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INTERNATIONAL ELECTROTECHNICAL COMMISSION

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

Part 1: Overview

FOREWORD

1) The International Electrotechnical Commission (IEC) is a worldwide organization for standardization comprising
all national electrotechnical committees (IEC National Committees). The object of IEC is to promote international
co-operation on all questions concerning standardization in the electrical and electronic fields. To this end and
in addition to other activities, IEC publishes International Standards, Technical Specifications, Technical Reports,
Publicly Available Specifications (PAS) and Guides (hereafter referred to as "IEC Publication(s)"). Their
preparation is entrusted to technical committees; any IEC National Committee interested in the subject dealt with
may participate in this preparatory work. International, governmental and non-governmental organizations liaising
with the IEC also participate in this preparation. IEC collaborates closely with the International Organization for
Standardization (ISO) in accordance with conditions determined by agreement between the two organizations.

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

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

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

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

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

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

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

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

IEC TR 62001-1 has been prepared by subcommittee 22F: Power electronics for electrical
transmission and distribution systems, of IEC technical committee 22: Power electronic systems
and equipment. It is a Technical Report.

This second edition cancels and replaces the first edition published in 2016. This edition
constitutes a technical revision.

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

[

general updating of the document to reflect changes in practice;

O

10.2.4 on fuseless capacitors has been transferred to IEC TR 62001-4;

()

Clause 11 on future developments has been expanded;

)
)
)
)

o

10.3.3 and Annex F on voltage sourced converters have been deleted as their.content is

covered by IEC TR 62543. ocuments
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The text of this Technical Report is based on the following documents:

DTR Report on voting
22F/614/DTR 22F/623A/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 Technical Report is English.

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.

A list of all parts in the IEC TR 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.

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. At this date, the document will be

e reconfirmed,

e withdrawn,

e replaced by a revised edition, or

e amended.

IMPORTANT - The "colour inside" logo on the cover page of this document indicates that it
contains colours which are considered to be useful for the correct understanding of its
contents. Users should therefore print this document using a colour printer.
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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 part deals with current-based interference criteria, field measurements and verification.
IEC TR 62001-3 — Modelling

This part addresses the harmonic interaction across converters, pre-existing harmonics,
AC network impedance modelling, simulation of AC filter performance.

IEC TR 62001-4 — Equipment

This part concerns steady-state and transient ratings of AC filters and their components, power
losses, audible noise, design issues and special applications, filter protection, seismic
requirements, equipment design and test parameters.

IEC TR 62001-51 — AC side harmonics and appropriate harmonic limits for high-voltage direct
current (HVDC) systems with voltage sourced converters (VSC)

This document concerns specific issues of AC filter design related to VSC HVDC systems.

Parts 1 to 4 are written with focus on line commutated converters.

1 Under preparation. Stage at the time of publication: IEC/RPUB 62001-5:2021. Documents
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HIGH-VOLTAGE DIRECT CURRENT (HVDC) SYSTEMS -
GUIDANCE TO THE SPECIFICATION AND DESIGN
EVALUATION OF AC FILTERS -

Part 1: Overview

1 Scope

This part of IEC 62001, which is a Technical Report, deals with the specification and design
evaluation of AC side harmonic performance and AC side filters for HVYDC schemes. It is
intended to be primarily for the use of the utilities and consultants who are responsible for
issuing the specifications for new HVDC projects and evaluating designs proposed by
prospective suppliers.

This document provides guidance on the specifications of AC filters for high-voltage direct
current (HVDC) systems with line-commutated converters and filter performance calculation.

The scope of this document covers AC side filtering for the frequency range of interest in terms
of harmonic distortion and audible frequency disturbances. Where the term "HVDC converter"
or "HVDC station" is referred to without qualification, in this document, it is understood to refer
to LCC technology. It excludes filters designed to be effective in the power line carrier (PLC)
and radio interference spectra.

The bulk of this document concentrates on the "conventional" AC filter technology and LCC
(line-commutated converter) HVDC. Voltage sourced converter (VSC) specific issues are
discussed in CIGRE Technical Brochure 754 [1]2 and in IEC TR 62001-5 [2].

2 Normative references

There are no normative references in this document.

3 Terms and definitions
For the purposes of this document, the following terms and definitions apply.

31

specification

document which defines the overall system requirements for an AC filter and the AC system
environment in which it operates

Note 1 to entry: Such a document is normally issued by utilities to the prospective HVYDC manufacturers. It also
ensures the uniformity of proposals and sets guidelines for the evaluation of bids.

Note 2 to entry: The term as used here does not refer to the detailed engineering specifications relating to individual
items of equipment, which are prepared by the HVYDC manufacturer as a result of the filter design process.

Note 3 to entry: The specification defines the technical basis for a contract between two parties: the customer (3.2)
and the contractor (3.3).

2 Numbers in square brackets refer to the Bibliography. Documents
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3.2
customer
organization which is purchasing the HVDC converter station, including the AC filters

Note 1 to entry: The term "customer" is taken to cover similar terms which may be used in specifications, such as
owner, client, buyer, utility, user, employer and purchaser, and also covers a consultant representing the customer.

3.3

contractor

organization which has the overall responsibility for delivery of the HVDC converter station,
including the AC filters, as a system

Note 1 to entry: The contractor may in turn contract one or more sub-suppliers of individual items of equipment.

Note 2 to entry: The term "contractor" is taken to cover similar terms which may be used in specifications, such as
manufacturer, or supplier.

Note 3 to entry: Where the context clearly refers to the pre-contract stage of a project, the word "bidder" has been
used instead of "contractor”, to indicate a prospective contractor, or tenderer.

3.4

branch

arm

set of components (capacitor, inductor, resistor), either in singular or interconnected
arrangement, which may be isolated off load for maintenance

SEE: Figure 22

Note 1 to entry: In interconnected arrangement, it forms a smallest tuned filter unit.

3.5

sub-bank

one or more branches which can be switched (connected or disconnected) on load for reactive
power control

SEE: Figure 22

Note 1 to entry: The switch does not necessarily need to have fault clearing capability.

3.6
bank
one or more sub-banks which can be switched together by a circuit breaker

SEE: Figure 22
4 Outline of specifications of AC filters for HVDC systems

4.1 General

When installing an HVDC converter station in an AC system, the way in which it may affect the
quality of power supply in that system is always an important issue. One of the main power
quality topics is that of harmonic performance.

The AC side current of an HVDC converter has a highly non-sinusoidal waveform, and, if
allowed to flow in the connected AC system, might produce unacceptable levels of distortion.
AC side filters are therefore required as part of the total HVDC converter station, in order to
reduce the harmonic distortion of the AC side current and voltage to acceptably low levels.

Documents

Document Sharing Hub

Full document details: PD IEC TR 62001-1:2021


http://www.avadocuments.com/doc/pd-iec-tr-62001-1-2021
http://www.avadocuments.com/doc/pd-iec-tr-62001-1-2021

-12 - IEC TR 62001-1:2021 © IEC 2021

HVDC converters also consume substantial reactive power, a large proportion of which is
normally supplied locally within the converter station. Shunt connected AC filters appear as
capacitive sources of reactive power at fundamental frequency, and normally in conventional
HVDC schemes the AC filters are used to compensate most or all of the reactive consumption
of the converter. Additional shunt capacitors and reactors may also be used to ensure that the
desired reactive balance is maintained within specified limits under defined operational
conditions.

The design of the AC filters therefore normally has to satisfy these two requirements of
harmonic filtering and reactive power compensation, for various operational states and load
levels. Optimization of this design is the task of the AC filter designer, and the constraints under
which the design is made are defined in the specification.

