sequence
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5.3.2.3 Three-level converter

The topology difference from a two-level converter is that each phase can be connected to the
positive pole, the midpoint or the negative pole, so at any time there are 3 different voltage
levels that each phase can attain.

A separate carrier for the upper part and the lower part is used. The phase voltages are switched
between Uy and 0 during half of the fundamental period and between -Uy and 0 during the
other half.

A third harmonic signal is typically also added to the reference voltage in order to increase the
amplifude of the fundamental voltage in relation to the direct voliage.
harmg

Ihe resulting third
nic voltage generated is of zero sequence and therefore does not penetrate to t
system.

e AC
The principle is illustrated in Figure 21 for pulse number 9.
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Figure 21 — Réeferences and carriers for a three level converter with pulse number|of 9
As sepn/in_Figure 21, the three-level converter has the same symmetries, between the phases
and the\upper and lower half waves as a two-level converter. Therefore, only natural harmpnics,
i.e. the 5M 11th 17th —negative sequence harmonic and the 71, 13t 19t

.. positive
sequence harmonic will be generated on the AC side. Harmonic orders that are divisible by 3
are of zero sequence and will be blocked by the transformer. Figure 22 shows the resulting
voltage for one phase.
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Figure 22 — Reference, carriers and the resdalting phase voltage
for one phase of a three level converterwith pulse number of 9

For t:l\e same pulse number as for the two levek converter with PWM in 5.3.2.1, ile. 39
(Figune 14), the voltage spectrum is shown in Figure 23.
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Figure 23 — Harmonic spectrum, phase-ground, of
a three level converter,pulse number of 39

The highest peaks are again zero sequence. Figure 24 shows the spectrum after removing the
zero sequence.
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Figure 24 — Harmonic spectrum, phase to ground,.of.a three level converter
with pulse number of 39 after removal of the zero sequence

The bfoader frequency range is illustrated in Figure 25.
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Figure 25 — Extended harmonic spectrum, phase to ground, of a three level
converter with pulse number of 39 after removal of the zero sequence


https://iecnorm.com/api/?name=5d749e7fd249f66c1aaa601723ffe5f1

- 38 - IEC TR 62001-5:2021 © IEC 2021

5.3.3 Harmonic generation from VSC using controllable voltage source type valves
5.3.3.1 General

Due to the distributed converter energy, a VSC of the controllable voltage source type can be
represented by six independent voltage sources as shown in Figure 26. Additionally to the main
purpose of establishing AC and DC voltages for the purpose of active and reactive power flow,
the voltage source control can be used for other objectives such as AC harmonic damping or
converter energy balancing.

AC DC terminal
terminal

5——
o——
5——

Uy p\ /@' Upp \ @' Usp ‘ /@'

Uve

IEC
Figure 26 —Voltage source representation of the MMC

The re¢quired voltage levehfor every individual voltage source is created by the converter gontrol
(term|as defined in IEG-62747 [16]) and sent to the valve control unit.

5.3.3.2 Derivation of harmonics at the converter terminals

For harmonic@nalysis, every converter valve has to be considered as an independent harmonic
voltage soutce. For the harmonic determination at the converter AC and DC terminalg, the
voltade sources can be transferred using a transfer matrix, Tgg.1ermnalr @S S€€n below:

Uye 1 Uy,
Uye 2 Uy,
ZVDEC; :[TBG-Terminal]' gfj
Upc » Uy,
Upc 3 Usn
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5.3.3.3 Modular multi-level converter (MMC)

Every voltage source has its own valve control unit which can work completely independently
from other control units. The main purpose of the valve control unit is to set up the required
voltage level by switching of the submodules. The decision to switch is based on the
implemented pattern algorithm. The switching signals are then send to the valve base
electronics which switches the individual semiconductor.

The converter control can influence the harmonic generation of the MMC converter. Usually,
converter control is used to improve the harmonic performance by cancelling out specific
harmonics at the AC terminal of the converter. Due to the limited operating speed of the
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e submodule voltage during switching actions V.

The rgsults of the voltage generation by MMC econverter is demonstrated in Figure 27. The
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be defined by the converter supplier.

mon switching pattern technique used for converter control of MMC conyerters is n¢
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ne step of the converter control operation A¢;

ne step of the valve control operation Aty¢;

e reference signal (red line) is approximated by the converter control reference
line) depending of the sampling rater*used in the control hardware. The module v
green line) is created with switching of the submodules by valve control.
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Figure 27 — Valve voltage generation

For the demonstration of the module voltage generation, a very simple NLC method is|used.
The spbmodules are switched whenever the absolute difference between the reference voltage
and donverter valve voltage is reduced. The resulting harmonic spectrum of the conyerter
module voltage (U1p according to Figure 26)\is'shown in Figure 28 and for a higher frequency
range|in Figure 29. The increased peaks for the harmonic order > 500 are the charactefistics
of the|particular MMC converter and depénd on the valve control.

The presented harmonic values show only the harmonic created by the converter modgl with
the sipnplified control and neglecting all damping elements in the circuit.
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Figure 28 — Harmonic spectrum for one arm of the MMC converter
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Figure 29 — Harmonic spectrum for one arim of the MMC converter
(extended frequency‘range)

5.3.3.4.

Below
accor

5.3.3.|: Cascaded two-level converter (CTL)
1

General

is a simplified description of a. multilevel converter with N cells which is sw

are phase shifted in respect to each-other. This description is for a symmetric monopol

the p
mono

inciple is the same for asymmetric monopole and for a bipole, where two asym
boles are combined. The'text describes a converter built up with half-bridge cells.

5.3.3.4.2 Basic topology

This ¢
voltag

each
have

either|

escription assumes a symmetric monopole setting, where the positive DC termin
e +Uy, andthe negative terminal has voltage —Uy. The converter consists of 6 arm

brm has-N<cells. See Figure 26. In this simplified description, it is assumed that al

be linserted or bypassed. The total voltage over a valve arm is the sum of all in

cells

mthat arm. Each cell which is inserted contributes with its cell voltage of 2 x U /

tched

ling to a carrier based PWM, where the phases of the carriers for the cells in each arm

ke, but
metric

hl has
5, and

| cells

he same-cell voltage, which is assumed to be the constant value 2 x Uy / N. A cqll can

serted
N, so

the total voltage over an arm can vary between 0 and 2 x Uy. Since each arm is either attached
to the positive or negative DC terminal, the AC side of the valve arm can attain values between

~Uga

nd Uy with N steps.

5.3.3.4.3 Switching principles and harmonic spectrum

The converter controls the voltages for the AC side of the valve arms. As described above,
these voltages can obtain values between —Uy and Uy. Each phase has a reference voltage,

which typically has a third harmonic added in order to be able to have the peak value of the
fundamental component bigger than Uy. For this simplified converter with constant cell voltages,

the optimal choice for the reference is
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where

tref (1) = Udm4/n(cos(w1t +p)- %cos(3(w1t + (p))]

m

(5)
is the modulation index, defined here to be the quotient, scaled with a factor of z/4, of the
peak value of the fundamental component and Uy.

Each phase has two arms. Each arm has its own modulation reference. Furthermore, each cell
in an arm has its own triangular carrier. When the carrier and the modulation reference intersect,
the corresponding cell switches from inserted to bypassed or from bypassed to inserted. The
modulation reference r for an arm is a variable that can take values in the interval [-1, 1],
r(z) =

For th

Ud ha

s been factored out.

where
1 means that the voltage should be as positive as possible and —1 as negative as po§

is simplified model, the modulation reference for an arm is the voltage reference

sible.
where
1
r(t)=md/ x| cos(w,t+ ¢p)- gcos(3(mlt+(p)) (6)
The phases of the carriers for the different cells in one arm are’distributed evenly. Figire 30
showg the reference for one arm and the carriers for three adjacent cells for that arm over one
fundamental period.
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Figure 30 — Reference and carriers for three adjacent cells

In Figure 31, which is a zoomed in version, the resulting normalized voltage is also shown
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Figure 31 — Zoomed - reference and carriers for three adjacent
cells and resulting voltage

As segn in Figure 32, the resulting waveform follows'the reference by switching in and ouf|cells.
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Figure 32 — Reference and voltage for one arm

The voltage spectrum for this arm is shown in Figure 33.
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Figure 33 — Harmonic spectrum for one armg{)‘ga/CTL converter
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In Figure 34, the frequency range has been extended.0<<

X

A

s T
§1OO F \?@ =
&
o R\

o 10-1 O 4
k< b\

o O
S e

10-2 @ i 1

O

i
50

100 150 200 250 300 350 400 450 500
Harmonic order
IEC

Figure 34 — Harmonic spectrum for one arm of a CTL converter —
extended frequency range

5.4 Interharmonics

Besides the basic interharmonic generation related to the carrier frequency, further factors will
affect whether the spectrum includes interharmonic frequencies.
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The digital implementation of the controls calls for discretization in time and value. As shown
in 5.3.3.3, the time-wise discretization, or in other words the sampling frequency, will have an
impact on the spectrum. If the sampling frequency is a non-integer harmonic of the fundamental
frequency, the switching instances of the modulation will differ between two adjacent periods
of the fundamental, which results in non-integer harmonic components within the spectrum.

The impact of the sampling decreases with increasing sampling frequency. But this does not
mean that the non-integer components are shifted to a higher frequency range with higher
sampling frequencies. The components generated by this effect are spread over the frequency
range but have a decaying magnitude for higher sampling frequencies.

As depcribed 1h 5.3.3.3, a common switching pattern technigue used for MMC 1S nearest level
contrgl. Parameters used in a simple NLC are

o time step of the converter control operation Az-¢, and

o t

ime step of the valve control operation A#c.

Harmonics at the AC terminal of the converter (U, in Figure 26) with optimized NLC time|steps

are shown in Figure 35. The resulting harmonics are of integer type only and no interharmonics
appeadr.
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Figure 35 — Voltage synthesization with optimum time step
of the valve control operation

A change of A7 and Aty can change the generated harmonics as shown in Figure 36. The
resulting harmonics levels are slightly changed and interharmonics can appear.


https://iecnorm.com/api/?name=5d749e7fd249f66c1aaa601723ffe5f1

- 46 - IEC TR 62001-5:2021 © IEC 2021

100 T T T T T T T T T T

Voltage (p.u.)

10-1 | i

102 | E

10-3 | .

104 |-

A

105 || ”I;I‘ I L
0 2 4

12 14 16 18 20
Harmonic order
IEC

1||‘ .Hlﬂ HI i
6 8 1

0

Figure 36 — Voltage synthesization with_an alternative time step
of the valve control operation

For copnverters of cell type (e.g. MMC), the chosenh sorting and selection algorithm used for
voltage balancing of the cell capacitors will further influence the composition of the spdctrum
due tp the impact on the capacitor voltages.r Assuming the capacitor voltages are peffectly
balanged — which does not mean that the voltages have a fixed value —, the changing capacitor
voltages have an impact on the magnitude-of integer harmonics. If a voltage balancing or sorting
and sglection algorithm is used to decrease the number of switching events, the deviafion of
the capacitor voltages will increase with a direct relation to the magnitude of non-integer
harmgnics (Figure 37). This effectjcan be explained in that a change of the submodules uilized
to shgpe the output voltage may differ in adjacent fundamental periods.
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Figure 37 - lllustrative impact of sorting and selection algorithms

on interharmonic generation
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Figure 37 should be understood as an illustration of the effects of a particular control
implementation, and not as typical of any real system. The key implies the following.

e Idealised model: No capacitor voltage change considered -> No interharmonics.

e Selection with fundamental: Sorting carried out once in a fundamental cycle -> Selection
done whenever the arm current changes its direction.

e Restricted selection: Sorting and selection are done each time the converter changes the
required number of voltage levels (for PWM schemes, once per switching cycle). The
restriction means that only one submodule can be turned on or off.

These two examples show that the generation of interharmonic frequencies is dependent upon
many |different factors. The prediction of the impact of some of these factors requires a very
deep knowledge about the hardware and software used for a particular installation?)Aq such
knowledge is intellectual property, a detailed analysis can only be doneywy HVDC
manufacturers.

5.5 |[Impact of non-ideal conditions on harmonic generation

Subclpuse 5.5 discusses the effect on harmonic generation of non-ideal conditions |n the
convejjrter and supply network. The harmonic generation describeéd\in previous subclauses
considlered "ideal" conditions — namely that

o the AC network supply voltage is sinusoidal at fundamental frequency (no pre-existing
hgrmonics),

o the AC network supply voltage is balanced among. phases,
o there is no source of AC currents (fundamentalier harmonic) on the DC side,
e the converter phase reactances are exactly balanced, and

e there are no tolerances or slight inaccuracies in the converter control system.

In reality of course, it is likely that few, if@ny, of these conditions are fulfilled. Small variations
in thelabove parameters will normally_o¢cur.

In the| context of HVDC line commutated converters, these small non-idealities are the source
of thg "non-characteristic" harmonics. In the past, much effort has been put into the cprrect
calculation of the impact of these non-idealities for LCC, as, although the non-charactgristic
harmagnics may be mostly: of small magnitude, they may nevertheless become sign|ficant
cumulatively, or if they/coincide with anti-resonance frequencies of the filter plus ngtwork
impedance. Most significant is the generation of 3" harmonic as a result of network gupply
voltade unbalaneé;'which may require the installation of 3rd harmonic filters.

In LCCs, thedmpact of such non-idealities on the generated harmonics may be straightforwardly
analysed from the switching function of the converter, as the converter control functions|act at
lower|frequencies and so have a very limited influence on harmonic generation.

When considering harmonic generation from HVDC VSCs, it is therefore reasonable to consider
what impact these non-idealities would have. It is an obvious question for those with previous
experience of LCC technology.

The answer is, however, not straightforward. As will be explained below, the ability of VSCs to
be controlled in response to different parameters allows compensation for these non-idealities
to be provided, if necessary. In general, it can be stated that a large part of the generated
harmonics are caused by the control action. Therefore, the effect of non-idealities on the
harmonic output content is directly influenced by the capability of the control to either filter out
and reject the non-ideal conditions or to provide a new response in order to mitigate them. The
control bandwidth of a MMC extends over a wide spectrum of frequencies and potentially, within
that bandwidth, it has full controllability of the synthesized voltage in each of the phases. But
these control actions may have side-effects, and an optimum solution may require a
compromise judgement.
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One approach considered for 5.5 was to demonstrate and compare calculations for harmonic
generation both with and without the presence of non-ideal parameters. This simple concept
however proved difficult to implement, as it would mean determining what was the standard
converter configuration and base control system to be used, from many possible options in
service or under development. To show one example would not be typical and could in fact be
misleading. The action of control in mitigating such harmonic generation could be inherent or
deliberate, and very much dependent on the particular VSC design and project.

As an overview however, it can be stated in general terms that the impact of the non-idealities
is not greatly significant and certainly not comparable to their impact in the case of LCC. In
support of this, it can be considered that

e the versatility of VSC control permits compensation, either natural or deliberate, for didferent
fagtors,

o the internal energy storage within a muliti-level VSC tends to mitigate harmerdic/interaction
(cross-modulation) between AC and DC sides,

e the harmonic generation without considering non-idealities is itself much\ower than fof LCC
and therefore the impact of small deviations from the considered ideal eonditions sholild be
cdrrespondingly lower,

o these non-idealities are generally omitted in the standard harmonic calculations usgd for
V$C design, with no evident deleterious impact in practice,/and

o figdld experience has not indicated any practical problems "attributable to these non-ideal
fagtors.

Any dignificant possible adverse effects of non-idealitiés on harmonic generation should be
possible to mitigate by means of a suitable VSC caontrol feature. This is however assuminlg that
the sgheme is designed with control margins to allew for such feature.

6 VISC HVDC as a harmonic impedance

6.1 General

In network harmonic studies, such'as conducted by utilities, it is necessary to model convirters
as harmonic loads in cases where, for example, the harmonic flow originated from harmonic
sources in an AC network is evaluated, or the AC harmonic impedance seen from a dertain
point |s calculated.

Corregpondingly, the.HVDC manufacturer has the objective of designing converters such that
they do not exeeed harmonic distortion limits under multiple AC network scenarios (ile. for
differgnt harnionic impedances of the network to which the converter is connected). The AC
netwgrk impedance is typically given as an impedance sector in the impedance complex plane.
The designverification is then typically performed in the frequency domain using a circujit that
includes the harmonic impedance of the converter and the AC network impedance.

Therefore, for the purposes of TSOs, utilities and HVYDC manufacturers, there is a need to model
the converter harmonic impedance, either as a circuit equivalent or as a Thevenin, or Norton,
equivalent.

In the future, a similar requirement to model the converter impedance as seen from the DC side
will be applicable in the context of DC grids.

The overall impedance of the converter station may be envisaged as consisting of passive and
active elements, as illustrated in Figure 38, where Zt is the transformer impedance, Zg the

phase reactor impedance and Cy, and C, the transfer functions of respectively the voltage and
current control loops.
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Figure 38 — Active and passive impedance elements

6.2 |Passive impedance

The first approximation of the converter impedance is to simply use the,passive impedance.
The cpmponent impedances should be calculated appropriately with réspéct to the frequency
range| considered, i.e. the impedances should reflect for example-~increased losseg with
frequency, etc.