The AC filters form a substantial part of a conventional HVDC converter station. The
fundamental reactive power rating of the AC filters (including shunt capacitors where applicable)
at each converter station has typically been in the range of 50 % to 60 % of the active power
rating of the scheme. Together with the required switchyard equipment, the AC filters can
occupy over half of the total land requirements of an HVDC scheme. The cost of manufacture,
installation and commissioning of the AC filter equipment is significant, being typically in the
approximate range of 10 % of the total station costs. In addition, the filter design studies can
be extensive and may have an impact on many other aspects of station design (see [1], [4], [5])
and on the total project schedule. Once in operation, the AC filters will continue to have a major
importance due to requirements for switching, maintenance, component spares, and reliability.

It is therefore important that the way in which the requirements for the AC filters are specified
is such as to allow the design to be optimized in terms of all the above factors, while fulfilling
the essential functions of disturbance mitigation and reactive power compensation.

In general, this document assumes that the purchase of an HVDC converter station, including
AC filters, will be made on a turnkey or similar basis, such as has been the case for the majority
of HVDC schemes to date. The discussions herein of aspects such as provision of technical
information, allocation of risks and so on therefore apply principally to such an all-inclusive
approach. If the alternative approach of specifying and purchasing equipment item by item were
adopted, then these aspects of the document would have to be reconsidered in the context of
the particular scheme, although the purely technical content of the document would still be
applicable.

Most specifications for HVDC projects are issued in a final format after definition of the details
of the project by the customer and possibly consultants. An alternative approach which has
been used is discussed in Annex A.

4.2 Boundaries of responsibility

Before a specification enters into the detail of AC filter design requirements, it should first
clearly define the boundaries of responsibility between customer and contractor.

In this respect, there are two extreme approaches.

a) The customer defines an AC system impedance, distortion limits and other performance
criteria to be satisfied by calculation, the calculation method, and the parameters to be taken
into account. The bidder, and later on the contractor, then makes studies and designs filters
based on this information, and has the responsibility to prove, to the satisfaction of the
customer, that the proposed filter design complies with all the specification requirements.
The risk that the AC filters do not perform adequately under field conditions lies mainly with
the customer.

b) At the other extreme, the customer defines only the maximum actual measured distortion
and disturbance to be permitted (or even more simply, that there are no problems of
distortion or disturbance). The customer may also specify field tests to confirm that the
defined limits are not exceeded. The bidder, and later on the contractor, thEhgeuitients
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responsibility for determining the AC system impedance, defining all relevant parameters,
and designing AC filters which will perform in practice within the limits specified by the
customer (or proposed as reasonable by the contractor) and withstand all actual operating
conditions. Most risks in this case lie with the contractor.

For a customer with relatively little in-house study capability, approach b) might appear
attractive. However, there are several disadvantages to b), as follows.

e It implies that at the tender stage, several prospective contractors will all have to make
extensive studies of AC system impedance and local harmonic limit requirements. This will
be expensive and difficult to achieve during a short tender period. Therefore, these studies
should be conducted by the customer or his consultant during the longer period which is
usually available before issue of the specification.

e As the contractor has to assume risks, there will be a corresponding impact on pricing.

e The customer may have to decide between completely different designs offered by bidders
working on quite different assumptions about the AC system.

e There are significant practical difficulties in proving compliance during verification tests.

e There is unlikely to be any overall financial gain, as the customer will eventually pay for
studies done by the bidder/contractor as part of the overall contract price.

In practice, most specifications adopt an approach which lies somewhere between these two
extremes. For example, the customer may provide some information about the AC system
configuration, maximum and minimum short-circuit powers, and expected future expansion, but
not a full definition of AC system harmonic impedance.

The decision on where to place the boundary of responsibility will depend on the strategy of
each individual customer and on the information and resources available to the customer. This
document does not recommend a particular approach, but rather provides the detailed
information necessary to guide decisions in this respect.

It is, however, strongly recommended that this overall question is carefully considered by the
customer at an early stage, and that the boundaries of responsibility and delivery are clearly
defined in the specification according to the customer’s decision. The more detailed technical
requirements of the specification should then follow in accordance. Failure to make a clear
definition of responsibility, and to ensure that the detailed requirements of the specification are
in accordance with the general definition of responsibility, creates risks of contractual conflict,
delay and possible unsatisfactory performance of the AC filters.

Most essentially, the specification defines whether the criterion by which the filter performance
is to be judged as satisfactory is to be

e demonstration by calculation of performance parameters, using the specified data, or

e measurement in the field after commissioning, or

e acombination of the above.

Demonstration by calculation ensures that the worst-case conditions can be taken into account,
but allows scope for erroneous data or calculation methods. Measurement in the field may be
considered as the definitive proof of correct design, but it may not be possible to make
measurements under the most onerous environmental and AC and DC system conditions for
which the design has been made. Also, the impact of pre-existing harmonic distortion in the AC
system is taken into account, by measuring pre-existing harmonic levels with the HVDC

converters blocked and with AC filters both disconnected and connected if the latter is possible
considering reactive balance.

A combination of demonstration by calculation followed by eventual field measurement
therefore provides the customer with the greatest assurance that the filter performance will be

satisfactory.
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4.3 Scope of studies

Depending on the boundaries of responsibility discussed in 4.2, some system studies may be
required to be conducted by the customer prior to issuing the specification, or may be the
responsibility of the bidder and later the contractor. Such studies related to the AC filters would
normally cover

e AC system reactive power requirements,

e AC system impedance measurements or calculations, and

e pre-existing harmonic levels.
The extent of system studies required to be conducted by the bidder and the contractor should
be made clear in the specification. A minimum set of studies will always be required to ensure

that the filters perform adequately and that they withstand all defined electrical and
environmental conditions.

These essential studies would normally comprise the following:

a) reactive power supply and control;

b) low-order resonance with AC system;

c) AC filter performance;

d) AC filter steady-state rating;

e) AC filter transient rating, overvoltage and insulation co-ordination;

f) AC filter losses;

g) AC filter protection;

h) AC filter circuit breaker duties;

i) AC filter discharge requirements;

j) those parts of the control and dynamic performance studies which are affected by the AC
filters, and analyse the integrated operation of the AC and HVDC systemes;

k) those parts of the audible noise study which are affected by the AC filters;

I) those parts of the RAM (reliability, availability and maintenance) study which are affected
by the AC filters.

However, further performance and rating studies may be of interest to assist the planning of
economic and flexible operation, and to define recommended procedures in the event of
outages, maintenance or unusual operational situations. Such studies might cover, for example,
performance and rating under outage contingencies not required by the specification, or with
wider limits of reactive power interchange than specified. These situations might be of
considerable interest to operation planners, and have an economic value. The possible need
for such additional studies should be considered by the customer and, if desired, included in
the scope of studies required in the specification.

Of the essential design studies, some would normally be conducted in full by the bidder as part
of the tendering process (at least a), c), d), and j) of the above list). Others might be omitted or
minimized during the tendering stage, and estimates made based on the bidder’s previous
experience. During the detailed design stage, all essential studies would be conducted in full
by the contractor.

4.4 Scope of supply

The specification should make clear the scope of supply with regard to AC filtering as with all
aspects of the HVDC scheme. In addition to supply of the main AC filter components, the
responsibility for supply of the following should be defined:

o site preparation; Documents
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e civil and mechanical structures;

e earthing;

e fencing;

e interface with AC switchyard;

e control, measuring, monitoring and protection;
e switching equipment;

e cabling;

e spare parts;

e special test equipment required for commissioning and maintenance;
e erection, commissioning and testing;

e in-service performance measurements.