For the AC side of the VSC, the passive impedance would.*mainly be determined hy the
impedances of transformer, phase or valve reactor and, where applicable, impedances jof AC
filter Branches. If there are no AC filters in the scheme,.sdch a model would be inductive [for all
frequgncies, for example the converter could be modelied as an EMF behind an inductance with
a series and/or parallel connected resistance to represent losses as a function of frequency.

Should the converter transformer be equipped with an on-load tap-changer, the impact of
differgnt ratios should be considered as these may change both the impedance and harmonic
voltage magnitudes. If there are filters jnithe scheme, these should preferably be mogdelled
explicitly.

If thene are particular requirements.on residual (zero sequence) harmonic current injectign into
the network, either on the DC.oF AC side, and there is significant degree of zero seqyence
harmg@nic components in the\lihe-to-earth voltage on valve side of converter transformgr, the
varioys parasitic paths (such as stray capacitances) of zero sequence currents shoyld be
consiJiered in the design® However, they may not need to be considered when modelling
convdrter impedanceTin-general as they can be expected to be of high ohmic values.

6.3 |Active impedance

6.3.1 General

Modelling”the converter as a passive impedance as described above will have its limitdtions.
However, to include the impact of control in the converter impedance model can give rise to
difficulties, unless generic assumptions can be made. The difficulty in providing such generic
assumptions is that almost all VSC HVDC schemes have an individual design of the control as
they are adapted to the specific requirements of a given project. Typically, such controls will be
finalised through system studies made at a late stage in the design process, which may further
complicate the assessment of the converter impedance for study purposes.

The active impedance may be defined as a frequency-dependent impedance influenced by the
converter control and representing the small-signal behaviour of currents and voltages.

6.3.2 Ideal VSC behaviour

Clause 10 demonstrates in detail how the control can impact the harmonic impedance of the
converter. The discussion below is simplified and as such only intended to be illustrative.
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Figure 39 shows a simplified scheme for a converter using a controllable voltage source valve.
In an actual scheme, the control strategies are far more detailed, but here two basic control
principles are considered:

e the current into the AC network is controlled (I"); or alternatively

o the voltage of the AC network is controlled (U").

The first would resemble what could be expected when controlling active and reactive power
exchanges with the AC network and the second would apply during passive, island or similar
operating conditions. The converter may be expected to act differently from a harmonic point of
view for these two control strategies.

IEC
Figure 39 — Control of AC voltage or current

If the purrent into the AC network is controlled, thehvideally the converter would inject a current
consisting of a fundamental frequency positive, sequence component only. If this theofetical
assumption were true, then the converter.,Control would suppress any imbalance clrrent
compepnent in the transformer and any harmonic current components. Expressed in simplified
way, the converter would appear as a high/impedance for any harmonic voltage components or
any apymmetry either caused by the converter itself or existing in the AC voltage at the point
of common coupling, PCC.

If the poltage of the AC network at the PCC is controlled through U~, then ideally the conpyerter
would| keep the voltage, at this point, to a target fundamental frequency positive seqlience
compepnent only. If this, theoretical, assumption were true, then any imbalance component and
any harmonic components in the AC network voltage would force a current, determined by the
compopnent source level and the AC network impedance up to PCC, into the conyerter.
Exprejssed differently, the converter would appear as a short circuit at PCC for any harmonic
voltage component or any asymmetry appearing in the AC network.

An acfual control would be more complicated than the idealised ones above, and may combine
ed as
verall
system. The outcome would be dependent on the dynamic response of control, measuring
system and so forth.

6.3.3 Impact of practical control system features

The active impedance of the current and voltage controller depends on the measuring system,
discrete delays due to the control hardware and due to the delay in the voltage synthesization.
Measuring system and control hardware are very specific to each HVDC manufacturer, so that
general statements are not possible. The functions which might have an impact on the converter
impedance are

e control loops,

e current and voltage transducer transfer function,
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e current and voltage sampling method and sampling rate,

e an

e CO

e VO

alog and digital filters,
ntrol delay, and

Itage synthesization delay.

Combining these effects, the impedance can be approximately calculated as shown in [8], and

referri

ng to Figure 38:
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Cy and C, the transfer functions of respectively the voltage and current control loops.
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frequefncies, despite the large inductances of the phase reactors and transformer.

| impedance, including active and passive elements, can appear as capacitive at

jht be
hative

valent
e not

bonse
active
Cy the
uency
ontrol

. The

prmer_and the phase reactors are included in the model. It is interesting to note thjat the

lower



https://iecnorm.com/api/?name=5d749e7fd249f66c1aaa601723ffe5f1

52—

IEC TR 62001-5:2021 © IEC 2021

SOUR

Itis c
90° —
howe
conveg
conveg

6.4

When

suppl
with

Cons
suppl

S A Bode diagram
S 3000
2
e
(o))
©
E \
2000 /
1000 e
0 / >
A
90 s e
// e 1
45 /// I e |
— / / Tige = 1 Ms
® Tige = 2-MS -
‘“ -
o / Tige =O®)Ms
-45 / Tiae = 10 ms [
-90 i
v 500 1000 1500 2000 2500 3000
Frequency (Hz)
IEC
E: [18]
igure 40 — lllustrative impact of the I-control inner control loop time respons

(to 5 % relative error) on the positive sequence converter impedance

ear from Figure 40 that the active@mpedance can have a phase angle much lowe
n other words, it appears to have-a partially resistive or damping character. It is imp|
er to understand that this *does not imply additional energy dissipation withi
rter. The resistive characteristic is a result of switching energy storage withi
rter itself and does not ereate any significant additional losses.

Impact on amplification of pre-existing harmonics

any new apparcatus, in this case an HVDC converter station, is connected to the

W

r than
ortant
n the
n the

power

network, if.t\éxhibits a reactive impedance at a given frequency, then it may resonate

he network-harmonic impedance as seen at the point of common coupling (
quently,_this may result in the amplification of pre-existing harmonic voltages
network.

PCC).
n the

This isequatty truefor €€+ VB Cinstattations,anmd-mHVYBCprojects thetssuehas ofter
addressed by imposing particular limits on amplification factors or on the aggregate distortion
permitted from the combination of HVDC emissions and amplification of pre-existing sources
(91, [12].

been

For LCC stations however, the harmonic impedance as seen from the PCC is normally
dominated by the large shunt filter banks. The harmonic impedance of the converter itself is
relatively insignificant, apart from specific issues which may occur at the very low order
harmonics.

For VSCs, there are often no such shunt filters, and where they exist, they are generally very
small. The harmonic impedance as seen from the PCC is therefore dominated by the internal
harmonic impedance of the VSC, both passive and active.
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In terms of mitigation, VSCs have the capability to provide some active filtering, or adjust their
characteristics so as to provide damping, at lower order harmonics. This may allow the
amplification of some specific amplified pre-existing harmonics to be kept within the desired
limits, but the upper frequency range of such action is limited by the bandwidth of the control.
An additional consideration is that active filtering may reduce the available capacity of the
converter for its primary purpose of DC power transmission.

In some VSC HVDC projects, the location of the converter station is at some distance from the
TSO’s substation which is regarded as the PCC, and the two are connected by some kilometres
of AC cables. The capacitance of these cables will tend to interact with the inductive impedance
of the AC network at low harmonic orders, resulting in amplification of pre-existing harmonics.

If the[length of cable is sufficiently long that the series impedance at the frequency-range of
interept is significant, there may be no effective action that can be taken at the convertef s{ation,
neithgr by passive filters nor by using active techniques, to significantly reducesany excessive
amplification at the PCC. Installation of passive filters, or modification of the controls, being at
the rgmote end of the cable, has relatively little impact on the resonance of the cable with the
netwdrk impedance at the PCC.

Passiye filtering at the PCC end of the cable rather than at the convérter station itself gan be
more gffective, but it is often impossible to install such filtering due to considerations of gpace,
cost, pr issues of ownership. Even so, it may be difficult to damp-fesonances due to the|large
capaditance of a long cable by using a relatively small filter.

This groblem of amplification due to AC cables connecting the VSC station to the AC ngtwork
can b of very high significance and should be considered at an early stage of plannind such
an HYDC project, as, if the level of amplification .of pre-existing harmonics due to the|cable
conngction alone is unacceptable to the TSO, andfiltering at the PCC is not permissible|, then
the fepsibility of the complete transmission prejéct may be questioned.

7 Aldverse effects of VSC HVDC harmonics

71 General

In 7.2]and 7.3, various possible)adverse effects of harmonics will be discussed. These supjects
have been widely covered.in literature and standards, in the context of harmonics generated by
LCC fechnology and other harmonic polluting sources. A comprehensive discussion mjay be
found|in [19]. A brief summary of these effects will be presented but the focus will be on potential
consgquences spegific to VSC HVDC.

The appects of VSC transmission which could possibly result in adverse harmonic effects|come
under|the headings of

e extended range of higher frequencies generated by the converters,

e generation of a wide range of interharmonics, often inherently as a consequence of the valve
switching strategies,

e generation of even order harmonics, and

e use of dedicated AC cables or overhead lines within the scope of some VSC HVDC projects
to connect new converter stations to existing main substations, with the consequent risk of
interference to telecommunication cables sharing an adjacent route.

Reference is made throughout Clause 7 to the above aspects and the relevance of each to the
affected system in question.
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7.2 Telephone interference
7.2.1 General

Formerly, the risk of interference to analogue telephone communication due to inductive
coupling from power system harmonic currents was a major issue to be considered. However,
telephone communication technology has developed rapidly in recent years, with traditional
analogue communication at audio frequencies over copper cables being replaced by digital,
optical and cellular technologies. These technologies are immune to such interference and so
the issue is of constantly diminishing importance. However, there is still at the time of
publication a considerable amount of legacy analogue telephone circuitry in operation,
particularly in countries which have extensive older telephone networks for consumer
conngction to local exchanges, and the following refers to such systems where they exisf.

The vpice range band used in telephony is from about 300 Hz to 3400 Hz, which lies-within the
range| of frequencies typically generated by a VSC converter. Telephone interference criteria
exist in order to limit noise which is perceptible by the human ear through teleptione equipment
to acdeptable levels. Such noise may be caused by inductive coupling between the power and
the te]Jephone circuits.

The main parameters affecting telephone interference, examples and criteria are detailed in [9]
and [10] to [13]. Telephone influence factor (TIF) and telephone _harmonic form factor (THFF)
are wleighted voltage indices derived from the coupling factors’and psophometric weighting
factorp for each frequency. The TIF and THFF criteria might-be used as criteria for projects for
which[no detailed studies are performed, keeping in mind. that these criteria give only a frough
estimjte of telephone interference influence [10]. Other criteria such as the psophometric

weighted harmonic current IT or equivalent disturbing current /., are current-based andl give

indicgtions of the level of current injected at the“point of connection, but they can also be
incomplete indicators of possible interference.

Considering the list of distinguishing features of VSC harmonics in 7.1, the following points are
relevdnt in the context of telephone interference.

7.2.2 Extended higher frequency range of VSC harmonics

This $hould have little impacty'on perceived telephone interference, due to the diminjshing
respopse of the human ear and telephone equipment to higher frequencies. The effective|noise
level pf various frequeneies in the voice band can be assessed using one of the two dimilar
weighting systems (psophometric and C-message), which take into account the response of
telepfjone equipment-and the sensitivity of the human ear. In countries following Eurppean
practice, psophofnetric weighting is commonly used, while the C-message weighting curve is
more |in use jn<countries following North American practice. Both have a steep-fall{off in
weighting values at higher frequencies. This should ensure that the extended upper rangg does
n can
y low
ghted
induced voltage permissible for safety reasons is not exceeded and that it will not exceed the
ratings of telephony equipment.

7.2.3 Interharmonics

There is nothing in the nature of interharmonics which will affect telephone interference any
differently to integer harmonics — they are just another frequency. The psophometric and C-
message factors are continuous functions over the frequency range, so interharmonics should
be considered in the same manner as integer harmonics when calculating telephone
interference. Appropriate weighting factors may be derived by interpolation, depending on the
grouping methodology adopted. The formula used to define the telephone interference criteria
(e.g. TIF, THFF, IT product) should be modified to include all frequencies in the spectrum, not
just integer harmonics.
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7.2.4 AC cable connecting HVDC station to the PCC

Although telephone interference is typically considered to be an issue along overhead lines,
experience has shown that it may cause issues also along underground cables, typically where
there is a lengthy exposure with close separation between the AC or DC cables and a telephone
system in the same route. Despite the shielding of the power and telephone cables, interference
may still occur, especially if single phase cables are used and the separation is close enough
for the different distances from phase conductors to telephone cable to become significant,
such that the positive or negative sequence harmonic currents can cause interference.

DC side interference is beyond the scope of this document but is covered in depth in [1].

Virtudlly all LCC HVDC transmission projects are connected to the AC power system direftly at
a majpr substation. Telephone interference issues were generally dealt with by the impgsition
of ind|cative criteria (TIF, THFF, etc. as described above). However, as the spacialfootpfint of
VSC gtations is relatively small, and as converter stations are being located on¢avdilablg sites
convegnient for DC cable connection and suitable under local planning regulations, such VSC
statiops sometimes require a dedicated AC overhead line or cable connection to the n¢arest
major| grid substation. This connection may form part of the HVDC_¢ransmission sgdheme
contrgct and so the HVDC owner may be completely responsible for_ensuring that there is no
interference from the cable. An exact assessment of any possible riskof interference from this
link should therefore be made.

The plossible routing of this AC link may be highly constrainedvand may have to run cl¢se to
existimg telephony services. An initial infrastructure study shiould therefore be undertaken at an
early [planning stage of such a project, to identify any’such vulnerable telecommunicgations
circuits.

The following details of any telephone line within.the vicinity (at least within 50 m for a power
cable| up to 1 km for an overhead line) of a dedicated AC link from the VSC convertgr site
should be identified:

e whether a telephone line is buried cable or overhead line;

e the geographic route of the telephone line, with accurate coordinates. If the sepafration
distance is small (in the range of\10 m or less), then the location accuracy should be correct
to[within approximately 1 m;

e the nature of the telephoneJline (e.g. trunk cable or local subscriber);

e the technology of the\telephone line (e.g. analogue telephony, ADSL, broadband).|Fibre
odtic may be excluded;

o the type of telephone cable, including definition of any shielding;

e logal earth resistivity values.

On the positive side, such an AC cable may provide some degree of mitigation of harmonic
currents/injected in the remote substation, due to attenuation along the cable length, espTciaIIy
at higher*harmonic orders.

7.3 PLC, metering and ripple control
7.31 General

Power line carrier (PLC) is a communication method that uses a modulated carrier signal for
power line protection and communication purposes. PLC operates in a narrow band with a
carrier frequency somewhere in the frequency range of around 30 kHz to 500 kHz. Detailed
consideration of this frequency range is well above the scope of this document and possible
interference with the performance of PLC belongs to an area of study covered by CIGRE
Technical Brochure 15 [20], and is discussed in IEEE Std 643-2004™, 5.4.3 [21]. The use of
PLC on high voltage networks is decreasing as it is replaced by dedicated optical fibre or
internet communication, but similar technologies may become more widespread on lower
voltage networks in the context of "smart metering”.
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On some power distribution systems, meters and other apparatus are remotely controlled by
means of low frequency PLC or "ripple control" systems which generally operate in the range
of 110 Hz to 3 000 Hz and normally use interharmonic frequencies to avoid interference from
normal harmonic pollution. On more recently installed systems, the signals are in the range of
110 Hz to 500 Hz. The magnitude of the injected sine wave signal is in the region 2 % to 5 %
of the nominal supply voltage, depending on local practice [22]. Both IEEE Std 519 [7] and
IEC 61000-2-2 [23] suggest limits for individual voltage interharmonics to protect low frequency
ripple control or low-frequency PLC from interference and to account for resonances caused by
harmonic filters.

AIthough becomlng obsolete due to thelr data carrying limitations and advances in other
AMR)
still uge power I|nes to communlcate Generally, elther the current voItage or both are )rlefly
shorted to ground to send a step signal that is interpreted as a binary bit. Seriescefibits are
interpreted to identify the meter and the information it is sending. Multiple metens can| send
signals at the same time, but with multiple communication attempts and eftror chegking,
communications can be quite reliable. These signals include a wide range of frequenciels, but
their magnitude generally decreases as their frequency increases. Somé systems limif their
communication frequencies to less than 1 000 Hz. Signal magnitudes, ishould be kept low
enougdh to prevent flicker, which varies depending on frequency, but eould be as low as 0,23 %.
(IEEE[ Std 519 [7]).

From the list of distinguishing features of VSC harmonics in 7:2,vonly two points are relevant in
the cgqntext of PLC and ripple control.