Any requirement for guarantees concerning, for example, capacitor failure rates, measured filter
losses and performance should also be clearly stated.

4.5 Technical data to be supplied by contractor

At the tender stage of an HVDC project, the bidders are normally required to supply technical
data regarding their proposed designs to the customer. This data is used by the customer in
order to qualify the proposed design technically and to allow comparisons to be made between
competing bidders. The specification should define carefully exactly what technical data is to
be supplied, otherwise there is a risk that the information supplied by different bidders will not
show possible weaknesses in design or will not enable fair comparisons to be made. Aspects
where particular attention should be paid include the general aspects:

1) method and assumptions for filter performance calculations;
2) criteria and assumptions for steady-state filter rating, and for transient stresses and rating;
3) calculations as well as the following specific areas where clarity is important:

a) harmonic currents generated by converters (the specification should define under
exactly what conditions these are to be stated; it should preferably request harmonic
currents at several critical conditions or power levels and under any special operation
conditions);

b) impedance characteristics of filters (the specification should request information on
impedance at and near tuned frequencies, under conditions of detuning, and across the
whole spectrum of interest);

c) performance parameters to be stated at defined operation conditions (for example, at
full load and at intermediate loads immediately prior to switching-in an additional bank).

After contract award and during the design and procurement stage of the project, the contractor
will normally produce technical study reports and other documents covering aspects of the filter
design (performance, rating, circuit diagrams, protection, insulation co-ordination, layout,
reliability and availability evaluation), and equipment specifications for the individual items of
filter equipment. The specification (or another part of the agreement between customer and
contractor) should make clear whether these are to be approved by the customer, and if so,
define an adequate procedure which allows time for examination of such material by the
customer, possible subsequent modification, and approval, within the intended project time-
schedule.

4.6 Alternative proposals by bidders

The customer should recognize that bidders for an HVDC project will have extensive
accumulated experience and expertise, and furthermore that they are continually developing
new techniques and equipment technologies. Consequently, it is always possible that a bidder
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may be able to propose a filtering solution which is advantageous to the customer, but for some
reason falls outside the strict boundaries which may have been set by the specification.

Therefore, specifications should always leave open the possibility for the bidder to propose an
alternative solution, in addition to the solution which expressly satisfies the specified
requirements.

5 Permissible distortion limits

5.1 General

The performance objective of the AC filter design is to limit the adverse effects of both the
individual harmonics and of the total harmonic distortion of the voltage and current waveform,
at both the HVDC connection bus and in the surrounding network.

These possible adverse effects are as follows.

a) The waveform distortion can cause increased heating and higher dielectric stresses in both
the utility's and other customers' equipment as well as malfunction of electronic equipment.

b) The harmonic current circulating in the AC lines can, by induction, cause interference in
adjacent communication lines and this should be limited to an acceptable level.

c) Induced voltages may cause problems because of risk to human safety or malfunction of
adjacent communication, signalling and protection equipment.

In order to mitigate such adverse effects, the customer's specification normally defines
permissible harmonic distortion limits, which need to be respected by the AC filter designer.
The definition of suitable criteria for setting such limits is a complex and controversial subject,
which wiil be addressed by any customer installing a new HVDC scheme. This Clause 5
attempts to provide the background information necessary, and to give recommendations on
the different approaches available to the customer.

A common procedure for the determination of limits has often been to set the values according
to references in international literature, without detailed preliminary studies of the particular
location. This approach requires a minimal amount of studies and allows a short time schedule.
The disadvantage is that it requires conservative limits to be imposed in order to ensure that
there are no adverse effects of excessive distortion and telephone interference, which may
require high additional cost for corrections and/or mitigation.

However, due to

o the powerful calculation tools available,

e the refinements in harmonic influence assessment methods as stated in IEC TR 61000-3-6
(6] and in [7], [8],
e the concern of the utilities and their customers about power quality, and
e the desire for cost reduction through optimization of equipment design,
appropriate specification studies should be conducted in order to develop harmonic limits
tailored to the particular characteristics of the HVDC scheme and the connected AC network.
Clause 5 describes the different indices used to control the adverse harmonic effects and
discusses the considerations that are accounted for in the definition of the indices and in the
determination of the limits. Ranges of limits adopted for existing schemes are provided as well

as general guidelines. The detailed methods recommended for the determination of specific
limits are referenced.

The definition of permissible limits is discussed below under four headings:

1) voltage distortion limits; Documents
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2) limits pertaining to the HV and EHV network equipment;
3) telephone interference limits;
4) special criteria.

The limitation of telephone interference through the application of weighted indices has in the
past had a substantial influence on the nature, size and cost of AC filters for HVDC stations,
and so this aspect is discussed in some depth in 5.4 and Annex C.

A customer should understand that it is not necessary or desirable to include in the specification
all of the distortion limits discussed in Clause 5. Some indices apply only in certain situations;
others represent alternative approaches to the definition of distortion. The customer should
consider carefully the requirements of his particular scheme, and select those distortion indices
and limits which are relevant to his needs.

More detail on selection of appropriate limits is available in IEC 62001-2 [9] and CIGRE
Technical Brochure 754 [1] and in IEC TR 62001-5 [2].

5.2 Voltage distortion
5.2.1 General

The main requirements for AC filter performance specification are generally related to the
permissible voltage distortion, this being a directly measurable quantity at the point of
connection. The intention is that, by limiting the voltage distortion, the harmonic currents
injected into the AC system by converters and the resulting voltages elsewhere should also be
limited to levels that will ensure service quality to the utility and to all connected customers of
the AC system (the validity of this approach is discussed further below).

Subclause 5.2 describes the most common indices used to control voltage distortion and gives
some guidelines for the determination of suitable limits.

Subclause 5.2 focusses on line commutated converter (LCC) HVDC although many of the
concepts are applicable to VSC HVDC. CIGRE Technical Brochure 754 [1] and IEC TR 62001-5
[2] give much more detail specifically for VSC HVDC.

5.2.2 Definitions of performance criteria

Individual harmonic distortion, D, (in %), is calculated as follows:

D, =Yn.100 % 1)
Uy

where
U, is the line to neutral nominal fundamental frequency system voltage (RMS);

U, isthe n-th order harmonic line to neutral voltage appearing at the bus under consideration.

Total harmonic distortion, THD (also called D or voltage distortion factor), is calculated as

follows:
(2)
where
N is the maximum harmonic order considered. Documents
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The total arithmetic harmonic distortion, D, is calculated as follows:

N
D=) D, (3)

n=2

5.2.3 Discussion and recommendations

The individual (D,) and total harmonic distortion (THD) are widely accepted indices of voltage

distortion in AC networks, while the total arithmetic harmonic distortion (D) is controversial,
even though it has been used in a number of HVDC schemes [10] [11], instead of, or as well
as, the THD. The THD corresponds to the power of the harmonics and is therefore more closely
related to the severity of the disturbance in terms of heating effects. The total arithmetically
added distortion (D) does not correspond to any physically verifiable disturbance, although it is
an indicator of the maximum possible deviation of the waveform from a sinusoid and of the
maximum possible harmonic voltage peak levels. Furthermore, the THD is well accepted within
IEC (see IEC TR 61000-3-6 [6] and IEEE Std 519™ [11]) and is therefore the criterion
recommended in this document.

The harmonic voltages used in the definition of harmonic distortion are generally those of the
highest value in any phase. This is not an issue when using the conventional calculation
method, as the harmonics produced by HVDC converters are assumed to be either positive or
negative sequence and so are equal in all phases, and the AC system impedance is assumed
balanced. The zero sequence current generation of the HVDC converters is very low and there
are no reported problems related to this as a cause of zero sequence harmonic voltage.
However, in real systems, the harmonic voltage magnitudes will be different in the three phases
due to asymmetries in the network and non-ideal harmonic generation conditions. Analysis of
harmonic performance using a three-phase model of transmission lines would generally show
differences among the three phase distortion parameters.