7.3.2 Extended higher frequency range of VSCharmonics

Experience of equipment failure in one PLC system'near to a VSC converter [24] [25] showed
that h{gh-frequency switching transients from a ¥SC converter, combined with sharp local gircuit
resonpnces, can (in abnormal situations) lead to high stresses on some PLC coupling and
filtering equipment. The HVDC station desighn in this instance included AC filters, but thesg were
tuned|without a high-pass characteristic/dDesigners should therefore be aware of the pogsible
effectp of high frequency injection jnto the surrounding AC system, as even low levgls of
injection at key frequencies subjectto resonances may create problems. Some mitigation by
meang of high-pass AC filters qrcdedicated high-frequency filters may be desirable.

7.3.3 Interharmonics

In thel lower frequency.range, interharmonics may need to be subjected to particular limits, if
low flequency communication as described above is used within the distribution system.
Howeyer, where ne,'such ripple control systems exist, which is probably the majority of power
systems, thereappears to be little justification for applying stringent low limi{s for
interhprmonies-Even where low frequency interharmonic ripple systems do exist, the limitations
on in erharmonic distortion should be restricted to the affected frequencies. Even so, the
requi , and
mitigatien—mes werk—may—be—+nere—apprep order
mterharmonlcs WhICh do not affect ripple control systems should not be subjected to the same
limitations.

The AMR systems described in 7.3.1 are sensitive to interharmonic voltage distortion below
1 000 Hz at about 0,4 % magnitude. This sensitivity does not appear to be particularly frequency
dependent, so targeting specific frequencies for mitigation is not applicable in this case.
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7.4 Railway signal interference

Railways use a variety of systems for signalling and communication with trains. Possible
electromagnetic interference with these systems from external sources, including the electric
power system, is of course of paramount importance for safety reasons. Concerns may be
raised when an HVDC cable is routed in close proximity to railway communications and
signalling, for a long distance. The installation of an HVDC cable in a railway tunnel is a
particular case. Rail safety regulations are extremely strict and will insist on rigorous proof that
no interference can occur.

Again, DC side interference is beyond the scope of this document but is covered in depth in [1].
However_similar issues may arise from AC lines and cabhles (‘nnnpr"ring a \/SC station to the

grid, if these lie in close proximity to a railway.

Any rhadio frequency communication issues (for this purpose, above 9 kHz) are leutside the
scopd of this document, and are adequately covered in CISPR, ITU, IEC and EN _standardf [26]
to [29] and CIGRE Technical Brochure 15 [20].

Railway communication systems are necessarily designed with a high.dégree of immunity from
electrpmagnetic interference. The introduction of low magnitudesc¢of additional higher|order
harmgnics, and of interharmonics, from VSC HVDC converters to the power transmjssion
system will have a negligible impact either in terms of conducted harmonics or indugtively
coupled interference from parallel AC lines.

A review of all the relevant railway signaling standards~in the USA and Canada revealed that
there pre no harmonic standards that raise significantisstes related to interference in the frange
of frepuencies above the 50t harmonic, to approximately 9 kHz. Common modern railway
signaling systems do not appear to have any opetational impairments from the low level higher
order [harmonics potentially generated within M\ SC HVDC systems. In many cases, the [major
(USA|Class-1) railways have moved critical' communications and block interlock schemes
telecdmmunication support to fiber opticiand microwave based systems. In the USA, the
additipn of positive train control (PTC) Utilizes signaling systems which are radio based|(VHF
and UHF) bands which utilize much higher operating frequencies than any possible conducted
harmgnic contribution from VSCs,

Detailed studies of possible interference between steady state harmonic interference of a VSC
HVD({ transmission cabletand the various railway systems in a very long tunnel in Europg have
verifigd that there were e issues of concern.

7.5 |Digital telecommunications systems

The cpnversion)of much of the former telephone network to various forms of digital technology
has réduced.the problem of direct interference with analogue signals at audio frequepcies.
Howeyer, it'is still possible that induced harmonic voltages in telephone systems may fause
interference with the digital communication. The error checking algorithms which are generally
employed may prevent this resulting in false information, but the effect may be significant
slowing of the communication. In addition, levels of induction which could cause damage to
equipment or risk to personnel should be avoided.

Such risks are therefore related to the magnitude of interfering induced voltages rather than to
any specific frequency or harmonic characteristic. Interharmonics and even harmonics will not
be more deleterious than integer harmonics. Higher frequencies will be more effectively
mitigated by communication cable shielding.

ADSL, POTS (plain old telephone service), and other subscriber services typically share the
same copper wire coming into homes and business locations through a frequency division
multiplexed (FDM) topology. The typical frequency allocation can be summarized as

e 0 kHz to 4 kHz, voice (POTS),
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e 4 kHz to 25 kHz, unused guard band,

e 25 kHz to 138 kHz, ADSL, 25 upstream bins (7-31), and

e 138 kHz to 1 107 kHz, ADSL, 224 downstream bins (32-255).

In the range of 1St to 200th harmonic spectrum where induced harmonic interference from a

VSC might occur, the band allocation is either for voice, which is covered by normal telephone
interference, or is unused.

It is therefore concluded that the introduction of VSC HVDC harmonic sources should not pose
any risks for digital telecommunication systems unless the magnitude of the coupled harmonic

voltage-is—exceptionratyhigh-

8 Hlarmonic limits

8.1 General

The plossible adverse effects of harmonic voltages and currents in electrie¢’power systems are
well understood and documented. Limits on the acceptable distortionlevels to be permitted at
differelnt voltage levels of the power system are defined in various\national and interndtional
standards, and limits on the maximum acceptable harmonic impact of newly connecting non-
linear|installations are defined in grid codes or by individual T'SOs based on these standards.

The apove well-known material will not be described hefe, except where necessary to st the
contekt for further discussion. Instead, the intentionhis to highlight those areas whefe the
introduction of large-scale VSC HVDC has created.issues which are not adequately covered by
standards and practices developed in the context.of earlier, different technologies.

Clausk 8 includes recommendations which miay guide the development of future standards and
practice. It is recognized that both natiomal and international standards take many yegrs of
discugsion before they can be revised? However, the "practice" of network operatprs in
interpreting these standards when providing appropriate harmonic limits for new VSC HVDC
projedts is more flexible. It is hoped that the recommendations included herein will [be of
assisfance in both cases, allowing,further penetration of VSC technology in the short- and long-
term without undue hindrance; whilst maintaining the essential protection of power systenis and
their ysers from deleterious-harmonic effects.

One practical issue to-be‘taken into account is that the utility and TSO requirements on harmonic
perfomance and amplification of pre-existing harmonics will have been developed withoyt any
knowledge of their‘resulting implications in terms of the required harmonic mitigation gt the
convdrter station. Sometimes limits and conditions may be specified based on somgwhat
arbitrary criteria. Pre-existing harmonic levels and network harmonic impedances may not be
accurate, ‘or may include wide margins. Limits for amplification of pre-existing harmonics may
not ngedito be as strict as initially assumed.

In a collaborative "best for project" working context, it is therefore reasonable for the HVDC
supplier, once the initial assessment of required mitigation has been made, to discuss with the
utility and TSO whether it is possible to relax or modify certain requirements, in order to achieve
a practical mitigation solution which is to the benefit of both parties. Such negotiation would
normally occur at the tender stage or initiation of the project implementation stage.

8.2 Deleterious effects of excessively low limits

In principle, harmonic limits should be set low enough to avoid any predictable adverse effects.
Specifying sufficiently low harmonic limits at the beginning of the project could prevent
difficulties that would arise post-commissioning, incurring additional delays and costs, including
possible modifications to the filtering solution.
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However, when specifying limits, it should also be considered that requesting unjustifiably low

limits could lead to the following possible implications:

e unnecessary filtering being required in the station design. A superfluous filter would
in an unjustified greater design complexity (and therefore lower reliability), increased
greater spacial footprint, audible noise and additional losses;

result
cost,

e the introduction of active filtering in the converter control system, increasing complexity and

possibly reducing the converter capacity available for power transmission;

e prolonged discussions between the parties during the design stage, with potentially costly
implications for the project schedule particularly regarding the civil and mechanical works.

Thereffore, setting harmonic limits as high as possible, while avoiding any problem in the actual

and pfedictable future network, would lead to an optimal design. When defining harmonic
a network operator should consider why a particular limit or a specific range of frequend
specified, and ensure that the requirements are pertinent to its network.

imits,
ies is

It may also be taken into account that, in the event of actual harmonic issgyes’arising at a later

time, |[for example due to changes in the network, some adjustment lof the VSC ¢
paraneters may be possible to mitigate the problem without the needfor-additional main
equipment. However, the full impact of any such future changes wauld have to be consi
through repetition of appropriate system studies and possibly real-time simulation.

8.3 |[Standards and practice

An important distinction should be made between "standards" and "practice" in setting har
perfoimance limits for an HVDC project (or any similar large installation).

e Stpndards — IEC TR 61000-3-6 [5], IEEE Std 519 [7] and other national and re

ontrol
Circuit
dered

monic

hional

standards define compatibility levels and .planning levels which should be respected for the

sylstem as a whole. This ensures that all consumers can connect to the system witho
of|damage or degraded performance due to harmonics in the supply.

Injmany cases, these standards alse give guidance on the methodology for determini
parmitted distortion limits for any:Aew connection to the system.

Sych standards are only revised on a long time frame, perhaps every 10 to 20 years
recommendations of this{ document may be taken into account in future revision
meanwhile network operators should abide by the limits defined in the relevant stand

e Practice — In practice there are areas where the standards either offer no guidance or
the network operateror HVDC customer has relative freedom of action, while still resp
the requirements of grid codes and other guidelines. Such areas may include

— | defining-planning levels, in the case that the relevant standard (e.g. [5]) only
"indicative" levels,

— | ipterharmonic limits (where these are not imposed by standards),

it risk

ng the

. The
5, but
ards.

where
bcting

gives

the—definition—of THD to-include—orexclude—interharmonics{e-g—they are—exclud

ed in

IEC TR 61000-3-6 [5]),

— higher frequency harmonics (above the typical 50" order),

— allocation to new connections of available "headroom" between planning levels and the

pre-existing harmonic background levels, and

— how to treat amplification of pre-existing distortion. This includes aspects such as
representation of the network impedance [9] [12], and the methodology for combining

pre-existing harmonics levels with new emission levels.

It is in these areas that the recommendations of this document may have a more immediate

effect on industry practice.
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8.4 Perception of VSC in setting limits

The introduction of VSC HVDC technology has hugely reduced the harmonic generation of
converters compared to LCC technology, and has largely removed the need for dedicated AC
filters. The marketing of VSC HVDC has naturally highlighted this aspect, and the resulting
beneficial reduction in the physical area of converter stations.

The resulting perception of VSCs as being virtually harmonic-free has had an impact on the
way that some TSOs have allocated a proportion of the available headroom to a new VSC
HVDC installation. Extremely low levels of permitted harmonic emissions have been specified
for some HVDC projects. Similarly, parameters relating to the amplification of pre-existing

harmaquni soning
behing this is to preserve headroom for future connections to the system. This is a_maiter of
"pracfice” by TSOs where they are not bound by standards.

Howeyer, such specifications have sometimes led to detrimental effects on the implementation
of VS[C projects, as outlined in 8.2 above. If harmonic limits are set so much lower than for
other |types of installation, such that the cost and feasibility of the VSC HVDC project is
advergely affected, then it should be questioned whether such limits afeyof real benefit {o any
of the|parties involved.

It is therefore recommended that, even if TSOs prefer to allogate’ a smaller proportion pf the
availgble headroom to a new VSC connection than would be“the case for another non{linear
installation of similar size, the limits chosen should take(into account the feasible reglistic
perfomance of the VSC technology being considered.

8.5 |Emission and amplification limits

Two distinct phenomena contribute to the aggregate harmonic distortion at the pgint of
conngction of a VSC. One is the harmonic emission from the converter itself. The other|is the
distorfion due to pre-existing sources withinithe AC network, which may be amplified or dgmped
by thg introduction of the new connection~and the operational characteristics of the VSC|

Harmonic limits with respect to the_converter emissions are discussed in the remainder df 8.5.

Harmonic limits with respect‘te the possible amplification of pre-existing harmonics are| dealt
with iph different ways in‘different standards and practices. For the purpose of the present
document, it is only necessary to note that there should be nothing different about such|limits
appligd to a VSC connection compared to any other equivalent non-linear connection. HoWever,
it is important that the harmonic impedance of the VSC, including the effect of its control system,
should be taken(into account in calculations, as discussed in Clause 6.

The specification of the network harmonic impedance envelopes is also of vital importanice for
the cqrrecicalculation of the harmonic performance due to both emission and amplificatjon. It

provision of correctly calculated network harmonic impedance by the customer at the tender
stage will facilitate the tender process by permitting comparison of competing designs on an
equal basis. It should also facilitate an optimized design of any harmonic mitigation and
minimize future risk for all parties. The recommendations of [12] should be followed.
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The underlying philosophy behind the emission limits for individual harmonics in many existing
standards is based on allowing high values for those harmonics which are normally prevalent
and of the highest magnitude, and low values for harmonics which are not normally significant.
Thus a desired total harmonic limit (THD) can be achieved while giving maximum scope for the
most common and largest harmonic orders; thereby avoiding imposing excessive requirements
on their mitigation. In an industrial and domestic environment dominated by 6 and 12 pulse
converters of various types, the harmonics with highest allowed limits are typically odd

harmonics that are not divisible by three, i.e. 5, 7, 11, 13 ...
interharmonics are allocated relatively small limits.

while other harmonics and

Large|scale HVDC VSCs however have a completely different harmonic spectrum, and\certain
emittgd harmonics or groups of harmonics may be found to be in infringement of harmonic|limits
which|were originally set in the context of earlier technologies.

The fpllowing subclauses 8.7 to 8.15 examine the conflict between typical existing harmonic

limits

and the requirements of VSC technology for optimal allocation~ef limits acrogs the

harmanic spectrum, and make proposals for improvements to standards”and practice in this

respeft.

8.7

Existing standards

The apove-mentioned unsuitability of existing standards forc(YSC technology may be illustrated
by reference to two standards — IEC TR 61000-3-6 [5] and4EEE Std 519 [7]. Many other ngdtional
standards are based on one of these, or contain many,of their features.

IEC TR 61000-3-6 [5] defines firm compatibility ‘tevels, which should not be exceeded at any

point

in the supply system, in order to protectiall connected apparatus, together with

lower

magn|tude indicative planning levels whichimay be used as a basis for the regulatlon of

harmagnic distortion. Table 2 shows the planning levels for higher voltage systems.

fundamental voltage) in MV, HV and EHV power systems

Table 2 — Indicative planningjlevels for harmonic voltages (in percent of the

Odd|harmonics non-multple of'3

Odd harmonics multple of 3

Even harmonics

Harnjonic Harmonic voltage Harmonic Harmonic Harmonic Harmonic voltage
order order voltage order
%o %
r h % h
VW HV-EHV MV HV- MV HV-EHV
EHV
§ 5 2 4 2 2 1,8 114
4 2 9 1,2 1 4 1 0|8
14 3 5 15 073 073 9] 075 9,4
13 2,5 1,5 21 0,2 0,2 8 0,5 0,4
17<h<49 | 1,9-(17h) 1,2:(17lh) | 21 < h <45 0,2 0,2 10<h <50 | 0,25-(10/A) | 0,19-(10/h)
-0,2 +0,22 +0,16

SOURCE: Table 2 of IEC TR 61000-3-6:2008 [5].

The recommendations of IEC TR 61000-3-6 [5] with respect to interharmonics are described
and discussed further below in 8.10.
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8.8 Higher frequency harmonics
8.8.1 General

The relevant standards at present give no guidance or recommended limits for harmonics above
the 50t order. However, as seen in Clause 5, the range of frequencies with significant harmonic
generation from VSCs extends well above the 50th order. To date, some utilities have made
attempts to enforce harmonic limits at higher frequencies [30] but there is limited technical
reasoning behind these and the choice of limits appears to be arbitrary.

Power electronlc components based on turn-off dewces such as IGBT IGCT or MOSFET inject

monic
9 kHz

nonic.
ncies.
52749
or MV
rence
b] and
] and

ge of

0 an be
consigered a means to prevent possible compatibility issues resulting from electromagnetic
interference. On the other hand, the quality of the information to perform studies in such afrange
is extfemely limited because existing network models are not accurate up to that frequency
rangeland the measurément of harmonic components in such a range is not necessarily rgliable
over this whole frequency range. Verification that a new installation actually conforms to|limits
set in[ a higher frequency range may not be feasible or accurate using conventional power
quality measurement instruments and techniques.

The use, of jhigh-frequency turn-off semiconductors is nowadays predominantly seen af low-
voltagelévels in modern power networks. Therefore, any problems related to high-frequency
spect a - thermetwork-witt-first-be—seenin iuvv-vuitagc networks—THhismatteris bcillu wurently
addressed by, among others, the CIGRE Working Group C4.24 on power quality and EMC
issues [40] associated with future electricity networks.

In many VSC converters installed before 2017, no special mitigation measures have been taken
to limit harmonics in the frequency range above the 50th order. The harmonic emissions have
been at the natural level produced by the installation. There have been no known consequential
power quality problems in the connected networks or in network assets or consumer equipment.
The only issues which have occurred have been due to particular resonances associated with
specific remote items of equipment, and these issues would not necessarily have been
prevented by the application of power quality limits on harmonic distortion at the PCC.
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It is recommended that, in setting limits for higher order harmonics, the present day VSC
technology should not be unduly constrained due to an approach of limiting higher order
harmonics as a precaution against unknown future issues. This should be considered in future
revisions of the relevant standards.

There appear to be no known justifications for lower limits to be imposed for harmonics above
the 50t order than those implemented at and around the 50th order.

It is suggested that, in order to allow at least a qualitative assessment of harmonic issues at
higher frequencies, the HVDC supplier is asked to provide the emitted spectra over the full
range of frequencies of significant magnitude, where this range will depend on the VSC
technplogy being used.

If futufe standards aim at considering the range above the 50th harmonic, utilities and-indystries
will hgve to address the following issues:
e ngtwork representations which account for higher frequency phenomena;

e improvements in sensors and measurements in order to obtain{reliable data at| such
frequencies and to verify compliance;

e in¢reased understanding of any harmful and ageing effects these high-frequency harmonics
could have on different assets and installations.

8.8.2 IEEE Std 519-2014 [7]

IEEE |Std 519 [7] is a "recommended practice" whigh\suggests harmonic limits but dog¢s not
mandate them. However, harmonic limits established by utilities and TSOs for HVDC prpjects
are often modeled upon [7]. The fundamental assumption of this standard is that the "load" is
respopsible for current harmonics, and thequltility is responsible for controlling veltage
harmanics. The limits in this recommended\ practice represent a shared responsibility for
harmanic control among owners, operators:and users of a power system.

The Ipad harmonic current limits reecommended by [7] for transmission voltage greatef than
161 k)/ and short-circuit ratio of less than 25 (parameters covering almost all conceivable HVDC
installations) are shown in Table(3:

Table 3:-— Current limits for system rated > 161 kV

<M1 11 <17 17 <h <23 23<h<35 35<h=<50 TDD
,.0 % 0,5 % 0,38 % 0,15 % 0,1 % 1,5 %

SOURCE: Tablé 4 of IEEE Std 519-2014 [7].
Key

TDD total demand distortion, expressed as a percentage of maximum load current

The above limits pertain only to odd integer harmonics. Even order integer harmonics are limited
to 25 % of the values shown.

The voltage harmonic limits recommended by [7] are 1 % of fundamental for individual harmonic
distortion of all orders up to 50, and a voltage THD limit of 1,5 %. However, [7] also states that
"high-voltage systems can have up to 2,0 % THD where the cause is an HVDC terminal that will
attenuate by the time it is tapped for a user."”

Regarding interharmonics, IEEE Std 519 [7] states:
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"For interharmonic current components with frequencies which are not integer multiples of the
power frequency, users should limit the components to sufficiently low levels so as to not
produce undesirable effects on the power system and connected equipment. Limiting values
and appropriate statistical indices should be developed on a case-by-case basis starting from
the guidance of Annex A and considering the specifics of the supply system, connected user
loads, and provisions for other users."

8.8.3 Shortcomings in the context of VSC

Both of standards listed in 8.8.1, and others derived from them, give insufficient or inappropriate
guidance with respect to VSC HVDC in the following areas:

e evien harmonics;
e hi

e inlerharmonics.

yher frequency harmonics (above 50t order);

The fgllowing Subclauses 8.9 to 8.11 deal with each of these in turn.

8.9 Even order harmonic limits

The ejven order harmonic limitations of IEC TR 61000-3-6 [5] and,JEEE Std 519 [7], exgept in
the Idw-order range, appear to be without sufficient technical basis. Firstly, note the wide
discrdpancy in the magnitudes between standards: for exaniple for a transmission level HVDC
systemm, at second harmonic, IEC TR 61000-3-6 [5] gives a limit of 0,8 % voltage distortion while
IEEE [Std 519 [7] gives 1 % voltage distortion and 0,25 &current harmonic distortion. While the
current and voltage limits are not directly comparable”between the two standards, thgre is
clearly a significant difference, and considering thafithe affected consumer and utility equipment
should be similar in both environments, the implication may be that the limits in one or both of
these|standards are unjustified.

The goncern that originally drove the limits on even order harmonics is the characterigtic of
diode|rectifiers and LCCs to demodulaté even harmonics into direct current, which can then
saturgte transformers. This is a valid concern for second harmonic. However, becauge the
harmagnic current should be drivenlthrough a predominately inductive path for this demodylation
to ocqur, the vulnerability decreases with harmonic order. It would take approximately twice the
amoupt of fourth harmonic veltage distortion to cause the same impact as a given amopnt of
second harmonic, and four_times the amount of eighth harmonic relative to the second. [Thus,
this rdquirement appears to have no basis above the 8t harmonic. Additionally, at the very high
harmanic orders characteristic of VSC, the IEEE Std 519 [7] requirement for even order current
harmgnics to be nomore than 25 % of the adjacent odd harmonic limits results in a limit that is
practifally unmeasurable.

It is therefore recommended that harmonic limits for even order harmonics should be s$et as
high ds {ossible within the boundaries of the relevant standards which have to be respegted.

Furthermore, it is recommended that future revisions of the relevant standards should consider
that unnecessarily low limits on even order harmonics, particularly at higher frequencies, may
be a restricting factor for VSC technology. The rationale for such limits should be reconsidered,
and if no deleterious impacts can be identified, then it is proposed that for the higher orders,
typical of VSC, the even order individual harmonic limits should be equal to the limit for the
adjacent odd harmonic of the next higher order.

8.10 Interharmonics
8.10.1 General

Over recent years, new VSC technologies have been introduced whose harmonic spectrum is
often characterised by interharmonics as well as integer harmonics. Considering that VSC
HVDC projects and wind power are becoming more numerous worldwide and of higher rated
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power, interharmonics can no longer be neglected or be considered on a case by case basis.
Interharmonics should be considered as significant as integer harmonics for VSC by utilities

and standards organisations.

8.10.2 Treatment of interharmonics in existing standards

8.10.2.1 General

The guidance included in relevant IEC and IEEE standards is outlined below, with discussion
of how this might be applied in the practice of TSOs when setting planning levels and allocating

limits for VSC HVDC projects.

8.10.2.2 |IEC standards

Except for considering the effect of interharmonics as a possible cause of flickef through the
modulation that they can cause on the fundamental voltage (a phenomenon which is a
addressed by flicker limits), the IEC standards do not define compatibility leve
interhrrmonics. The main reason given is that existing data collection andyanalysis we

suffic

ent to arrive at the necessary consensus to set a standard.

The fqllowing reasons justifying the need to restrict the level of interharmonic voltages are
in [IEQ TR 61000-3-6 [5] and are summarized in Table 4.

Bglow twice the fundamental frequency, interharmonics should be limited to 0,2 % to

ready
s for
re not

given

avoid

fligker problems with incandescent and fluorescent (thintubes) lamps. If higher valugs are

pgrmitted, the interharmonic frequencies should not exceed the flicker limit.
Ripple control receivers may be disturbed if theiminimal functional voltage exceeds 0

In[the frequency range up to 2,5 kHz, the interharmonic voltages should not exceed
if problems of interference with the following.items of equipment are to be avoided: tele
sets, induction rotating machines and frequency relays.

In|the range from 2,5 kHz up to 5 kHz, 0,3 % should not be exceeded in order to
aydible noise, for example in radjg receivers and other audio equipment.

L3 %.

0,5 %
vision

avoid

Injorder to avoid problems of‘thechanical resonance, it is necessary to take particular care

when interharmonics, mainly.sub-harmonics, are present near rotating machines. Th
adversely affect steam turbine generators in particular. Sub-harmonic current levels of
or| less have been sufficient to create problems in the past in some cases inv
mechanical resonance: Therefore, the recommended 0,2 % interharmonic voltage lim

s can
0,1 %
blving
t may

bg reduced or, alternatively, the generator manufacturer may be consulted to determine if

cantrol systemtdesign modifications are a possible solution to avoid potential mech
resonance problems.

Table 4—Summary of IEC TR 61000-3-6 [5] recommended voltage planning levells

anical

| Voltage limit _
lcqucllhy Iﬂllgc NCaovill
%
Flicker problems with incandescent and fluorescent (thin
f<2 * ftundamental 0,2 tubes) IZmpS (
S = Jripple_control 0,3 Ripple control receivers may be disturbed
Interference with: television sets, induction rotating
1<2,5kHz 0,5 machines (audible noise and vibrations) and frequency
relays
2.5 kHz < /< 5 kHz 0.3 To a_v0|d a_udlble noise (e.g. radio receivers and other
audio equipment)

a8 Single frequency used is generally in the range 100 Hz to 3 000 Hz.
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IEC TR 61000-3-6 [5] then states that, with respect to these effects, a conservative planning
level for interharmonics can be set to 0,2 %. This level is certainly conservative, but may be
considered unnecessarily so in the context of VSC technology which typically produces
interharmonics within the < 2,5 kHz range where, according to Table 4, a 0,5 % limit is
considered adequate with the exception of frequencies below the second harmonic and specific
ripple control frequencies.

The final point above, regarding mechanical resonance, is only relevant to very low-order
harmonics and therefore not of concern for HVDC VSC technology.

Note that [5] does not |nd|cate if these |nd|V|duaI I|m|ts should appIy to every single
interh F ' i ' rt i n two
adjacént integer harmonics. It is assumed that the recommendations of IEC 61000-4-7~[3] on
groupjng of interharmonics (as discussed in 8.10.2.3 below) would apply, and thehefofe the
respeftive limits would apply to the total value of the grouped interharmonics.

Utilities should also consider that any interharmonic voltage from an installation below 0,[ % is
not cdnsidered as a disturbance as stated in IEC TR 61000-3-6 [5]. Furthéermore, interharmonic
limits should not be set to such low values that are almost impossible.to‘measure or that would
require installation of unnecessary filtering.

In Anpex B of IEC 61000-2-12:2003 [22] (applicable to MV networks), there is a statement that
interhprmonics should not be allowed to proliferate without any limits, to avoid creating unknown
problgms which could be difficult to solve thereafter. /n that respect, IEC 61000-2-12 [22]
suggdgsts limiting the levels of interharmonics in MV networks to reference values not excgdeding
compatibility levels of the next upper even harmonic(for example interharmonic 4,5 will have
the sgme limit as harmonic 6).

8.10.2.3 IEEE standard

IEEE |Std 519 [7] only suggests voltagedimits for interharmonics in the range below 130 Hz,
wherqg flicker can be an issue. Therelare no limits and no guidance for higher frequency
interhprmonics of interest in the cantext of VSC, except for a general statement thgdt due
considleration should be given and.limits developed on a case-by-case basis.

8.10.3 Discussion and recommendations

For imterharmonics, there is no physical reason to give different limits than for integer
harmanics, except where specific frequencies are being used for other applications. Specific
examples include_‘metering, ripple control or communication, and automatic meter rgading
(AMR) systems  which could be affected by a wide range of interharmonics. A |good
underptanding_of the relevant operational frequencies and the levels of immunity of |[these
systems is-essential to prevent interference.

dress
|nterharmon|cs as they cannot be neglected for VSCs. One goal of this document is to open the
discussion in standard organisations so interharmonics are covered with the same importance
as integer harmonics.

In the meantime, utilities may write their own specifications in the absence of official
standardized limits. The recommendations based on IEC TR 61000-3-6 [5], outlined above,
can be used to prepare the specification.

For example, a Canadian utility has used the following planning levels of interharmonics for the
past few years in multiple projects.

¢ In the frequency range up to 2,5 kHz, the planning levels for interharmonic voltages should
not exceed 0,5 % [5] or the planning level of the nearest even order harmonic (inspired by


https://iecnorm.com/api/?name=5d749e7fd249f66c1aaa601723ffe5f1

IEC TR 62001-5:2021 © IEC 2021 - 67 -

IEC 61000-2-12 [22]). The individual limits for individual installations are lower than the
overall planning levels.

e The flicker limit is believed to be sufficient and no additional limits should be applied for
subsynchronous interharmonics (mechanical resonance is typically not a problem for this
utility).

e No special limit is necessary for ripple control because it is not used by this utility.
This document makes the following recommendations to assist utilities when specifying

interharmonic limits, which balance protecting network users and the practicalities of VSC
design.

e THe existing international recommendations should be used as much as possible in
specifying the interharmonic limits, but interpreted and adapted in accordance)with the
above discussion.

e Any particularly stringent interharmonic limits should be accompanied by a justificatipn for
why such stringency is desired. Discussion between the TSO and the HVDC suppligr will
fagilitate appropriate decision making in the early stages of the VSC désjgn.

e An allowance of some flexibility is recommended among individualtinterharmonic linmits to
pgrmit exceptionally high values at some frequencies, possibly at¢he expense of othgrs.

e Allowance of a flexible approach with regard to minor infringements of paricular
frequencies.

If the [limits for individual interharmonics are to be increased, it may be necessary to consider
the ingoduction of a "total interharmonic distortion" limityto correspond to the normal THD, as
interhgrmonics are not included in the definition of THD"in the IEC standards.

Furth¢rmore, it is recommended that future revisions of the relevant standards should consider
that uhnecessarily low limits or recommendations regarding interharmonics may be a restficting
factor|] for VSC technology. The rationale for any limits or recommendations should be
recongidered, and if no deleterious impagcts can be identified, then it is proposed that fpr the
interhprmonic orders typical of VSC, nelunnecessary restrictions should be applied.

8.11 |Interharmonics discretization and grouping methodologies
8.11.1 Suggested method

When| studying or measuring interharmonics, the harmonic spectrum has to be considered as
being|continuous over all the frequency range. In order to facilitate numerical evaluation of such
a continuous spectrum, discretization is necessary. The appropriate numerical methods are
defingd in IEC 682000-4-7 [3]. The frequency analysis should be performed with a resolufion of
5 Hz. |This analysis gives discrete numerical values at each 5 Hz spectral "bin".

In orderdo facilitate measurements and studies and to define limits, a grouping methodolpgy of
the swused_w&umﬂmm%&p&wm%ﬂj_am was

shown to be effective in multiple projects of a Canadian utility. This methodology is inspired by
the standard on the testing and measurement techniques of harmonics and interharmonics [3].

The main difference from [3] (illustrated in Figure 42) is the creation of interharmonic subgroups
n— and n+. This grouping methodology was developed to facilitate harmonic studies using
common harmonic impedance loci (same impedance loci for harmonics and interharmonics)
calculated from order "n — 0,5" to "n + 0,5". Even if the same impedance loci are used, it is
possible to have distinct limits and calculations for harmonics and interharmonics. By having
more categories, this grouping methology is also more flexible in the definition of limits by
allowing the combination of multiple groups and subgroups.
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The results from studies made according to this proposed methodology are still fully compliant
with [3] measurements since the same subgroups still exist. However, the addition of subgroup
n—and n+ in a future revision of [3] is recommended as it would provide valuable information to
facilitate studies without any added drawback.

Harmonic subgroup »

i Centered interharmonic
: subgroup n
Interharmonic Interharmonic
SUpgroup 77— i supgroup n+
f_H 4 W_H
| H U H U | H Ul H U -
n—1 n—-0,5 n n+05 n% 1

Harmonic group n

I] Numerical value of the spectral bin
IEC

Figure 41 — Proposed grouping methodology

Harmonic subgroup »

[N 1 | Centered interharmonic
i subgroup n
T [ [
n—1 n—-05 n n+0,5 n+1

Harmonic group n

n Numerical value of the spectral bin

IEC
Figure 42 — Comparison with grouping methodology of IEC 61000-4-7 [3]

Harmonic subgroup n: The harmonic subgroup n is made of harmonic » and of the two adjacent
spectral bins. The RMS amplitude (/, and V,) of a harmonic subgroup is the square-root of the

quadratic sum of the RMS amplitude value of the integer harmonic and the adjacent bins.

Interharmonic subgroups n— and r+: The interharmonic subgroups are defined as the lower
subgroup n— and the upper subgroup n+. The subgroup n— includes frequencies between the
median frequency of two harmonics and the lower border of the harmonic subgroup =.
Conversely, the subgroup n+ includes frequencies between the upper border of the harmonic
subgroup n and the upper median frequency. Therefore, each spectral bin median frequency is
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shared between two subgroups. The spectral bin amplitude of the median frquency allocated to
each subgroup is equal to the amplitude divided by the square-root of 2. The RMS amplitude of
an interharmonic subgroup (Z,_, I, V,_, V,+) is the square root of the quadratic sum of the

spectral lines included in the subgroup.