The maximum harmonic order considered, N, is normally set to 49 or 50, as the magnitude of
the current generated by the HVDC systems decreases with frequency and the harmonic
voltages transferred to the lower voltage levels generally become very low with increasing
frequency due to the characteristics of power transformers and loads at these frequencies.

In the formula for definition of voltage distortion, some customers prefer to use the worst-case
value from the range of system operating voltages as voltage reference (U,), rather than the

nominal system voltage (that is, the value of voltage, consistent with the converter harmonic
generation used in the calculation, for which the highest percentage distortion is calculated;
this will generally be the minimum voltage from the applicable range). The argument for this
approach is that it more truly expresses the actual percentage distortion occurring in reality.
Whichever reference voltage is to be used for the definition of voltage distortion, it needs to be
stated clearly in the specification in order to avoid different interpretations by different bidders,
and because it may appreciably affect the filter design.

Refer also to the discussion in 8.1.6 on the system conditions under which total harmonic
distortion should be calculated. The range of AC system voltages over which the distortion
criteria are to be met needs also to be clearly defined.

5.2.4 Determination of limits
5.241 General

Most major utilities have their own harmonic standards including rules to control the harmonic
emission from individual disturbing loads. Generally, the setting of these standards has to a
considerable degree been influenced by experience gained with a range of harmonic induced
problems and the measures taken to resolve them. They therefore tend to be empirical and
conservative in form as they are rarely based on a detailed study and understanding)égments
behaviour. Where a large HVDC installation is planned, a specific analysis shouid b
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in order to derive distortion limits which have a more rational basis and relate to the particular
circumstances of the HVDC scheme in question.

5.2.4.2 Determination of limits without detailed studies

One way to guide the determination of the voltage distortion limits is to refer to existing schemes
for which acceptable performance has been experienced. The following ranges of specified
limits were taken from CIGRE surveys [10] [11] on AC harmonic filters for numerous HVDC
schemes from different countries:

a) specified limits on D, are in the range of 0,5 % to 1,5 % (most typically 1 %);

b) specified limits on THD are in the range of 1 % to 4 % (no typical value);
c) specified limits on D are in the range of 2 % to 4 % (most typically 4 %).
These figures refer to distortion due to the HVDC converter and do not include other pre-existing
distortion. They also generally refer to worst normal operating conditions of the HVYDC system,
in comparison to more extreme conditions which determine the component ratings. When

considering such values as used in former projects, it is also vital to take into account the AC
network representation which was specified to be used in the calculation of these indices.

Where a customer

1) wishes to minimize the procurement time schedule,

2) lacks the appropriate computational tools or AC system data, or

3) anticipates no serious consequences from the harmonic distortion,

then the customer may set distortion limits based on such indicative values taken from
experience of existing systems. AC filter installations designed according to these limits have
generally performed satisfactorily. But, without detailed studies, engineering judgement has to
be exercised in order to adapt the limits set for other projects to the specific characteristics of
the AC system to which the HVDC system is to be connected. Therefore, the determination of

performance requirements for a particular HVDC scheme based on past experience from
existing schemes should take into consideration the following aspects:

e local regulations on harmonic limits;

e voltage levels (stricter limits are usually recommended for higher voltage levels);
e proximity of load areas;

e proximity of generators;

e other harmonic sources in the vicinity;

e pre-existing level of harmonic distortion;

e network structure (long lines and capacitor banks can produce magnification of harmonic
voltage at remote locations, large meshed networks will be likely to transfer a lower level of
harmonic to the load areas, etc.).

The CIGRE surveys [10] [11] give many details on the existing installations which may be helpful
for this task. The limits adopted should be on the conservative side to prevent the consequences
of excessive distortion which, should it occur, may ultimately lead to restrictions on the
operation of the HVDC transmission. However, there is also a risk that this approach may lead
to a design which in practice is unjustifiably expensive.

In view of this, it is suggested that the cost sensitivity of the filter design is investigated by
asking for an alternative filter design based, for example, on 1,5 or 2 times the basic
specification limit. The cost reduction, if significant, is indicative of the need to perform more
detailed studies before the choice of a final design.
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The specification could also allow the bidders to propose alternative designs (in addition to the
main proposals), which, while possibly exceeding the specified limits under some
circumstances, nevertheless offered substantially simpler and more economical filters.

5.2.4.3 Determination of limits with detailed studies

Determining suitable distortion limits by means of detailed studies requires more work at the
specification stage but is likely to result in a cheaper AC filter design, with an optimal filter
solution relative to the harmonic characteristics of the AC system, and avoid an unnecessarily
complex filtering scheme which may impose undue constraints on the HVDC system design and
operation. The methodology can be applied to respect either IEEE or IEC recommended limits.
CIGRE has published a technical paper on limitation of harmonic distortion for MV and HV
power systems [12] based on electromagnetic compatibility.

One objective of the limitation of harmonic emission in HV and EHV systems is to keep the
disturbance levels below the compatibility levels (with a non-exceeding probability of 95 %) in
the low-voltage systems. To achieve this goal, the utility has to co-ordinate the emission limits
of equipment in the different parts of the AC system in the most economical way. The utility has
therefore to take into consideration all the possible emission sources, both existing and future,
and their frequency dependent coefficient of transfer to the other voltage levels. It should also
consider the future expansion stages of the AC network.

Usually, a widespread programme of harmonic measurements is performed to gather data for
this task. Such an exercise should result in the determination of suitable planning levels for the
HV and EHV system and rules for the connection of disturbing loads that are generally valid
over the whole network.

Such a study gives a base for the establishment of rational harmonic emission limits for the
connection of HVDC systems. For such large disturbing loads, it is worthwhile to perform
additional studies to adapt the planning levels to the particular circumstances at the point of
connection on the network. The following studies are recommended.

e The determination (by calculation) of the ratio of the harmonic voltage at the point of
connection to the harmonic voltage at the main HV, MV or LV substations in the area. This
should be done over the whole frequency range considered and for all anticipated normal
network configurations and load levels. The harmonic penetration depth into the network is
likely to be frequency dependent as discussed in paragraph 2 of this subclause.

e The measurement of actual harmonic voltage levels at the point of connection and at the
main HV, MV or LV substations in the area (see 5.2.5 for further details).

The results should be analysed following the general co-ordination principles to determine
appropriate emission limits.

Such evaluation of sources of harmonic emission and analysis of the network, to establish
suitable planning levels, may require an enormous amount of work for a large meshed network
and furthermore, it is difficult to plan for the future addition of harmonic sources and the
evolution of the network. Where no standards and practices have been previously developed
by the utility or where detailed knowledge of network harmonic characteristics is not known, the
method described in [12] can be adopted.

Reference [11] gives a simplified method to determine the emission limits of a particular HYDC
installation for HV and EHV systems. It proposes simple rules to share the permissible harmonic
voltage emission between the various users of the power system. For most large HVDC
installations, the allowed limits are shared according to the MVA rating of the installation and
the network supply capability at the point of common coupling.

The method described in [6] [12] takes into account the presence of important disturbing
installations in the vicinity of the considered substation and gives summation coefficients
dependent on the harmonic order for computation of total harmonic levels. It also Mments
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guidelines for application in practical situations (pre-existing level, unrealistically low emission
limits, etc.). The harmonic load flow studies should also try to identify amplification or resonance
situations which may cause remote harmonic voltage problems that are not evident at the HVDC
connection bus. These remote effects are controlled by applying appropriate coefficients for the
particular harmonics in the individual emission limits applied at the HVYDC connection bus.