Centred interharmonic subgroup »n: The centred interharmonic subgroup » includes the
interharmonic subgroup n+ and the interharmonic subgroup (rn + 1), as shown in Figure 43. It
includes all interharmonic components between two consecutive harmonic frequencies
excluding those bins immediately adjacent to the integer harmonic. The RMS value of the
amplitude of the centred interharmonic subgroup (I/H, and VIH,) is obtained using the following

formulae:
VIHn = ,an2+ +V(i+1)_ n=12,34...50 (8)
VIH, = V2 +VZ.1) n=1234..50 9)

Harmonic subgroup »

—

* Centered interharmonic
i subgroup n

1l

n n+0,5 n+1
IEC

Figure 43 — Centred harmonic subgroup

Harmonic group i .The harmonic group »n includes the harmonic subgroup » and| both
interhprmonic subgroups n— and n+, as shown in Figure 44. It corresponds to all the spectral
bins gssociatedywith a given integer harmonic. The RMS amplitude value of the harmonic |group
(IH, 4nd VH,) is obtained with the square root of the quadratic sum of the RMS amplityide of

the thfe€,subgroups:

IH, =12 +12+1% 1n=1,2,3,4..50 (10)
VH, = V2 +V2 +V2 n=1,2,3,4..50 (11)


https://iecnorm.com/api/?name=5d749e7fd249f66c1aaa601723ffe5f1

8.11.2

Using
and tg

-70 - IEC TR 62001-5:2021 © IEC 2021

Harmonic subgroup n

Interharmonic Interharmonic
subgroup n— | | subgroup n+
— | || [——

\J

n—1 n—0,5 n n+0,5 n+1

Harmonic group n
group IEC

Figure 44 — Harmonic group

Power quality indices for interharmonic grouping

the proposed grouping methodology, it is now possible te*Calculate power quality f
compare with limits defined by the utility.

The ipdividual harmonic distortion factor should be €alculated using the harmonic grou

comp
to uss

e |In

The in
applig

e |In

bred with applicable limits for integer harmonics (a less conservative approach wo
the harmonic subgroup instead):

jividual harmonic distortion factor

DIH, :[[H” ]x100%
I

VH,
"

DVH,,_[ }100%

dividual distortion factor of the centred interharmonic subgroup should be compare
able limits“for interharmonics:

Jividualdistortion factor of the centred interharmonic subgroup »

actors

p and
uld be

(12)

(13)

d with

(14)

DIIH,, _(”H” Jx100%
I

DVIH, :[Vlfn ]x100%
g

(15)
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The global factors, such as the total harmonic distortion (THD) and the telephone influence
factor (TIF), should be calculated using the harmonic group that take into consideration the
effects of integer harmonics and interharmonics. As an example, the total harmonic distortion
THD is calculated using Formula (16):

50 0
THD = | VHZ 100%
n=2 V1

(16)

wherg
VH, is the phase-to-ground RMS magnitude value of harmonic group » at the bus;
v, is the phase-to-ground nominal voltage of the system.

8.11.3 Network impedance loci for interharmonic grouping

It is well known that utilities or TSOs should provide network harmofic impedance enveglopes
for th¢ harmonic performance and rating assesments. CIGRE Technical Brochure 553 [9] and
[13] provide many guidelines on the topic that are still valid in the context of a VSC.

Howeyer, it is necessary to modify some practices to take-into account interharmonics| This
document recommends in 8.11.3 a simple approach to achieve this goal without making|major
chandes to current practices.

Since|there is no standard or unique way to determine envelope characteristics, a metiod in
compliance with [9] is described here.

For whatever band of harmonic orders is;ehosen for a particular envelope, some care i also
needqd to ensure that data relating to_frequencies immediately above and below that band is
also ipcluded in deriving the characteristics of the envelope. This is to take account pf the
effectp of the variation of network frequency from the nominal value (both steady state and
those| applicable to short timé-rating), tolerances of the input data parameters, |other
uncerfainties in data and assumptions, and also the fact that at higher order harmoni¢s the
model(ling itself becomes increasingly less accurate.

To take into account these uncertainties, it is recommended to use a tolerance in percegntage
of the|studied harmanic, rather than a fixed number of harmonic orders or hertz, so the impact
incregses propartionally with respect to harmonic order.

¢ 45.shows the range of frequencies at each individual harmonic order envelo
Iy consrdered in an LCC prOJect Only low- order harmomcs are shown but it sho

be as
Id be

envelope at a hlgh order harmonlc WI|| mclude one or more adjacent order on each S|de For

example, a tolerance of +5 % at the 40th harmonic on a 50 Hz network equals 100 Hz or
2 harmonic orders.

Locin
(_k_\
| | | | | -
| ! | | |
n—1 n—-0,5 n n+0,5 n+ 1
~ —
Locin—1 Locin + 1

IEC

Figure 45 — Harmonic impedance frequency ranges for LCC
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This method is not applicable to VSC since interharmonics should also be considered. For a
study involving interharmonics, the network impedance should be calculated over the whole
frequency range and not only at integer harmonics as illustrated in Figure 45.

In compliance with the proposed grouping methodology, the recommended approach is to scan
the impedance of the network between two median frequencies and add a tolerance to allow
for the inaccuracies (e.g. modeling, tap changer position, aging of components). For example,
a frequency scan between 125 Hz and 175 Hz will be done for the third harmonic on a 50 Hz
network and a 5 % tolerance will extend the range from 119 Hz to 184 Hz. Figure 46 illustrates
the concept.

| Loci n |

| Locin— 1 | | Loci n + 1 ]
| | I | | | | .
I [ [ [ I I J >
n+fy-05  n-1 n-05 n n+0,5 n+1 (e D+05  Rgnk
IEC

Figure 46 — Harmonic impedance frequency ranges for VSC with_proposed methodoplogy

Using|a grouping methodology according to IEC 61000-4-7 [3)/weuld lead a utility to evaluate
specifically and separately envelopes for interharmonics anddnteger harmonics that would give,
in thepry, more precision in the assessment, but would als¢jyadd more complexity (Figure 47).
Softwpres and tools that are being used by utlities and.SOs could also need modificafion to
take ipto account these new envelopes.

nkerharmonic loci l Locin+0,5 |

| Locin—0,84" |

| I | I I _
[ I [ | [ >
n—1 ns0,5 n n+0,5 n+1 Rank

Harmonic loci Loci n — 1 Loci n Locin + 1

Figure 47 —Harmonic impedance frequency ranges for VSC
with IEC 61000-4-7 grouping methodology

Taking into consideration the limitations and uncertainties involved in the calculation of
harmgnic envelopes, the suggested grouping methodology is an effective compromise befween
precidion and“complexity. The addition of subgroups n— and n+ in a future revision of
IEC 6[1000-4-713] is recommended as it would provide valuable information to facilitate sjudies
withonrt anyJadded drawback.

8.12 Assessment as a harmonic voltage or current source

IEEE Std 519 [7] assumes that all distorting devices are harmonic current sources, and
IEC TR 61000-3-6 [5] also infers that the new connection is a source of harmonic current. This
is a reasonably good assumption in most cases for line commutated converters, but may be a
guestionable assumption for VSC.

A VSC is most accurately represented as a voltage source behind an impedance, and thus the
harmonic current is strongly a function of the harmonic impedance of the grid to which it is
connected. The harmonic current output is therefore not something over which the VSC owner
has direct control. To implement a harmonic current limit on its output therefore requires that
the network harmonic impedance be known and used together with the VSC generated
harmonic voltage source to calculate the harmonic current output. Typically, network impedance
envelopes would be provided to facilitate the design process.


https://iecnorm.com/api/?name=5d749e7fd249f66c1aaa601723ffe5f1

IEC TR 62001-5:2021 © IEC 2021 -73 -

This is the converse of the normal procedure for LCCs, where the harmonic voltage distortion
at the PCC is calculated from the LCC harmonic current source and the network and filter
impedances. However, to calculate the harmonic current output from a complete LCC station,
including filters, would also require knowledge of the network impedance.

In conclusion, there is little practical impact of whether the VSC is regarded as a harmonic
current source or voltage source by the standards. In either case, it is necessary to take into
account the network impedance when calculating the voltage or current distortion at the PCC.

It is recommended that future revisions of relevant standards and grid codes do not base their
methodologies for setting limits or assessing compliance on an assumption that the connected

install@tion wil'benave as elther a current source or a voltage souarce. ..., |

8.13 |Assessment of THD, TIF, THFF, IT

There| are several harmonic voltage performance parameters which use an “aggregate of
indivigual harmonic values over the complete frequency range being considered. The aggregate
may he defined as a linear sum or a quadratic (RMS) sum. The latter is nermally used [in the
definifion of the parameters total harmonic distortion (THD), and the ‘telephone interfdrence
parameters TIF, THFF and IT-product.

The worst-case voltage distortion at each harmonic will occut/in the case of the wors{-case
netwgrk impedance taken from a specified harmonic impedance envelope. It is unreasgnable
to confsider that the worst-case network impedances can occut simultaneously for all harmpnics,
as thg envelope will typically correspond to many different configurations and load statgs. To
do so|would result in a calculated value for these parameters far higher than could occur in
practife. There is however no purely consistent way.to calculate, when only a network enyJelope
is spgcified rather than the separate consistent*fiarmonic impedances for each configuration
modelled. In LCC HVDC station design, it_h@s been normal to assume a rather arbitrary
criteripn, typically expressed as:

"THD| TIF, THFF should be calculated* with AC network impedance connected at the two
harmanics which result in the highest value of that parameter and at all other harmonics the AC
system harmonic impedance should be considered to be an open circuit" [11], [41].

This gpproach tended to give-reasonable results for LCC, where usually only a few indiyvidual
harmgnics would have outstandingly significant values. For VSC however, especially for|multi-
level |converters, thereYis typically a wide band of many low-magnitude harmonic$ and
interhprmonics. To select only two of these corresponding to the worst-case network woulfd give
unrealistically low.values of the total parameter. Also, considering the network as open-gircuit
for other harmonies does not make sense when there are no AC filters — there would pe no
current flow at.all in such a case and the full internal converter harmonic voltage would bg seen
at the| PCC.

A diff.ﬂcnt fUIIIIU:Gt;UII Uf d O;III;:GI PI;IIU;}J:C VVUU:d thUICfUIG bc dconabic ;II thc UCdoT U VSC
HVDC and it is recommended that future Technical Specifications for VSC projects should take
this into account. However, this document does not make any specific recommendation for a
methodology, as any such recommendation would be arbitrary, and as different approaches
might apply to different technologies and projects.

Given the very low level of harmonic emission from modern VSCs, it is possibly unlikely that
magnitudes of these aggregate parameters would in fact exceed the specified limits, even if the
worst-case network impedance were to be considered for each harmonic. A reasonable
approach may therefore be to make initial calculations considering simultaneous worst-case
network impedances at every frequency, and only then, if the resulting total value of one of
these parameters is problematic, should some methodology for calculating a more realistic
value be jointly considered by the parties involved.
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Similar considerations can be applied to the psophometric weighted harmonic current
parameter IT, with the difference that the worst-case values for harmonic current flow (rather
than for harmonic voltage) are obtained for different network impedances [11], [41].

8.14 Measurement and verification of harmonic compliance

Measurements of harmonic distortion should be undertaken both before the tender phase of the
HVDC station, and during its commissioning and trials. The following practices are not unique
to VSCs. However, because of their importance and relevance to the topic of Clause 8, they
are restated here.

Pre-tg
conng

suppl

Durin

HVD({ converter is built to check if its harmonic performance respects the spécified limits.

IEC 6

meas

Thec
for ha

For al
for amplitudes below 0,2 % of the fundamental. Therefore, it may be difficult to verify low
during the commissioning of the converter or later during its operation. This is especiall
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1000-1-2 [4] and its reference give some recommendations onhow to perform har
irements. Further detailed information may be found in:

C 61000-4-7 [3],
C 61000-4-30 [42], and
C TR 61869-103 [43].

noice of voltage measuring transducer is of importance to guarantee the required acd

equipment, low harmonic amplitudes are difficult to measure. Inaccuracy usually g

bn orders or those of multiples of three, which are almost non-existent in traditional

Fmonic voltage measurements. Detailed information is provided in [9], [11] and [44].
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harmonics may be particularly difficult to measure and verify.

ding verification of harmonic compliance through measurement, it should be recod
h installation could\be correctly designed according to a customer’s technical specifi
et result in measured harmonic distortion above the specified limits. In such case

Li provided by the customer for design purposes. This may be due to changes
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Inaccuracies due to modelling tolerances in the preparation of these network impedance
loci.

The actual phasor addition of background harmonic voltages with those resulting from the
new connection may be aggregated in a more linear relation than implied by the aggregation
rule and exponent as used in the harmonic specification.

The pre-existing harmonics at the time of compliance measurement may be different to
those assumed for the harmonic performance assessment, which may have been taken at

a

previous time under different network conditions and loading.

These reasons apply equally to an LCC installation, but may be relatively more significant in
the context of VSC because of the very low levels of distortion that may need to be verified.
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8.15

Recommendations

The recommendations made throughout Clause 8 are summarized below.

Recommendations regarding the future revision of standards:

¢ Even order harmonics: Future revisions of the relevant standards should consider that

un
be

necessarily low limits on even order harmonics, particularly at higher frequencies, may
a restricting factor for VSC technology. The rationale for such limits should be

reconsidered, and if no deleterious impacts can be identified, then it is proposed that for the
higher orders, typical of VSC, limits could be increased.

o Himmrnm order
hgrmonics, the present day VSC technology should not be unduly constrained due|to an

ap

There]
the 5(

proach of limiting higher order harmonics as a precaution against unknown fufure igsues.

appear to be no known justifications for lower limits to be imposed for harmonics above
th order than those implemented at and around the 50t order.

If future standards extend the frequency range at which harmonic limits are mandatory, thtlen for

such
such
such 1

e In
ag
ef
re

The a
as it v

The tdg
index

imits to be meaningful, the techniques and data for accuratg network representafion at
frequencies will also have to improve, as well as means for accurate measurements of
requencies at HV and EHV level.

ferharmonics: Interharmonic limits should be set(on a frequency-dependent |basis
cording to Clause 10 of IEC 61000-3-6:2008 [5] and(the statement "With respect to|these
ects, a conservative planning level for interharmenics can be set to 0,2 %" shodld be
moved from that standard.

ddition of subgroups n— and n+ in a futuresrevision of IEC 61000-4-7 [3] is recommé¢nded
ould provide valuable information to facilitate studies without any added drawback

tal harmonic distortion index should’be modified to include interharmonics, or a separate
defined to limit the total amount,of interharmonic distortion permitted.

e C

rrent source or voltage(source: It is recommended that future revisions of re|evant

standards and grid codes do not base their methodologies for setting limits or assessing
cdmpliance on an assumption that the connected installation will behave as either a current

source or a voltage seurce.

Recommendations regarding practice by TSOs and other relevant bodies:

o General: Itiscrecommended that, even if TSOs prefer to allocate a smaller proportion [of the
aVjailablesheadroom to a new VSC connection than would be the case for another non4linear
ingtallation of similar size, the limits chosen should take into account the feasible refalistic

parforntance of the VSC technology being considered.

When

defining harmonic limits, a network operator should consider why a particular limit or a

specific range of frequencies is specified, and ensure that the requirements are really pertinent

to its

network.

No assumption should be made regarding the nature of the installation as a current source or
voltage source.

e Even order harmonics: Harmonic limits for even order harmonics should be set as high as
possible within the boundaries of the relevant standards which have to be respected.

e Hi
pr

gher order harmonics: In setting limits for higher order harmonics (above h50), the
esent day VSC technology should not be unduly constrained due to an approach of limiting

higher order harmonics as a precaution against unknown future issues.
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It is suggested that, in order to allow at least a qualitative assessment of harmonic issues at
higher frequencies, the HVDC supplier is asked to provide the emitted spectra over the full
range of frequencies of significant magnitude, where this range will depend on the VSC
technology being used.

e Interharmonics: The following recommendations are given to assist utilities when
specifying interharmonic limits and to help achieving realistic design.

— The existing international recommendations may be used as much as possible in
specifying the limits, but interpreted and adapted according to the above discussion.

— Any particularly stringent limits should have a motivation why such a level is desired.
Discussion between the TSO and the HVDC supplier will facilitate appropriate decisions
in early stages of the VSC design.

— | Allowance of some flexibility among individual interharmonic limits {0/ permit
exceptionally high values at some particular frequencies, perhaps at the |expense of
others.

— | Allowance of a flexible approach with regard to minor infringeménts of parficular
frequencies. It may be achieved through mutual customer-contractor’discussions.

Itis syggested that interhamonic limits should be set on a frequency-dependent basis according
to Clguse 10 of IEC 61000-3-6:2008 [5] and the statement in that document "With resplect to
these|effects, a conservative planning level for interharmonics,can be set to 0,2 %" should be
disredarded.

The iptroduction of interharmonic subgroups n— and-#% is suggested as it would pfovide
valuable information to facilitate studies.

9 Harmonic mitigation techniques

9.1 General

The Ievel of harmonic distortion caused by connection and operation of a VSC HVPC is
generglly very low, compared to_annLCC HVDC of similar rating. Nevertheless, the conperter
statiop has to satisfy limits on. permissible distortion imposed by the system operator, which
may ble low enough to require/mitigation measures to be taken at the converter station. Clguse 8
discusses the justification for such limits and appropriate levels.

Mitigdtion of any adverse harmonic impact of a VSC on the AC system to which it is connected
may he achieved eitheér by means of passive filters, or by active filtering or damping by the
converter, or a mixture of techniques.

It should besmade clear that the term "active filtering" as used here is achieved by introducing
suitabjlessignals into the controls of the VSC itself. It does not mean the introduction of separate
"activg filter" equipment, based on a passive branch in series with a power amplifier, sirrTiIar to
those installed on some LCC HVDC schemes in the 1990s but which were eventually
discontinued for a number of practical reasons [45].

9.2 Passive filtering

Early generations of VSC HVDC schemes using switch-type valves were all equipped with
passive AC filters [46], [47]. The filter bank sizes were very small (considered either in Mvar
or % of converter power rating) compared to those required for a line commutated converter
and were typically tuned to, or around, the switching frequency. Importantly, the filter remained
connected throughout the converter power range.
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More
filters
order

recent VSC schemes have been designed both with and without AC filters. Where such
are installed, they are very small high pass filters with low g-factor (typically ¢ < 3) in
to provide wide spectrum damping and reduce the risk of possible resonances which may

become an issue in terms of harmonic stability. Typically, such filters are installed due to
especially stringent design requirements with respect to limits and/or pre-conditions. Their

purpo

se is to mitigate the intrinsic harmonic generation of the converter, or to reduce the

amplification of pre-existing harmonics, or both.

Filteri
to mit
than t

ng at low harmonic orders (4 < 10) would normally only be required if it were necessary
igate the amplification of pre-existing harmonic distortion from the supply network, rather
he inherent harmonic generation of the converter.

Optimum performance of AC filters is achieved by locating them at the point where larmonics
are bging evaluated, i.e. the network (primary) side of the converter transformer (see.Eigure 48)

asin
the p

| CC schemes or most recent VSC schemes. Sometimes, there are practical limitatigns for
pint of evaluation being inaccessible for installation of new filters jand under| such

circumstances filters may be located at an accessible point closest to evaluation point, possibly

at the

Some
transf
reduc
Howe

cost of poorer harmonic performance at the actual point of evaluation-

early VSC HVDC schemes used filters located at the converier (secondary) side pf the
prmer, i.e. between the converter transformer and the VSC (see Figure 49) maiply to
e harmonic stresses on converter transformer and tolsachieve a compact foojtprint.
ver, the optimum location for the filter is dependent upen‘the system design.
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Figure 48 — AC filter located at primary (network)
side of converter transformer
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Figure 49 — AC filter located at the secondary (converter)
side of converter transformer

The following can be disadvantages of passive filtering.

e Additional equipment which results in additional costs, lower reliability and greater space
requirements.
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e In the context of VSC HVDC installations, passive filters may need to be located within a
screened building.
NOTE This could be because of pollution concerns, visual/architectural considerations, or to restrict the
radiation of radio-frequency noise from the filter acting as an antenna for RF noise conducted from the converter,

in locations where the limits on permitted RF noise are extremely low and conventional RF filtering is
insufficiently effective.

Such an enclosure incurs added cost, and creates secondary issues such as heat
dissipation from filter components and the possible fire-risk issues of locating oil-filled
capacitors within a building.

e No flexibility in adjusting tuning frequencies or damping after purchase of components.

e The installation of passive filters creates new resonances in the grid. In case of a weakly
dgmped grid with many converters, there is an increased risk of creating a resopance
bgtween one or more converters and the filters.

9.3 |Active damping and active filtering by converter control

Besidps the basic function of transmitting energy, the usefulness of a VSC can be supplemented
by anlactive harmonic filtering or damping functionality, which is implemented in the highef level
converter controls, or in the lower level control, depending on the phenomeéna [48]. For example
in the|case of weak grids with a high amount of cables, low order harmonic resonance with low
damp|ng may exist and active filtering or damping may be implemented to mitigate the requlting
harmanic voltage at the PCC.

The tywo terms "active damping" and "active filtering" insthe context of VSCs are often| used
interchangeably, and have overlapping meanings and/implementation techniques. The |pbroad
distin¢tions between the terms may be thought of as follows. The term "active dampipg" is
generplly used to indicate a behaviour which is effective over a broad frequency rangg. The
term "active filtering" is used for mitigation of specific harmonic frequencies or narrow frequency
bandq [49]. Both options have an upper frequency limit up to which they can be applied. This
limit i$ dependent on the particular convertersmanufacturer and the technology used.

e Agtive damping can be envisaged~as a "virtual resistor" providing additional ngtwork
dgmping, which can be implemented in the upper level converter controls of a V$C. In
Figure 3, it can be seen how the control of the HVDC converter works in regard to harmpnics.
By adapting the active conyerter impedance, the converter will create an opposing voltage

tolachieve the desired damping of the whole system (refer to Clause 6). The desigan and

impedance value for this damping has to be calculated taking into account the current, the
grld harmonic impedance and the level of the pre-existing harmonics. It is possible {o use

this method to mitigate distortion magnitudes at specific individual harmonics or qver a

brpad frequency ranhge.

e Agtive filterifg-can be envisaged in the same way as a conventional active filter, acting on
pre-selected harmonics and creating a current or voltage in phase opposition to the eyisting
distortien."Figure 3 shows the function of the controls and, in this case, instead of a [proad
frgquency range as for active damping, just one or a few frequencies are included fin the
vadltage signal. The maximum frequency for active damping and active filtering is resfricted
by the sampling rate of the control loop of the converter, including measurement, control
and power hardware.

The negative impacts of either approach, for example higher converter losses or reduction of
power transmission capability, have to be considered. In addition, control action to reduce one
target harmonic may have the secondary effect of generating other harmonics, albeit of lower
magnitudes. High level controls have a low bandwidth and cannot respond adequately to fast
oscillations. Therefore, implementation of active techniques without fully considering the
frequency response of the control system may risk interaction between the active function and
grid resonances or other converter controls in the grid. To avoid such possible interactions, it
should be investigated how the control behaves at grid resonances even in the higher frequency
range. Active damping at one frequency range will tend to have a side-effect of reduced or even
negative damping in another frequency range, as discussed in Clause 11. Additionally, the
design of the active filtering and damping should be optimised to react appropriately, or not at
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all, for transient events and not to act above a given frequency limit at which it may cease to
contribute to damping and instead reinforce a resonance.

9.4 Optimization between passive and active mitigation

There is no general or favoured choice between passive and active mitigation techniques.
Sometimes, a combination of the two may be the most robust solution. Active damping could,
for example, add significant damping at lower frequencies while a small damped passive filter
can be used to ensure positive output resistance to mitigate control interactions at higher
frequencies.

tation
Some
typicdl parameters are, for example, equipment cost, space and loss requirements,“and the
need for EMI shielding, which can all be monetized.

An optimised design for harmonic mitigation of a VSC HVDC scheme should consider the
followjing factors.

e A Jow-gq passive filter can provide damping over a wide range of frequencies with no [upper
limit (within the normal range of harmonic assessment).

e Passive filters require additional physical space, which can‘be especially costly if they have
to|be located indoors.

e THe losses of a passive filter, even if it is small, maycbe significant mainly due to thg pre-
existing harmonics. If the filter is located indoorsy this can be especially expensive as
additional air-conditioning equipment may be required.

e Pgssive filters require additional auxiliary equipment (circuit breakers, current transformers,
arfesters) which all add to the capital cost~space requirements and maintenance cosfs.

e Agtive techniques have a limited uppersfrequency.
e Agtive techniques may increase the\converter power losses.

e Agtive techniques may have an influence on the power transmission capability and dypamic
pearformance of the converter-\These factors should be considered in the overall design.

e Agtive techniques may create a risk of control interactions with other converters in the AC
syistem. This needs to.be.recognized in the control design.

9.5 |[Specific mitigation issues and techniques
9.5.1 Unbalanced phase reactances or voltages

In harmonic studies for LCC HVDC, the unbalance between phase reactances due to conjyerter
transfprmer manufacturing tolerances has always been a significant factor in the generafion of
non-chatacteristic harmonics. Similarly, any unbalance of the network phase voltages (negative
phasdsequence) is responsible for the generation of a range of harmanic frequencies by | CCs.

The relevance of these same factors for VSC harmonic generation is addressed below.

In a VSC installation employing controllable voltage source type valves (MMC, CTL), the
converter valves are connected to the network by means of arm (or phase) reactors in each
phase and, typically for high-power installations, three independent single-phase transformers,
whose terminals are connected in the required star or delta configuration. The converter
installation is sketched in Figure 50. Due to manufacturing tolerances, it is possible that the
total phase reactance of reactors and transformers differs slightly between phases. As a
consequence, the variations in those AC parameters controlled by the converter, and which are
dependent on the phase reactance, can result in asymmetrical injections to the AC grid.
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Figure 50 — Example of a converter station scheme
with asymmetrical phase reactances

Unbalanced AC network phase voltages can appear due to various netwank-conditions sych as
the C:anection of asymmetrical loads, long asymmetrical transmission)lines, or unbalanced
current injection from a given component.

The VISC synthesizes voltages at the converter terminals in ordér fo define a power flow through
the pmase reactances. In common practice, these target voltages are achieved by contfolling
the plhase currents, which follow a calculated current reference defined by the outer gontrol
loops] This scheme is sketched in Figure 51.
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Figure 51 — Example of converter plant and control scheme

Commonly, the control is performed in dg domain. This means that the three-phase oscillating
components of voltages and currents are transformed into DC components which follow a
reference frame rotating at the grid frequency. In other words, the independent three-phase
variables are converted into two components which represent a mean value for the three
phases, related to the active and reactive components.

The control design of the dq components considers the phase reactance as the equivalent
reactance in the dq domain and as consequence it considers the reactance of each phase as
equal. This control scheme is depicted in Figure 52. Therefore, the resulting three-phase
currents are controlled to the equivalent calculated values of iy"f and iqref. This means that the
three phase currents are controlled as if they were balanced and following a mean value of the
three phases. As a consequence, in case of there being unbalanced phase reactances, the
controlled output current per phase is unbalanced.
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Figure 52 — Current control scheme

§3 and
54. During the simulation, the phase reactance in phase C is increased by 10.%.[at 5 s

(this is higher than would occur in practice but is chosen for the simulation to demanstrate the
impagt clearly). Once the phase reactance in phase C is unbalanced, a negative’ sequence
compgpnent appears in the primary voltage and current. The impact of this negative seqlience
component is visible as a second-harmonic oscillatory component in the active*power.
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The implementation of such a control response can vary depending on the agreement between
the customer and HVDC manufacturer regarding control of negative-sequence components. For
example, the negative-sequence of the phase voltage, rather than current, could be also
controlled to be zero. This strategy is preferable for fault-ride through during asymmetrical

faults.
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Figure 54 — Time-domain response of positive and negative

sequence voltages and currents and the active power when the
converter controls phase currents to be balanced

To sum up, voltages and currents can be fully controlled, as long as converter limits are not
reached, and asymmetries in currents and voltages can be removed. These asymmetries can
be caused by steady-state voltage asymmetries, asymmetrical faults or asymmetries in the
phase reactances. In general, this is not a problem but the HVDC supplier and customer need
to agree on the chosen control of the negative sequence applicable for the different
circumstances responsible for the asymmetries.

9.5.2 Power oscillations due to AC supply voltage unbalance

It is desirable that the converter should avoid the propagation of power oscillations resulting
from unbalanced voltage conditions in one of the AC systems.
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As shown above, the presence of a negative sequence component in the supply voltage
translates into an oscillating second-harmonic component in the instantaneous power through
the converter. This results in the consequent oscillation at the instantaneous power flowing at
the DC side. Therefore, the resulting oscillation in the AC power is propagated between the two
ends of the DC link.

This dynamic response of grid currents during unbalanced AC conditions should be defined in
the project specification. The most desirable dynamic response for the controlled currents
during unbalanced AC conditions is not clear yet. Formerly, one TSO suggested that the
negative-sequence component should be controlled to be zero [50] and corresponding
requirements) whereas it now suggests injecting an inductive negative-sequence component of
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Figure 55 — Power oscillations between AC and DC sides due
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the fluctuations of energy between arms and the grid currents
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To conclude, MMCs have the capability to control the power injected through each phase. The
behaviour is completely determined by the developed controls and how the energy is stored in
each of the six converter arms. These capabilities are generally limited to the operational
voltage and current limits in converter arms.

The performance of the converter response and output powers may be specified with regard to

the fo

llowing points.

e Requirements about how AC oscillations are propagated through the converter and to both
AC and DC systems.

e Requirements about how the energy needs to be stored in each of the arms in order to
withstand imbalances. This might require oversizing the submodule (SM) capacitances or
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Figure 57 — 6th harmonic content in DC side voltage of MMC
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CC technuelogy, such fundamental current can be a serious issue and may r¢quire
tion measures such as series filters (blocking filters) in the DC circuit, tuned

mental‘frequency. As this has been such a significant issue for many LCC projects, the
oh¢of whether it is also relevant to VSC transmissions should be posed and investi

o the

jated.

There are several essential aspects to consider in the case of a VSC HVDC.

If the action of higher level controls is ignored, then there would be some degree of cross-
modulation. It is possible to derive an analytical expression for the cross-modulation of
fundamental frequency DC side current to direct current in the transformer windings, for a VSC
converter under such assumptions. In principle, it can be stated that the ratio of transformer DC
to induced fundamental current is lower for a VSC than for an equivalent LCC. The magnitudes
of the currents in the three phase windings will be dependent on the phase relationship between

the induced fundamental frequency current and the AC side phase voltage. The current in the
three phases will vectorially sum to zero.

However, higher level controls, such as current control or circulating current control, will have

an inherent impact both on the level of fundamental current and on the cross-modulation effect,
even if they are not designed to perform a specific mitigating function.


https://iecnorm.com/api/?name=5d749e7fd249f66c1aaa601723ffe5f1

- 88 - IEC TR 62001-5:2021 © IEC 2021

If specific mitigation measures are required, then control functions may be used. Such
functionality would depend on the specific design of the VSC controls, but in principle it is more
feasible for VSC than for LCC due to the possible use of its inherent energy storage to partially
decouple the AC and DC sides, and to its enhanced controllability.

Most early VSC HVDC projects were cable transmissions, where such induction is limited by
the close spacing of DC cable pairs and to a lesser extent due to the partial electromagnetic
shielding provided by the cable sheaths. Also, the cables in the existing VSC HVDC projects
have not been routed closely parallel to AC cables. Increasingly, however, VSC will also be
used for overhead line transmissions and may share rights-of-way in close proximity to AC lines.
In the case of hybrid transmission routes in particular, with AC and DC lines possibly on the
same rtow i i SR i some
mitig tailed
invesfigations and simulations are advisable in all such cases.

10 Modelling

10.1 |Provision of models

Transmission system operators may have an interest in modelling the*harmonic characteristics
of a HVDC VSC as part of their overall system planning and analysis. There may therefgre be
contrgctual requirements that the HVDC supplier should provide such a model. Ideally, this
would| also include harmonic generation spectra, allowing,FSOs to make an assessmgnt of
harmanic levels throughout the AC network. This model should preferably also be open {o use
by a third party, such as a contractor for a future VSC in‘the proximity.

An elaborate model made in order to take theyimpact of control into account, typically
implemented in time-domain, is something which HVDC suppliers will have for each VSC
design, but would be reluctant to share with~a third party, as it could embody intellectual
property. In any case, such an elaborate_model may not be justified for the TSO’s purposes.
There| may be particular concerns that have to be addressed by the HVDC supplier ¢luring
desigh work, for example cross modulation of harmonics (AC-DC-AC), particular low |order
harmagnic resonances etc., which need to be included in the supplier’'s model, but accesg for a
third party to such a detailed and specific model may not be permissible.

For most practical purposes, a simpler Thevenin or circuit equivalent will suffice. In order to
emuldte the impact of confroel, this equivalent may have to be an approximation, as the conyerter
impedance may not be purely passive for the complete harmonic range. Any such simplified
mode| should be validated against measurements on an operational HVDC project, or, if|these
are inmppractical, against an elaborate model, typically in time domain with relevant parts jof the
contrgl includedy

Both the.emissions and the output impedance of the HVDC converter model are dependént on
the operating point. Therefore, for defining the harmonic emissions, there should be prqvided
tables of values applicable for different operating points and control modes of the converter.
Similarly, the impact of the grid impedance can vary and influence the output impedance of the
HVDC converter model. Because of this fact, different operating points of the grid impedance
may have to be considered in the model if a significant impact is observed.