It is important to note here that the limits so defined are related to the particular network
conditions, and this should be considered in the design of the AC filters. As an example, a
stricter limit, defined to control an amplification problem, may correspond to a limited part of
the total network harmonic impedance locus computed at the point of coupling. Similarly, when
two important harmonic sources are in the vicinity, the emission limit is shared among them but
then the impedance locus for each should assume that the filter installation of the other is
present. When these aspects are significant, multiple emission limits coupled to different
harmonic impedance loci may be provided to the bidders.

The following alternative approach would in principle be possible. Where the network is of
moderate size, the customer could consider providing the bidders with the complete network
data set. The harmonic voltage contribution limit from the HVDC converter could then be
individually defined at all the different MV or LV buses. With this approach, the customer
provides all the necessary data for the filter optimization: AC system configurations, line data,
remotely installed filters, earth resistivity, frequency dependent equivalent models at the end
nodes, tolerances, etc. The data should also consider the future evolution of the network. This
approach would require more work for the bidders, and they would possibly have to develop
additional computer tools, but it would avoid the above mentioned inconsistencies. It would also
entail considerable effort by the customer to prepare all the necessary data, and lengthen the
time required for the tendering process. Unless the bidder defined exactly how each component
in the network should be modelled, each bidder could derive different harmonic impedances,
depending on the representation used for network components, in particular loads, transformers
and transmission lines.

5.2.5 Pre-existing harmonic levels

Measurements of the actual pre-existing harmonic levels are important to complement the
simulation studies. They are often needed for the following reasons:

e to characterise pre-existing harmonic levels, including statistical characteristics;
e to determine harmonic source characteristics;

e to validate simulation models.

Harmonic measurements in the area of the HVDC system installation will indicate the aggregate
harmonic levels produced by all sources, both within the HV and EHV system and coming from
the MV and LV systems. Analysis of the measurement results combined with the simulation
results will be helpful to segregate the two contributions. Indeed, the pre-existing harmonic
contributions from all the individual distorting loads in LV and MV systems and other unknown
sources cannot be assessed easily otherwise.

It may also be appropriate to direct the measurements to specific operating conditions where
these may affect the harmonic voltage levels. For example, a high operating voltage condition
may increase the harmonic contribution caused by saturation of transformers. There is also
evidence that corona on EHV AC transmission lines can give rise to substantial levels of third
harmonic current.

Ideally, the measurements should provide the harmonic levels and the source impedance to
characterise adequately the harmonic sources, because the introduction of a large AC filter
installation is likely to affect the harmonic levels in its vicinity. It should be noted that the new
AC filter installation could be beneficial for the network, and the utility may even consider
specifying the performance of the AC filters at the HVDC converter with the additional aim of
improving the pre-existing harmonic condition of the network at some specific harmonic

order(s). Documents
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As an alternative to specifying the level of pre-existing harmonics, some utilities have requested
in their specifications that the calculated harmonics produced by the HVDC converter should
be increased by a margin of, say, 10 %. This is a very arbitrary approach, and while allowing a
certain margin for pre-existing harmonics, is unlikely to correspond to reality.

5.2.6 Relaxed limits for short term and infrequent conditions

For unusual conditions during short periods of time (less than 1 h), IEEE Std 519 [11]
recommends that the limits may be exceeded by 50 %.

IEC TR 61000-3-6 [6] does not address this issue. While it mentions that the assessment of
harmonic injection from distorting loads should consider the worst normal operating conditions
including those with outages that may apply for a substantial fraction of the time, it provides no
limits for short term and infrequent conditions when the harmonic injection should obviously be
controlled, for example from an equipment rating aspect.

Where such short term and infrequent operating conditions are possible for the HVDC system,
relaxed limits should be specified, such as those suggested by IEEE Std 519 [11], if this does
not result in contravention of applicable statutory limits. These may be associated with specific
harmonic impedance loci.

5.2.7 Treatment of interharmonic frequencies

In the case of an HVDC link connecting two AC systems of different fundamental frequencies,
and particularly if the link is a back-to-back station, both converters may generate currents on
their AC sides at frequencies other than harmonics of the fundamental (the fundamental
frequencies either may be nominally different, for example 50 Hz and 60 Hz, or may be
nominally identical but differ at times by up to 1 Hz or 2 Hz).

This additional generated distortion will be at frequencies which are harmonics of the
fundamental frequency of the remote AC system, and will be transferred across the link by the
mechanisms described in IEC TR 62001-3 [13]. This transfer may be thought of as harmonic
penetration or transition from one AC system to the other. As the frequencies of these
transferred components lie between the converter’s own harmonic frequencies, they are often
termed "interharmonics". The term "non-integer harmonics" is sometimes also used.

The magnitude of these interharmonics will be low in comparison with the characteristic
harmonics generated by the local converter, but may nevertheless be significant, especially as
no specific filtering will generally be provided for them, other than the broad-band effect of high-
pass branches.

Interharmonics may give rise to specific problems not found with true harmonics, such as
interference with ripple control systems, and light flicker due to the low frequency amplitude
modulation caused by the beating of a harmonic frequency with an adjacent interharmonic, for
example a 10 Hz flicker due to the interaction of a 650 Hz 13" harmonic of a 50 Hz system with
660 Hz 11th harmonic penetration from a 60 Hz system.

Of interest here is how the distortion effects resulting from such interharmonics should be taken
into account in the performance criteria. If the various formulae for definition of harmonic
performance as given in 5.2.2 refer specifically to "harmonics", then a formal interpretation
could exclude any other frequencies. A contractor could thus ignore the impact of the
interharmonics in his calculation (and subsequent measurement) of the performance
parameters.

The possibility of contractual conflict may arise if the specification (as has occurred in the past)
both states that the contractor takes such interharmonics into account in his design, but also,
inconsistently, defines the performance criteria in terms of "harmonics 1 to 49" or similar.
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Unless it is specifically clarified, there could also be disagreement between customer and
contractor about whether the term "harmonics" should include so-called "non-integer
harmonics", as the term "harmonics" classically implies integral multiples of the fundamental,
and is defined as such in, for example, IEEE Std 519 [11].

IEC TR 61000-2-1 [14] discusses interharmonic sources and some possible effects.
IEC TR 61000-3-6 [6] considers the impact of interharmonics on low voltage systems, and
indicates the need for specific limits due to possible interference with ripple control systems,
lighting flicker and other problems. It recommends a planning level of 0,2 % for individual
interharmonics. Other applicable standards or guidelines may need to be taken into account.

Therefore, if the proposed HVDC link connects two systems of nominally or potentially different
frequencies, the customer should take into account the possible impact of inter-harmonic
distortion. This may be by modification of the various specified definitions of harmonic
performance criteria to encompass significant interharmonics generated by the converter, or by
a specific interharmonic limit which may need to be related to preventing interference with ripple
control equipment or to control of flicker.

5.3 Distortion limits pertaining to the HV and EHV network equipment
5.3.1 HVAC transmission system equipment

Setting harmonic emission limits as described in 5.2 to meet the compatibility requirements in
the network will usually also ensure a safe harmonic level for the HV and EHV network
equipment. However, when very relaxed limits may otherwise be permissible, for example due
to the isolated location of the HVDC equipment in the network, then the actual harmonic
emission limit may have to be set with regard to the sensitive network equipment such as shunt
capacitors, cables and power transformers. Cables and capacitors can be involved in system
resonance which results in high dielectric stresses or overload. Relevant standards should be
consulted for the determination of the equipment capability. Particularly, attention should be
given to IEEE C57.12.00 [15], which defines the maximum acceptable root-sum-square (RSS)
of the 34, 5th and 7th harmonics at buses where transformers are connected.

5.3.2 Harmonic currents in synchronous machines

The characteristic and non-characteristic harmonic currents flowing into the stators of
synchronous machines (generators and synchronous condensers) installed close to the
converter stations can cause stator and rotor overheating and vibrations that could damage
them. To avoid such damage, these harmonic currents should not be higher than the limits
indicated by the machine manufacturer. It is, therefore, necessary that the filter specification
clearly requires the filter design to control these currents, in addition to the other performance
requirements.

One way to specify the filter requirements to control the possibility of overheating is to require
that the equivalent negative phase sequence component I5eq (as defined in [9]) of the harmonic
current flowing in the machine, together with the expected level of actual negative sequence
current, be less than the negative phase sequence component operating capability of the
machine as specified by IEC 60034-1 [16] or similar standards.

The bidder should provide the customer with all values of harmonic currents considered in the
calculation of the /5.4. During the bid analysis, the customer should discuss these values with

the machine manufacturer to check their adequacy as to the heating of the stator and rotor. Any
further limitations that may be necessary should be discussed with the bidders.

The harmonic currents flowing into the synchronous machine stator winding will induce a
pulsating air gap torque that will excite vibrations in the rotating parts of the turbine generator
sets. In case of steam turbine generators, special attention should be given to the magnitude
of negative sequence 5t and positive sequence 7th harmonic currents, because they will induce
pulsating torque on the rotor at 6th harmonic, which may coincide with a mechanicmmments

Document Sharing Hub

Full document details: PD IEC TR 62001-1:2021


http://www.avadocuments.com/doc/pd-iec-tr-62001-1-2021
http://www.avadocuments.com/doc/pd-iec-tr-62001-1-2021

- 24 - IEC TR 62001-1:2021 © IEC 2021

frequency involving torsional oscillation of the rotor elements and flexing of the turbine blades.
Fatigue in the turbine shaft and blades may result. Where a limit needs to be imposed to control
these harmonic currents by the AC filter, the specification should indicate the maximum limit of
these harmonic currents or any other harmonic currents indicated by the machine manufacturer,
to be considered in the filter design (IEC 60919-3 [5]).

To allow the bidder to calculate the harmonic currents flowing in the generators, the
specification should give the required data, such as system configuration component models,
generator and transformer frequency dependent reactances, operating conditions to be
considered, etc.

Another way to specify the filter requirements, from the point of view of the synchronous
machine heating and vibration, is for the customer to undertake a study to determine the
maximum permissible harmonic voltage/current at the converter bus which satisfies the worst
generator criteria. This method eliminates the need to provide the single line diagram of the
complete network, details of operating conditions and configurations, method of modelling, etc.
The customer is then responsible for these calculations. He also supplies the bidders with an
equivalent circuit representing the generators, or include them in the overall network impedance
locus.

5.3.3 Nearby HVDC installations

An existing HVDC system in the vicinity of the new HVDC installation should be reviewed. Such
an HVDC system was most probably designed without sufficient allowance for such a new
installation. The presence of the new HVDC station will affect significantly the network
impedance seen from the existing installation and constitutes a new harmonic source. In this
situation, the design report of the existing installation, including all the HVDC system data and
design assumptions, is provided to the bidders for the new installation. A design constraint on
the new AC filter will be that the rating and performance of the existing AC filters should not be
compromised. CIGRE Technical Brochure 798 [17] deals with this topic in depth.

5.4 Telephone interference
5.4.1 General

Interference with metallic analogue communications (not optical fibre or digital) is a concern in
some areas related to the harmonic distortion produced by HVDC systems. A survey [10]
showed that most major HVYDC schemes up until then have required telephone interference
limitation. A wide range of parameters affects the influence of HYDC schemes on the magnitude
of telephone interference, and so historically the limits imposed have been highly variable.

The impact of the specified telephone interference indices on the complexity and cost of the AC
filters can be substantial. Therefore, an analysis of the requirements and limits for each specific
HVDC scheme is recommended.

Subclause 5.4 reviews the most common criteria used to define limits of telephone interference
for HVDC systems, with typical criteria ranges, and gives some guidelines for the determination
of limits. A more detailed treatment is given in IEC 62001-2 [9].

5.4.2 Causes of telephone interference

References [7], [8] provide a brief overview of the basic telephone interference mechanism,
sufficient to understand the recommendations of this document.

5.4.3 Definitions of performance criteria

The telephone interference performance requirements for AC filters are usually specified by
factors calculated from the harmonic voltages and currents, with suitable weightings. The
definitions of these quantities are given in Annex C.
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5.4.4 Discussion

One important limitation of the telephone interference criteria — telephone interference factor
(TIF) or telephone harmonic form factor (THFF) —, calculated at the HVDC converter station AC
bus, is that they are not directly related to the telephone interference influence caused by the
various lines of the AC network. Indeed these harmonic voltage criteria directly control only the
electrostatic interference on the AC transmission lines close to the HVDC substation, whereas
the predominant coupling mode is generally the electromagnetic interference caused by
harmonic current injection.

Although controlling the voltage telephone interference factors will to some extent limit the
harmonic current, and will avoid severe amplifications thus reducing the likelihood of
interference, the harmonic currents injected into the network will also depend critically on the
network impedance at each harmonic. Therefore, the voltage telephone interference factors
should be used only for rough estimation of the telephone interference influence of a particular
HVDC scheme.

The other criteria, such as IT (product of RMS current and TIF) or equivalent disturbing factor
e based on the harmonic currents at the point of connection of the HVDC system and the

network, are not necessarily totally satisfactory either. Both the C-message or psophometric
weighting and the coupling weighting give more predominance to higher order harmonics, and
at such high frequencies the current profile along the transmission lines can be highly variable.
A low harmonic current at one extremity of a transmission line does not preclude high harmonic
current at the other extremity. In addition, for a meshed network or for several incoming
transmission lines from different nodes, the harmonic load flow in the transmission lines is a
complex function of the harmonic impedance of the network elements and the possible network
configurations [12]. Amplifications are also possible at remote locations. This problem is not
easily resolved considering the range of frequencies involved. Derivation of remote interference
levels from a limit calculated at the HVDC converter station AC bus is therefore problematic.

Finally, the harmonic currents produced by the HVDC system are predominantly of balanced
mode. The main influence of the transmission lines on telephone interference results from
conversion of balanced mode currents to residual (zero sequence) currents, mainly due to the
asymmetry of transmission lines [8] [18]. The mutual impedance between balanced sequences
and zero sequence modes is a function of the transmission line asymmetry, the earth resistivity
and the frequency. Furthermore, the zero sequence harmonic currents circulating in the
transmission lines are affected by the zero sequence impedance of the network.

The selection of appropriate limit values for whichever indices are used for a particular project
depends strongly on the density and length of telephone lines in the zone of influence of the
transmission lines, the soil resistivity, the separation between the power and the communication
lines, the type of communication line and on the immunity of the telephone system.

Refer also to the discussion in 8.1.6 on the system conditions under which telephone
interference parameters should be calculated.

5.4.5 Determination of limits
5.4.51 Determination of limits without detailed studies

The appropriate requirements for telephone interference will be highly variable from project to
project compared to requirements related to voltage distortion. Therefore, the determination of
performance requirements for a particular HVDC scheme based on past experience from
existing schemes should be selected with care based on comparable requirements. The main
parameters affecting the telephone interference influence to consider when making a
comparison with previous HVDC schemes are

e the density of telephone lines close to the AC transmission lines,

e the earth resistivity along the AC transmission lines, Documents
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e the length of telephone lines and mean separation from the AC transmission lines,

e the AC network structure (long lines and capacitor banks can produce magnification of
harmonic current, large meshed networks will likely diffuse the current, lowering the
influence of individual AC transmission lines, etc.), and

e the type and characteristics of the communication lines (cable and/or open wire).