10.2 Time and frequency domain

When dealing with resonances and harmonic stability, studies are usually done in the frequency
domain, considering a window from fundamental frequency to an appropriate upper frequency
for the phenomenon studied. For each frequency of study (defined by the chosen frequency
step appropriate to the phenomenon being investigated), a steady-state is computed with the
available models and from the defined harmonic (or interharmonic) sources. Running the
simulations in the frequency domain is convenient since computation times are short and
numerous scenarios can therefore be considered.
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Alternatively, simulations can also be executed in the time domain, computing the response of
the system over time in response to an excitation. For harmonics and resonance studies, a
steady state solution is required. Due to the simulation time required to reach steady state, time
domain simulations may not be the most appropriate methods for studying harmonics, but they
can be advantageously used to derive the steady state frequency response of the converter
model, as will be shown in 10.5. Because all control details (i.e. control response and cross
modulation effects) and HV equipment are included in the model, the main drawback of time
domain simulation is the computation time performance. The time consumption depends on the
time step of the simulations, which needs to be appropriate for the phenomenon studied and
the required accuracy. One approach to reduce the computation time is to perform such studies
using real time simulators connected to actual replica control hardware.

To study harmonics and resonances, appropriate electromagnetic grid as well ass HVDC
converter models are required. Subclause 10.8 summarizes techniques to properly~model the
grid apd describe the frequency dependency of equipment. Grid modelling for harmonic sfudies
is extensively described in [9], [12] and [61]. A frequency dependent network equivalent can
also He used to effectively reduce computation time [14].

The problem often encountered in harmonic and resonance studies is that the required dqtailed
convdrter model is generally developed to be used in time domain whereas the norm is rather
to do|the simulations in frequency domain. As a compromise,._control systems are usually
remoyed for convenience from the converter model to be usedrin_the frequency domain which
may l¢ad to serious shortcomings, as illustrated in 6.3.

Referfing back, the circuit of Figure 2 is easy to simulate in the frequency domain and 10.5
descr|bes how it can be built from the detailed conveérter model usually used in time-dpmain
appropches. Figure 2 a) illustrates the required medel while Figure 2 b) is a more convenient
reducfion for simulation. Indeed, Figure 2 a) is partly based on control system models which
can gnly run in the time-domain. Figure 2 b)Zis based on an equivalent Thevenin source.
Veundhmental 1S the 50 Hz or 60 Hz converter source (equal to Vpgy) whereas Vygdnonics

represents the non-ideal behaviour of the-converter, i.e. the harmonic voltage injected by the
switching of power electronic devices (equal to Vsynth).The device Z represents the frequency

respopse of the converter impedance and takes into account the linearized control.
Consegquently, it includes the exact.resonances of the HVDC system.

10.3 |Modelling of the converter control for harmonic and resonance studies

As wds shown in 6.3, itiis\necessary to take into account the control system of HVDC conyerter
when|performing harmonic and resonance studies since the control system will modify the
equivalent impedance of the converter.

One qf the solutions proposed to reconcile converter models running in the time domain and
harmagnic stidies preferably done in the frequency domain is to bring the converter mode|s into
the frTquency domain.

To represent a converter and its controllers for steady-state analysis in the frequency domain,
it is necessary to extract the linear part (or transfer function) of the system [62]. There are two
main general approaches to compute the equivalent frequency impedance of the converter from
a detailed converter model:

e analytical approach — by linearizing the converter model by means of small signal or transfer
functions of the control system (10.4.2);

e numerical approach — by simulating the detailed converter model in EMT tools (10.5).

These techniques have to be employed for every operating point of the converter which needs
to be studied. In the succeeding Subclauses 10.4 and 10.5, a generic VSC-MMC station is
considered in order to describe the two approaches. As a consequence, the following figures
are only valid for a generic VSC-MMC station, although a similar approach can be applied to
any type of VSC from any manufacturer.
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10.4 Converter linearization by analytical approach
10.4.1 General

To develop an analytical model of the harmonic impedance, linearization based on an average
model (AVM) of a VSC-MMC station [63] is considered. Several linearized models can be
developed for the MMC that take in account internal variables as in [64] and [65]. This document
describes the classical and simple method commonly used for VSC technology. The AVM model
referred to as the MMC "Model 4" in [66] (or as "Type 6" in [16]) is used here for illustration and
is shown in Figure 59. This small-signal model includes the equivalent capacitor Cy; of the

MMC. The terms L., and R, (the latter not shown) refer to the inductance and resistance of
each arm

MMC-401L MMC-401L
Lym=015% 1GW L, =015%
400320 kV "E 1o mE sa0kv  C=10mF 400/320 kV
1060 MVA N 1060 MVA
PCC1 Lyr=18% QO Lyt=18 % PCO2
@‘9 ‘I 70 km |' e‘g

g [] + DC cable |, [] o
—6 <§— (@]
a @) VSCA VSC2 Vo

IEC
Figure 59 — VSC HVDC transmissjon system

10.4.2 VSC-MMC linearized model

The gmall-signal model can be found from Figure)60 by first deriving the equation in the dq
refergnce frame and secondly in the real-imaginary reference frame [66].

The cjrculating currents as well as the capacitor voltage balancing of submodules (SM5) are
neglegted [67] [68]. Only the inner current loops (i-control) and the outer control are mogeled.
Furth¢rmore, linearization of the model around a steady-state set point allows considerafion of
only the linear part of the controller.

The process that leads to the)complete small-signal station model illustrated in Figureg 60 is
descr|bed in details in [63].and its references ([64], [65] and [68]).

Adpy L Adpy
Control

’convquI TAidq, AP, AQ, AV,

Station
AVye—> VSC-MMC —> ALy,

Figure 60 — VSC station model using the small-signal approach

10.4.3 Input impedance

The small signal model presented above is based on a linear model (or transfer function).
Therefore, the frequency response of the converter station, from the AC side, can be deduced
and the Thévenin impedance computed analytically:

(17)

AVpec, _ Z 4 (S) qu(S) Al
Z,(08) Z,05)

AVpce, Al
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where

Z44(S) and qu(S) are the impedances in the d and g reference frame respectively;

qu(S) and qu(S) are the cross-coupling terms in previous equation but are negligible

the converter is not operated on a weak grid (SCR < 2) [69].

10.4.4 Advantages of analytical method

when

The analytical approach allows the use of numerous classical tools for modal analysis such as
eigenvalues, Nyquist diagram, and participation factor method [70].

It alsg
equiv

10.4.5 Drawbacks of analytical method

Detail

contrgl loops, filters and delays should be accurately included in the-‘control model f
frequgncy range to be studied.

Since
accur
techn

manu

Because of these two drawbacks, the analytical approach is likely suitable only for
acturers.
Iternative method based on a numerical approach to determine the equivalent freq

The a

impedance of the converter is presented in 10.5.

10.5

10.5.1 Methodology

The numerical approach is based on EMT models. As a consequence, the MMC AVM

used

Several models for EMT studies were proposed in [66]. "Model 1" is the most detailed mo
considlers a detailed representation of power switches with ideal IGBTs, non-linear diode
snubher circuitsnHowever, such a model is complex and requires a very long computation
Moregver, manufacturers usually do not provide such models but prefer working with "Mo

or "M
subm
greatl

gives access to all parameters of the control system of the converter. Their effect
hlent converter impedance can be studied independently in detail.

ed knowledge of the control system is required for application of thismethod. All re

VSC-MMC technology includes a large amount of variables|, the complexity of deriv
bte linearized model is considerable. As the control<system becomes comple
gue may become too difficult to use.

Deriving the converter impedance by numerical approach

breviously with the analytical approach is not sufficiently detailed for this applicatio

bn the

evant
br the

ng an

HVDC

Lency

model

del. It
s and
time.
del 2"
each

bdel 3=-models. "Model 2" model simplifies power switches by ON/OFF resistors in

y reducing computation time by assuming that the capacitor (C;) voltages of each c

pbdule.)While providing good accuracy regarding harmonic studies, "Model 3" model ?Iows

Il per

arm are equal. In this case, N submodules of each arm are reduced to an equivalent one with
a capacitor Cy,; = C;/N (since C; are constant for i = 1..xn). This is shown in Figure 61 [66].
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Figure 62 — Switching function model of MMC arm
ms of control, the outer control loop (P, O and ¥V, control loop) is necessary to G

itor voltage of each arm canralso be included in the model.

"Model 3" or "Model 2" models are convenient for EMT models to perform harmonig
bnce studies but they'are simulated in the time domain.

nerical approach allows bringing together the models and the study. It is introdu
72]. The eonversion scheme is illustrated by Figure 63.
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Small harmonic currents are injected at the point of common coupling, as shown in Figure 64.

NOTE

A voltage injection method can also be used [62]; however, it is usually less common practice.

As the injected harmonic currents are only of a few amps, i.e. very low compared to fundamental
frequency current, the controller and protection system will not be disturbed and will operate
normally. The effect of the control system on the converter impedance will not change the
setpoint.
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Figure 64 — Example of a circuit to linearize a network
and a VSC including controllers

teq» the injected harmonic currents, is split into A4 and Al,,, — Formula(18). The in

ted- BY applying Ohm’s law, the harmonic impedance of the<HtVDC station Z,
calculated from Formula (19).

Ihinjected =aZn1 +alh2

NN
xlpo

Zh HvDC T

nic current source of the convertertepresented in Figure 64. This procedure is exp
hil in [18].

bnic voltages and currents.have to be measured when steady-state conditions are re
the time-domain solution*to obtain correct results. If this operation is repeated for
nic, the frequency equivalent impedance of the converter can be derived. This tech
b be repeated fortevery converter operating point which needs to be studied.
um, the whole range of active and reactive powers operating points should be co

nic conditions should be studied.
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This numerical approach allows a compromise between VSC converter models, which are
usually built in time-domain and harmonic studies, which are commonly performed in frequency
domain.

10.5.2 Advantages of numerical method

This technique gives a solution to the drawbacks of the analytical linearization approach. A
detail control system can be represented in the converter model without affecting the complexity
of the technique. This approach is more accurate and can take into account the non-linearity of
the control system.

Moreover, this technique allows the use of black box devices which protect the intellectual
property of HVYDC manufacturers while sharing the functionality of their control models. The
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numerical approach is therefore suitable for the converter station owners, the HVDC
manufacturers and third parties.

10.5.3 Drawbacks of numerical method
Computing the equivalent impedance of the converter is done in two steps.

1) At first, to initialize the simulation, the converter station needs to be started and the desired
operating point needs to be reached.

2) Then, the methodology described in 10.5.1 is applied and the converter impedance is
derived.

For s{ep 1), simulation time will depend on the tools and HVDC EMT model used: gerjerally
spealling, the EMT model can take several hundreds of milli-seconds to several seconds to
reach|steady state operation. Depending on the EMT tool that is used, a snapshot,optign can
be usgd to start the simulation at steady state, which will greatly reduce the computation time
of thel initialisation. On the other hand, if real-time simulation including reakcubicles is |used,
the tirme to reach steady state is close to the real field time, that is some tens of seconds o few
minutes of simulation time.

For step 2), several frequency scan methods can be applied. Generally speaking, some sefonds
of simulation time is needed to estimate the frequency response.of the converter statioph. For
offling EMT tools, this simulation time can take some minutes\of computation time depgnding
on the¢ complexity of the HVDC model. If real time simulation is used and is availablg, the
compttation time will be equal to the simulation time, therefore only some seconds ill be
necegsary.

Accurpcy of the impedances determined by time~domain EMT simulation can decreas¢ with
incregdsed simulation time-step duration, particularly with simulation tools that do not interpolate
or subdivide time steps for discrete switching events that do not coincide with discretg time
steps| Decreased time step durations, however, increase the computational burden, requiring
either[ longer computational time to c¢omplete the simulations or dedication of incrgased
comptitational processing capability. Aherefore, there is an inherent tradeoff between accuracy,
time tp perform the analysis, and_computational resources.

10.6 |Choice between analytical and numerical methods

Both jan analytical approach and a numerical method have been described to derie the
equivalent impedance ‘'of a converter.

The numerical method has no limitation in its type of user — anyone who has a converter model
can Use this(method. It is particularly appropriate for academics, consultants and sjystem
operaftors who usually do not have access to the details of the control system of the conyerter.
With black-box model provided by a manufacturer, i.e. not accessible, the equiyalent
impedangce of the converter can still be derived for harmonic and resonance studies. Morgover,
the numerical method is less complex to use because it does not require an understanding of
precisely how the converter operates.

Manufacturers can use the numerical method but also have the option of the analytical
approach, because they have full access to their control system details. For specific purposes,
the analytical approach can be advantageous to identify precisely the impact of each control
parameter.

10.7 Model validation
In terms of model validation, several approachs are possible.

e In comparison with measurements: if harmonic measurements are available with different
grid and converter configurations, they can be used as reference for the simulation results
of the VSC converter model.
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In comparison with off-line simulation results obtained from a more complex model: when
measurements are not available, the simulation results of a more detailed model than the
one to be validated can be taken as a reference. The structure of the model should be closer
to reality (as is "Model 1" model in [63]) to allow validating less complex model ("Model 2"
or "Model 3" in [63] for instance).

In comparison with real-time simulation results: measurements on the real system are
sometimes difficult to schedule or to realize. Nowadays, HVDC manufacturers have (and
TSOs may have) access to a real-time simulation laboratory where the replicas of the control
system of a VSC converter can be studied. The converter high voltage components are still
necessary to be modelled in the real-time simulation tool but the comparison between on-
line and off-line tends to be more accurate than a comparison between exclusively off-line
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at such high frequencies. Therefore, as frequency rises, it should be accepted that the accuracy
of the network impedance calculation diminishes, and conservatively specified generalized
envelopes may have to be adopted.

Extent of model:

In general, the required model extent decreases with increasing harmonic

order. Therefore, the size of the network model for VSC HVDC harmonic studies may not need
to be as extensive as would normally be required for an LCC HVDC system harmonic study.
However, every component in the proximity of the VSC converter will affect the resistive
characteristic of the network impedance. Modelling the resistance of such components should
be a point of attention.
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Loads: The frequent practice of modelling loads as series or parallel resistance and inductance
networks, based solely on matching the fundamental frequency active and reactive power flow,
and connected directly to transmission buses without consideration of the intervening
transformer inductances, produces substantially inaccurate modelling at the higher-harmonic
components relevant to VSC HVDC performance. Load models should account for the
inductances of these transformation stages, and the shunt capacitance of MV lines, cables and
capacitor banks.

Transmission lines: At the higher harmonic orders of relevance to VSC HVDC harmonic
performance evaluation, the assumption of balanced (perfectly transposed) transmission lines
is of questlonable accuracy. Due to the fact that most lines have Iengths that are multlples of
vhere
sitive
ence,
e use
ing. An
include
adjusfed impedances based on a 3-phase detailed model of adjacent llines, cables and
transfprmers.

of interest for VSC HVDC harmonic analysis. Frequency-dependent damping of the $eries
(terminal-to-terminal) impedance of transformers can be of great’importance when transformer
impedance is a substantial factor. Power transformers tend tojachieve their greatest impeg@lance
angle|at a few hundred herz or less, and thus a series resistance-inductance representation is
completely inadequate. At the higher harmonic orders) of interest for VSC HVDC, w|nding
capaditance (both inter-turn, inter-layer, and winding to core and tank capacitances) can| be of
significance. Cross-coupling of sequence components should also be considered, as desgribed
abovgq for transmission lines.

Tran}formers: Saturation and core loss effects are of negligible impertance at the frequgncies

Cablgs: Cable modelling is discussed in depth in [14] including aspects which apply espgcially
to the| higher frequencies of interest in the context of VSC. The advantages and shortcomings
of different modelling techniques are-considered, with extensive references.

Wind|and photo-voltaic generation: Unlike general power grids, such generation plants or
parks|are limited in scope. While they may be represented in the conventional manrer as
netwgrk impedance envelgpes as seen from the HVDC bus, it can be advisable to model them
in detpil. The typically high cable content can result in localized resonances, and interaftions
with the converter contrels at harmonic frequencies can result in so-called harmonic instpbility
(Clause 11). The_'connected generation park should consider the above-mentioned
representation ef\lines and transformers. Additional components, such as possible [shunt
capaditor installations, also need to be included. Finally, the generator installations, either the
generptor itself or the conversion system, also have an influence in the network impedance.
Thesqg are.sometimes not properly represented in studies due to lack of proprietary information,
but should be if an accurate network representation is to be obtained.

The complete wind energy conversion system (wind turbine, converter and filter/reactor) is
represented as a harmonic current source according to IEC 61400-21-1 [15]. Consequently,
some tools also follow this approach. However, their harmonic injection and influence on the
network impedance differ from conventional non-linear loads. Nowadays, the two main
technologies are Type-Ill, a DFIG, and Type-IV [73], [74], a synchronous machine connected
through an AC/DC/AC converter. The most accurate representation of the DFIG is the parallel
impedance between the equivalent impedance of the induction machine and the small
transformer feeding the converter connected to the rotor. In this case, the behaviour is mainly
inductive. Regarding Type-1V, its configuration is very similar to the VSC. Consequently, the
most accurate representation would be the terminal impedance representing the reactor
(usually configured as an LCL filter or a derivation thereof) and control dynamics as explained
in 10.3. If the latter information is not available, the impedance should represent at least the
connection reactor or filter, but significant aspects of the behaviour might be omitted.
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Photo-voltaic generation plants have a similar configuration to that of a Type-IV wind turbine.
Therefore, the most accurate representation relies on considering the interconnection filter and
reactor plus the influence of control dynamics from the converter.