The structure of the telephone system and the local conditions are usually the main parameters
which could affect the telephone interference limits.

For example, in North America, typical factors to consider are that the subscribers of rural areas
are generally located along main regional roads, the density of population increasing in the
proximity of villages crossed by such roads. There are also secondary roads with usually a
lower density of population. The HV transmission lines usually cross these rural areas. The
telephone lines are long (up to 25 km or more) due to the sparsity of subscribers.

Long telephone lines are more subject to telephone interference because of the increased
coupling and because of the lower telephone signal level which results in increased subscriber's
sensitivity to noise. In hilly areas, the earth resistivity can be very high, resulting in increased
mutual impedance. Joint use of poles with power distribution lines which include an earth wire
may provide very low effective earth resistances, improving the shielding of telephone lines in
areas of poor earth resistivity. A consultation with the telephone company is therefore
recommended in order to get a picture of the relevant characteristics of the telephone structure
and local conditions.

The TIF and THFF might be used as criteria for projects for which no detailed studies are
performed, keeping in mind that these criteria give only a rough estimate of telephone
interference influence.

The IT criterion can also be used, with the reservations concerning frequency dependency
discussed in 5.4.4. This is covered in more detail in reference [9].

IT limits are usually stated as per line, which will not be the same as for the complete station,
if there are several AC feeders to the HVDC converter station. In the CIGRE surveys of HVDC
schemes [10], those schemes which specified the IT criterion imposed limits of between 25 000
and 50 000 for the total harmonic current into the AC network. More recent projects have also
used values in this range.

It is suggested that the cost sensitivity of the filter design, compared with the cost of alternative
remedial measures, is investigated by asking for an alternative filter design based, for example,
on 1,5 or 2 times the basic specification limit. The cost reduction, if significant, is indicative of
the need to perform more detailed studies before the choice of a final design.

5.4.5.2 Determination of limits with detailed studies

For major HVDC projects or where the telephone interference might be an important concern,
it is strongly recommended to perform an inductive co-ordination study. Such a study will likely
result in an optimal filter design relative to telephone interference, reduce the overall cost of
the installation and avoid an inadvertent situation with regard to complaints from the telephone
companies. The inductive co-ordination process is described in 8.5.

The first step involves the calculation of a range of equivalent disturbing current reflecting
different levels of telephone interference. The evaluation of such a range will allow the
appropriate limits to be specified to the equivalent disturbing level for which the incremental
cost of improving the filtering is equal to the incremental saving in mitigation required in the
telephone lines. This requires the preliminary estimation of both the cost of mitigation measures
and the cost of improved filtering being gathered from telephone companies and HVDC system
manufacturers, respectively. In practice, this data may prove to be difficult to obtain at this
stage. Optional design limits, covering a range appropriate to the available cost Mments
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could be specified in order to guide selection of the optimal limit by the bidder as part of the
design.

An equivalent disturbing current limit can be expressed as a set of Ieq values specific to every

HV or EHV transmission line in the vicinity of the HVDC project. For long transmission lines,
when the density of telephone lines varies along the line, it may be worthwhile to express the
telephone interference level as a profile of Ieq along the transmission line. The extent of

transmission lines to consider for the study depends on the penetration of harmonic currents
within the network, which is dependent on the configuration of the particular network. Planning
studies are therefore recommended to determine the extent of harmonic current penetration.

This approach requires the customer to provide the necessary data for the filter optimization:
AC system configurations, line data, remotely installed filters, earth resistivity, frequency
dependent equivalent models at the end nodes (balanced sequences and zero sequence when
required), type of connection of power transformers, etc. For a meshed system with many lines,
this may be impracticable, but where an HVDC station is supplied by only one or perhaps two
AC feeders, the use of an equivalent disturbing current criterion may be the most accurate index
of telephone interference. The approach also requires more work for the bidders, and they will
possibly have to develop supplementary computer tools.

5.4.6 Pre-existing harmonic levels

Two different sources of harmonic current may add to the harmonic emission from the HVDC
system to contribute to the overall telephone interference level in the telephone lines. These
are other sources of harmonic current within the HV or EHV system, and harmonic current
flowing in the distribution lines. As with the harmonic voltage distortion, measurements of the
actual harmonic current levels are important to complement the simulation studies and to
assess the interference level from lines. From previous experience, interference from
distribution lines is more likely to be the more significant contribution.

For the reason indicated previously in 5.2.4, measurements within the HV or EHV system should
allow for the effect that the introduction of large AC filter installation may have on the pre-
existing harmonic current levels. The measurements should provide the harmonic levels and
the source impedance to adequately characterize the harmonic sources.

If one of the existing sources is a nearby HVDC installation, then a joint study may be required
to review the filtering requirements of both installations.

5.4.7 Limits for temporary conditions

The telephone company may accept higher noise for short term conditions. Accordingly, the
specifications of several HVDC schemes have allowed for higher telephone interference levels
on the DC side for infrequent and short-duration operating modes or conditions. One example
of practice is to allow from two to three times the normal level depending on the expected
frequency of occurrence and the duration. Relaxed limits should therefore be specified when
such short term conditions are foreseen for the HVDC system. Examples of such conditions are
e short term duration overload conditions,

e AC voltage outside normal continuous range,

e operation at extreme frequency deviation or voltage unbalance,

e infrequent AC network configurations,

e loss of filter branches, and

e abnormal DC operating conditions such as high control angles for temporary reactive power
control or reduced voltage operation.
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Such short term limits should be agreed with the telephone companies at the earliest possible
opportunity. However, some telephone companies may be unwilling to tolerate higher noise
even for such infrequent and short term events.

5.5 Special criteria

The following special conditions should also be considered when preparing the specification.
Normally, they will not directly impact the limit values expressed in the specification, or the
consequent design of the AC filters, as the other disturbance criteria already discussed will
usually result in sufficient harmonic mitigation so that the following factors are not a problem.
However, the customer should be aware of potential problems and consider the following where
applicable:

e personnel safety from induced voltage on telecommunication lines;

e maloperation of telecommunication equipment (for example, telephone ringers);
e effect on data transmission and railway signalling equipment;

o effects on AC protective relaying measuring and control equipment.

Even where a possible risk may arise, these problems are usually more economically solved by
applying mitigation measures to the disturbed equipment itself.

6 Harmonic generation

6.1 General

The design of the AC filters requires a knowledge of the harmonic currents which are generated
by the converters. These currents are calculated by the contractor, using their knowledge of the
converter equipment and its interaction with the connected AC and DC systems.

Clause 6 discusses the harmonic generation of LCC HVDC. For more detail on VSC HVDC, see

[1].

The information to be included in the specification regarding harmonic generation will depend
on the overall division of responsibility between customer and contractor, as discussed in
Clause 4. If the performance of the AC filters is to be guaranteed by site tests, then the customer
may wish to leave all responsibility for the methods of calculating generated harmonics to the
contractor. However, if the contractual requirement for adequate performance is to be proved
by calculation, then the method of calculation is critical and the customer’s requirements should
be clearly expressed in the specification. Important aspects to include are indicated in 6.3.

In either case, the customer should be aware of the various technical factors involved, and be
prepared for discussions at the evaluation stage. Clause 6 therefore identifies the important
aspects which affect the calculation of harmonic generation.

6.2 Converter harmonic generation
6.2.1 Idealized conditions

The generation of harmonics is best understood by starting to consider an idealized situation,
with no asymmetries in transformer impedances or firing angle between phases, smooth DC
current and a sinusoidal balanced AC voltage.

Idealized phase current waveforms on the AC side of converter transformers of a line-
commutated 12-pulse bridge are shown in Figure 1. The separate traces show the current from
a star-star connected transformer, the current from the star-delta connection and the sum of
the two currents.
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Formulae for the calculation of converter harmonics are readily available in textbooks and
standards (IEC TR 60146-1-2 [19]). One such formula is given in Annex B.

Fourier analysis of the harmonic content of the idealized star-star and star-delta waveforms
considering all three phases shows that

e only harmonics 5,7, 11, 13, 17, 19, ... 6 k = 1 are present (k is any positive integer) — these
are designated as "6-pulse" or "6-pulse characteristic" harmonics —,

e harmonics 5, 11, 17, 23, ... 6 k — 1 are negative phase sequence,

e harmonics 7, 13, 19, 25, ... 6 k£ + 1 are positive phase sequence,

e the magnitude of each harmonic component is the same in both the star-star and star-delta
waveforms,

e the angle of each harmonic component is the same in both the star-star and star-delta
waveforms at harmonics 11, 13, 23, 25, ... 12k + 1, and

e the angle of each harmonic component is 180° out of phase in the star-star and star-delta
waveforms at harmonics 5, 7, 17, 19, ... (12 k-6) + 1.
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Figure 1 — Idealized current waveforms on the AC side of converter transformer

Parameters:
F = 50 Hz — AC network frequency;
Uge =230 kV — AC network voltage;

Uqy =500kV —DC voltage;

I4 =1 000 A — DC current;
X, = 14 % — leakage reactance;
A = 15° — firing delay angle.

The idealized current waveforms shown in Figure 1 are created by the transfer of DC current

from one phase of the converter transformer to the next phase by the switching operation of the

thyristor valves. In the idealized scenario under consideration, the DC current is kept constant

at any given DC operating condition by the theoretically infinite smoothing react é r

given operating condition, the harmonic content is also therefore constant. Sinca thb ments
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currents are constant and, under these idealized conditions unaffected by the connected AC
side impedance, the converter is often treated as a harmonic current source in harmonic
analysis.

6.2.2 Realistic conditions

The magnitude of the characteristic harmonics of the idealized waveforms described in 6.2.1 is
influenced by only the applied AC voltage magnitude, DC current magnitude, commutation
reactance, and firing angle. However, in the more realistic waveform, many additional factors
influence the magnitudes and phase angles of harmonics. These factors include:

e the presence of ripple and fundamental frequency in the DC current,

e harmonics in the AC voltage,

e unbalance, i.e. fundamental frequency negative sequence component, in the AC voltage,

e unbalance between the firing angles of the star-star and the star-delta valve groups,

e differences in the timing of individual firing pulses to each thyristor valve,

e unbalance between the applied AC voltages of the star-star and the star-delta valve groups
due to differences in the converter transformer winding ratios or taps,

e commutation reactance unbalance between converter transformer phases, and
e commutation reactance unbalance between converter transformers forming 12-pulse
groups.

Some of the factors above, such as DC current, average firing angle and average commutating
reactance, are deterministic. Others, such as variations in firing angles to each thyristor valve
and harmonic distortion on the AC buses, exhibit an almost random characteristic.

A more realistic presentation, including the influence of the above factors, of phase current
waveforms on the AC side of the converter transformers is shown in Figure 2.
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Figure 2 — Realistic current waveforms on the AC side
of converter transformer including effect of non-idealities
Parameters as in Figure 1 but with
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e 1 % negative sequence fundamental voltage,

1 % second harmonic positive sequence voltage,

e 5 % (of Xl) leakage reactance unbalance between phases,

o +0,5° firing unbalance between star and delta groups, and

e 50 Hz and 100 Hz components in DC side current.

Figure 3 a) and b) compares the harmonic content of Figure 2 and the idealized harmonic
content of Figure 1, and shows a small impact on the magnitude of the characteristic harmonics,

and the appearance of non-characteristic harmonics of all orders. Non-characteristic harmonics
are generated due to non-ideal operating conditions and have been well documented [12].
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a) Harmonic content of current waveform in Figure 1 (idealized conditions)
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b) Harmonic content of current waveform in Figure 2 (realistic conditions)

Figure 3 — Comparison of harmonic content of current
waveform under idealized and realistic conditions

Some of the listed factors have a non-linear influence on the harmonic content in the resultant
AC current waveform. The harmonic content can even be a cyclic function of some of the
variables as that parameter is varied from one extreme to the other.

From the above, it is evident that an analysis of the current waveform for any given operating
condition will not give a reasonable definition of the level of harmonics which can be expected
from a converter station. For a complete picture, the waveform should be established and the
harmonic content determined for every possible operating condition, taking into account all of
the factors above. A multitude of possible combinations of factors is possible, and therefore a
multitude of harmonic spectra.
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6.3 Calculation methodology
6.3.1 General

A typical method for calculating the harmonic currents is to construct mathematically the current
waveform resulting from one particular combination of all the parameters, and then to perform
a trigonometric Fourier analysis on this waveform to derive the harmonic content. One or more
of the parameters is then varied within a defined range and another Fourier analysis made. This
process is repeated for a very large number of combinations of all the variables. Where a
parameter (such as commutating reactance) may have a random value within a range, a random
choice of value may be made using for example a Monte Carlo technique. The harmonic
currents resulting from each Fourier analysis are compared, and the highest values resulting
from all the cases are then used.

Different methods of calculating harmonic generation may be used by different bidders. For the
purposes of bid evaluation, a standard method may be defined in the specification if the
customer wishes. However, the specification should also leave scope for the bidder to propose,
as an alternative, his favoured method, while being clear about which factors should be taken
into account.

In particular, the specification should state whether statistical methods may be used to derive
the values of harmonic currents due to the random differences between phases of parameters
such as firing angles and commutation reactances, and if so, what level of certainty should be
guaranteed. Typically, it is required that the magnitude of any non-characteristic harmonic used
in the calculations should not be exceeded in more than say 1 % of all possible cases, or that
it should not be less than, for example, 90 % of the extreme value calculated using the worst-
possible combination of parameters.

The impact of harmonic interaction across the converters is not easy to take into account using
such calculation methods which assume a given set of operating conditions.

6.3.2 Harmonic currents for performance, rating and other calculations

The frequency range and magnitudes of harmonic currents used in the calculations may differ
depending on their ultimate application. Sets of harmonic currents used for filter rating
calculations may be more onerous than other sets of harmonic currents used for the filter
performance, losses or audible noise calculations.

The specification should be clear in this respect. The main factors which may differ when
calculating harmonic currents for performance, or rating, or losses, etc. are
o the range of AC network voltage variation,

o the range of AC frequency variations, both steady-state and transient (this has a relatively
minor impact, affecting only the commutating reactance),

e level of AC system negative phase sequence voltage,

e levels of deviations from rated values (e.g. phase reactance tolerances),

e overload and short-time operating conditions of the converter,

e operation of the converter in reduced voltage, or high reactive power modes, if applicable,

e whether harmonic currents are to be calculated at nominal AC bus voltage or at any
operating point within the specified voltage range, and

e the time for which certain conditions can exist (for example, conditions which persist for less
than say 1 min to be disregarded for performance calculations).

Narrower ranges of AC voltage or frequency, and less onerous converter operating conditions
could be used for performance than for rating, for example. These aspects are discussed in
more detail in 6.4.
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