HVDC converters and FACTS in the proximity: The presence of other controlled conversion
devices electrically close to the VSC HVDC should be treated with particular care. In the case
of another VSC, the most accurate representation would be by the use of the equivalent
impedance as explained in Clause 6. In case this information is not available, the terminal
impedance at the point of connection should represent the passive components up to the valves,
i.e., transformer and phase reactors, plus a shunt filter if present.

An LQ
which
the hg
have

Insofg
be ing

possibility of harmonic interaction involving the control systems, then,such devices sho

fully n
studidg

11 Hlarmonic stability

111

Inac
are n(
voltad

FVD ONVerter may nave a very wide range of narmor mpedances, aeper
of possibly many AC filters or shunt banks are connected at different load levels,
rmonic impedance of the converter itself. Similarly, SVCs and other FACTS device
Hifferent modes with distinctly different harmonic impedances.

r as any such devices may be represented by a passive harmonic impedance, the
luded within the overall network harmonic impedance envelope..However, if ther|

nodelled independently of the remaining network envelope, and{the possible intera
d.

General

bnventional power system stability study, the.electromagnetic characteristics of the
t relevant, because all active controls and,dynamics occur at low frequencies. Hoy
e source converters utilize dynamics and control loops extending over a wide rat

frequ

synchfronous machines or line commutated converters. A VSC appears as an active comp
and its dynamics interact with the electromagnetic nature of the network, and may be aff
by reqonances. The result of this interaction is a new type of stability problem in power sys
which| has become known as "harmonic stability". Although the suitability of the term m

ncies and up to considerably higherifrequencies than conventional installations sd

y may
e is a
ild be
ctions

Circuit
ever,
ge of
ch as
onent
ected
tems,
ay be

questloned, it is used in the pfesent document. An overview of dynamic interactions of different

natur
of VS

the irffterconnected power system equipment up to several kiloherz should be adeq

mode

s over a wide frequency range is shown in Figure 65. To correctly assess the inter

led.

action

Cs with the surrounding network, the electromagnetic behaviour of both the convert¢r and

Lately



https://iecnorm.com/api/?name=5d749e7fd249f66c1aaa601723ffe5f1

- 98 - IEC TR 62001-5:2021 © IEC 2021

3

28 WL

2 S | (A, Control

e ® E o dynamics

S £ A

»n | e T [

?

o § Control

Qo .= - f

LS dynamics

el ,
X~ | I
S Power SSR i /\ |
Z oscillations ”@:'F —-‘—IL El\ﬂ\wbbeﬁ\/\‘%\nf
z s Harmonic————1-"

e stability

o 8 ’

©

Q.2 Control dynamics

o

9 ©

I [ I | [ T ‘S
10-1 100 101 102 103 104
Frequency range of phgpgmgqq - Frequeqey-(Hz)

E%‘ I Small-signal stability Harmonic

% = | studies

< @1 |ong-term Transient stability

§. g dynamics Faults, T(_)V | i
h | Protection design L'QE&/TC':”Q'

IEC
Figure 65 — Dynamic interactions between components and study framework

The hiarmonic stability problem may result in a sustained oscillation or in an instability ith a
high-frequency component of increasing magnitude. The instability frequency does not
necegsarily coincide with any integer harmanic (thereby emphasizing the imperfection pf the
term 'lharmonic instability"). This behaviour'may lead to shutdown due to control or protgective
actions of the converter station or, in‘the worst case, to the damage of some negtwork
components.

At thg high-voltage transmission.level, such instability has also been observed in somg VSC
installations. In the future, this problem is likely to become more significant because of
a) the probable massive-penetration of power electronics based equipment,

b) the phase-out of Conventional generation, and

c) the extended.tendency of obtaining more efficient assets and transmission equipment.

All of [this tend_to increase the amount of high-frequency electronic controllers and redug¢e the
amoupt of"damping in the system.

Operators—andH#VBCvendors—are currently thattenrgedtocome upwith—themost—suitable
solutions to avoid problems related to such harmonic instability. There are still multiple relevant
questions that need to be answered for a better understanding of the problem, definition of best
practices to mitigate it, and development of solutions.

11.2 Literature review

This harmonic instability issue has provoked a lot of interest in both industry and academia.
The first documented problem was experienced in the 1990s in traction networks [75].
Subsequently, some installations of IGBT-based converters resulted in the appearance of large
magnitude harmonics which were initially unexpected [76]. Those problems have led to the
drafting of standards and requirements dealing with harmonic instability and proposed methods
of analysis.
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The same problem was observed in the use of VSCs interfaced by means of an LCL passive
filter required to decrease the harmonic distortion of the output current. The interaction of this
resonant filter with the control may result in oscillatory behaviour because the converter controls
the output current through the LCL filter, which itself has a particular resonance. Further details
regarding the problem and analysis may be found in [77]-[79], regarding the control and
mitigation of the interaction in [80]-[82], and regarding the impact of other connected installation
in the vicinity or variation of short-circuit impedance on the experienced instability in [83] and
[84].

Further interest has more recently developed because of the installation of offshore power
plants. These entail networks with multiple installations of power electronics and the presence

of mu tinla racanancas avitandinag over a wida ranaa of fraauanciace FEurthar datailc ahn t the
P850 a6 s—exte e g—over—a—Wiae—+ahge—o+—eq He1He- 5t e—aetattrS—aBo

analysis methodologies in such networks may be found in [85]-[88].

Finally, harmonic instability has also been observed and analyzed in onshore:high vpltage
netwdrks. Where there is very low damping in such networks, they may be sensitive to harmonic
instahility [18] and [89]. Refer also to the work of the CIGRE WG C4.49 [90].

11.3 |Definitions

As th¢ topic of harmonic instability is relatively new, it is important to be clear in the def|nition
of the|terminology used in the subsequent discussion.

A "najural frequency" is the frequency of a wave component present in a network voltage or
current oscillation after the network is subjected to a distirbance, excluding the frequendgies of
compepnents in the exciting signals. When focusing<on“passive electromagnetic phenoinena,
i.e., neglecting the effect of controls and other phenomena in the power system, the nfatural
frequgncy corresponds to the oscillation of energy between electric and magnetic fie]ds of
system components due to a disturbance which leads to a temporary energy imbalancg. The
energly oscillates between the fields until the oscillatory behaviour is damped due to power
dissipjation.

"Resdnance" occurs at any of the(system’s natural frequencies. This results in pgriodic
compgpnents with amplified magnitude of voltages and currents and appears as a peak vdlue in
the cifcuit impedance.

"Negdtive resistance" is.a\property of some electrical circuits and devices in which an indrease
in voltage across the terminals of the circuit or device results in a decrease in the in-phase
compepnent of current through it. It may also be envisaged as the characteristic of an pctive
compgpnent when.it\responds to current flow not by creating a potential drop in opposition fto the
current flow and.thereby dissipating energy, as with a normal resistance, but instead respgnding
by crgating an_e.m.f. which reinforces the current flow and injects energy into the circuif. This
beha\iour,results in the decrease of system damping within a given range of frequencies. The
compopnént-behaves as an active source. A negative-resistive behaviour in a component|is not
in itsalf*a” detrimental aspect, but, in the event that system natural frequencies appear lin the
same frequency range, the resulting interaction between system natural frequencies and the
negative-resistive behaviour needs to be addressed.

"Harmonic instability" is the condition in which a natural frequency of the network is excited
because a given or several installations are adversely controlling the energy in the system,
leading to oscillations with non-decreasing amplitude at that frequency. This is observable from
the small-signal behaviour at the controlled component terminals in the form of a "negative
resistance". The surplus of energy flowing into the circuit is transferred as an oscillation of the
energy stored between the electric and magnetic fields.
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11.4 Theory
11.4.1 General

Harmonic instability is explained in 11.4 by dividing it into the different phenomena involved
which include network resonances, the impact of control dynamics, and the interaction between
network and converter dynamics.

In 11.4, network resonances, the dynamic response, and the oscillatory behaviour resulting
from a disturbance are introduced first with the help of a simple circuit in which converter
dynamics are not considered. Next, the impact of converter dynamics on the damping provided
and the source of the problem of instability are explained using the equivalent converter
impedance. Finally, the resulting network dynamics arising from the interaction between both
systems are evaluated with frequency-domain techniques.

11.4.2 Passive harmonic resonance

Two different related phenomena are considered — namely the steady-state\behaviour and the
dynamic response.

Consider a simple RLC circuit such as in Figure 66 which, if subjected to a periodic|input
corregponding to the resonance frequency given by 1/(27r\/LC), would produce amplified

steady-state voltages and currents at that frequency.

Figurg 66 shows the circuit, driven in steady state at adower frequency (for example the ngtwork
fundamental frequency) with constant magnitude ¥, and its response to a voltage step| This
disturpance results in the excitation of the circuit natural frequency. In this circuit, the|time-

domaj|n behaviour corresponds to an oscillatory¢mode at the same frequency 1/(27r\/Lc' with

a magnitude decaying due to the losses intesistance R, superimposed on the lower frequency
of the|driving source. Physically, the oscillation is due to a continuous exchange of electr|c and
magnetic energy stored by the respective capacitive and inductive components.
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Figure 66 — RLC circuit and time-domain response to a step disturbance

The electric power grid consists of multiple items of equipment which may be considered as
various RLC components which interconnection results in different network resonances. These
passive resonances are natural and need not be problematic; however, they could jeopardize
the network when

e there is a periodic input — e.g. generation of harmonics — in the system that coincides with
a natural frequency and thus excites a resonance, possibly resulting in high values of
voltage and current at that frequency, and

e the switching of an element causes a step-change in the network which results in high-
frequency oscillations possibly leading to overvoltages. This problem is widely known in
operations involving the switching of capacitor banks.

The CIGRE Technical Brochure 569 [91] provides detailed information about these phenomena.
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The connection of a converter station to the network as depicted in Figure 67 also results in
natural frequencies or resonances different to the ones existing prior to connection. This can
be observed by plotting the respective equivalent impedances of the converter station Z_,,, and

the passive network Z,, as shown in Figure 67.

NOTE |In this initial example, the converter impedance is represented simply by its passive impedance — mainly that
of the transformer and phase reactors.

The new resonances are determined by the points where the magnitudes of both equivalent
impedances intersect and their peak value is determined by the phase difference. Phase
differences closer to 180° result in resonances with higher magnitude. This is shown in
Figurn 68 where the frnqllnnr‘y behaviour of the nqlli\/nlnnf converter station impnr‘lanr\ , the

netwdgrk impedance, and the total equivalent impedance Zgq @s seen from the PCC areplotted.

Elevaled values of current and voltage may be expected if the circuit is excited at the fréquency
of ong of the impedance peaks, such as at 1 340 Hz.

PCC
Converter 17 Y SRV
S| —
AC netwark
IEC

Figure 67 — Connection of the convertef.station to a passive network
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Figure 68 — Bode plot of the converter, network and equivalent impedances

For this analysis of passive impedance only, useful tools include frequency sweeps of the
parallel equivalent impedance between the converter and the AC network at the point of
common coupling, and steady-state simulations to calculate the resulting harmonic amplitudes
(see 10.5).
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Treating a VSC as a passive impedance may be an acceptable simplification in some
circumstances; however, it risks obscuring possible important aspects of interaction with the
network which can only be adequately analyzed by considering the active behaviour of the
converter.

11.4.3 Active behaviour of converters

As discussed in Clause 6, converter and control-specific dynamics have an impact on the overall
equivalent impedance of the converter station. This total equivalent impedance should therefore
not only represent the passive behaviour of converter components but also all dynamics seen

from the point of common coupling (PCC). This active impedance is influenced by different
contraollers_and dynnmi(‘c such as r‘lplnyc aor measurement filters

Specifically, the control strategy used to obtain the modulation outputs has a(sign|ficant
influenpce. There are two main strategies employed:

a)
b)

a ¢ascaded control with outer loops and the current control loop;

a glirect controller without the middle step of the current controller.
Generally, the first option is used for converters connected to the grid (or grid-following) and
the sgcond strategy for islanded systems (or grid-forming).

11.4.4 Active impedance of a VSC with a generic current control

The gxample in Figure 69 demonstrates a VSC with a-simple and generic current conffol as
availgble in the literature. In reality, other features andeontrols will also have an impact ¢n the
equivalent impedance.

v

L+ R

IEC
Figure 69 — Dynamic scheme of the current controller and phase reactor

The plassive elements/of the VSC are shown as an equivalent impedance Zg,,, representing

the lepkage impedance of the transformer and the phase reactor in L and the equivalent lpsses
in R. The control is defined by a feedback loop controlling the current at the PCC to fo|low a
refergnce current which is in turn determined by the loops defining the power exchange. The
transfer function of the current controller is denoted by G... This loop also has the voltage at

the PCE as a feed-forward term through the filter F;;. A dead-time e'S is represented in|order

to consider the time delay between the calculations and the synthesization at the valves. This
control is very generic and it is the most common approach for VSC control.

Substituting the terms in Formula (7) by the terms in Figure 69, the VSC harmonic impedance
is mathematically represented as:

S G Zr(f)+ZR(f) _ ¢ SGec+Ls+R (20)
conv 1=Cy(f) 1-e B

Figure 70 shows the Bode plots of the converter station active and passive impedances. One
can observe the significant influence of control dynamics with frequency.
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Figure 70 — Bode plot of the converter passive and active impedance
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11.4.3 Harmonic instability
When| the“eonverter is connected to the electrical grid, the overall network resonanceg vary
becayse of (i) the connection of the converter passive components and (ii) the impact pf the

converter’s active behaviour. The result of the interaction between the network resonances and
the active behaviour of the converter is the scope of the harmonic stability study.

The interaction is characterised by the natural frequencies of the network and the damping
provided by the network and the converter. Electromagnetic natural frequencies appearing
within a region in which the converter presents negative resistance behaviour may result in an
instability if the network itself does not provide enough damping to compensate.

Besides the extreme case of instability, resonances coinciding with this region may also result
in sustained oscillations for several seconds with corresponding over-voltages and other
adverse effects.

A generic example composed of a system with a VSC and a network with a given frequency-
dependent behaviour is shown in Figure 71.
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Fig_u_r_e 71 =EXx
frequency-dependent AC system for the study of control interactions

The cpntrol dynamics together with interaction with the network (represented by the Thgvenin
impedance Z,,) are shown in Figure 72 where the terms have the same meaning as’in Figure 69.

The reduction of the complete VSC to an equivalent admittance is also illusirated.

;Control;

IEC

Figure 72 — Dynamic interaction between the active VSC impedance
and the network passive impedance

The rgsulting resonances are represented in Figure 73, which may be contrasted to Figdire 68
wheri only the passive impedance of the converter was represented. The interconnecfion of
the VSC to the network results in new resonant points determined by the frequencies at which
the impedance curves cross. The amplification factor is dependent on the angle difference. The
closer to 180° the angle difference, the more amplified the resonance. Focusing on the VSC
impedance curve, the angle shows some regions larger than 90° between 1 kHz and 3 kHz for
this specific case. In these regions, the apparent negative resistance of the VSC active
impedance will tend to exacerbate the resonance.

At 1 420 Hz, a resonant point of the equivalent parallel impedance Zgq @s seen from the PCC
coincides with a negative resistance region of the converter.
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Figure 73 — Bode plot of the VSC and-network impedance,
including active converter effects

In an| EMT simulation study of this system, thé\interaction is observed in the time-dpmain
respopse of the PCC voltage as shown in Figure 74 a), b) and c¢). An initial small perturbation
excitgds the natural frequency at 1420 Hz,-and the distortion increases as the conpyerter
effect|vely feeds energy into the system atthat frequency. If the simulation were continugd, the
instaldility would increase until in reality\some protection would act to trip the converter or|other
system component.
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Figure 74 — Results of EMT simulation study of the investigated system

11.5 [Analysis methods
11.5.1 General

Harmonic stability can be studied by means of different methods, as typically done for all
dynamic phenomena. Currently, there is no single universally accepted practice for harmonic
stability analysis, rather'a number of approaches demonstrated by academia and industry.
Subclpuse 11.5 presénts an overview of some of these methods. It is important to note thfat the
analys$is methods.described are, with the exception of EMT simulation, to be considerned as
small| disturbangce® methods based on implicit or explicit linearization. Whereas passive
compgpnents.¢can be considered approximately linear in most cases, converter control syptems
may g¢ontain rather strong non-linearities, which makes it imperative to perform analysis for
varioys ©Qperating points and switching states of the grid.

11.5.2 Network impedance scans

Network impedance scanning is the most basic form of analysis technique that can be used to
predict harmonic problems in power networks. Impedance scanning and subsequent analysis
is an important tool in characterizing oscillations, and the way they propagate in the network
and amplify or attenuate in the process. Resonance analysis is conveniently done using so-
called impedance scans, even in complex networks (the approach is explained in 10.5). An
impedance scan returns the input impedance seen from a general location and is defined as

Z(s)= (21)
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