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INTERNATIONAL ELECTROTECHNICAL COMMISSION

ELECTROMAGNETIC COMPATIBILITY (EMC) -

Part 3-6: Limits —
Assessment of emission limits for the connection of distorting
installations to MV, HV and EHV power systems

FOREWORD

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.

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.

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.

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.

IEC provides no marking procedure to indicate its approval and cannot be rendered responsible for any
equipment declared to be in conformity with an IEC Publication.

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

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.

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.

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.

The main task of IEC technical committees is to prepare International Standards. However, a
technical committee may propose the publication of a technical report when it has collected
data of a different kind from that which is normally published as an International Standard, for
example "state of the art".

IEC/TR 61000-3-6, which is a technical report, has been prepared by subcommittee 77A: Low
frequency phenomena, of IEC technical committee 77: Electromagnetic compatibility.

This Technical Report forms Part 3-6 of IEC 61000. It has the status of a basic EMC
publication in accordance with IEC Guide 107 [29]1.

This second edition cancels and replaces the first edition published in 1996 and constitutes a
technical revision.

1

Figures in square brackets refer to the Bibliography.
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This edition is significantly more streamlined than first edition, and it reflects the experiences
gained in the application of the first edition. As part of this streamlining process, this second
edition of IEC/TR 61000-3-6 does not address communications circuit interference. Clause 9
on this (section 10) was removed, as this did not suitably address emission limits for
telephone interference. The scope has been adjusted to point out that IEC/TR 61000-3-6 does
not address communications circuit interference. This edition has also been harmonised with
IEC/TR 61000-3-7 [30] and IEC/TR 61000-3-13 [31].

The text of this technical report is based on the following documents:

Enquiry draft Report on voting
77A/575/DTR 77A/637/RVC

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

A list of all parts of the IEC 61000 series, under the general title Electromagnetic compatibility
(EMC), can be found on the IEC website.

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

The committee has decided that the contents of this publication will remain unchanged until
the maintenance result date indicated on the IEC web site under "http://webstore.iec.ch” in
the data related to the specific publication. At this date, the publication will be

* reconfirmed,

* withdrawn,

» replaced by a revised edition, or
*+ amended.

A bilingual version of this publication may be issued at a later date.

‘NV3ANg ATddNS 009 A9 A3ITddNS ‘ATNO NOILVYOOTSIHL 1V 3SN TYNYILNI J0d

FHOTVONYE/IHON VY - ‘PaHWIT NOD3IIW OL d3ISN3DIT



-6 - TR 61000-3-6 © IEC:2008(E)

INTRODUCTION

IEC 61000 is published in separate parts according to the following structure:

Part 1: General

General considerations (introduction, fundamental principles)
Definitions, terminology

Part 2: Environment

Description of the environment
Classification of the environment

Compatibility levels
Part 3: Limits

Emission limits

Immunity limits
(in so far as they do not fall under the responsibility of product committees)

Part 4: Testing and measurement techniques

Measurement techniques
Testing techniques

Part 5: Installation and mitigation guidelines

Installation guidelines
Mitigation methods and devices

Part 6: Generic standards
Part 9: Miscellaneous

Each part is further subdivided into several parts published either as International Standards
or as technical specifications or technical reports, some of which have already been published
as sections. Others will be published with the part number followed by a dash and a second
number identifying the subdivision (example: IEC 61000-6-1).
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ELECTROMAGNETIC COMPATIBILITY (EMC) -

Part 3-6: Limits —
Assessment of emission limits for the connection of distorting
installations to MV, HV and EHV power systems

1 Scope

This Technical Report, which is informative in its nature, provides guidance on principles
which can be used as the basis for determining the requirements for the connection of
distorting installations to MV, HV and EHV public power systems (LV installations are covered
in other IEC documents). For the purposes of this report, a distorting installation means an
installation (which may be a load or a generator) that produces harmonics and/or
interharmonics. The primary objective is to provide guidance to system operators or owners
on engineering practices, which will facilitate the provision of adequate service quality for all
connected customers. In addressing installations, this document is not intended to replace
equipment standards for emission limits.

The report addresses the allocation of the capacity of the system to absorb disturbances. It
does not address how to mitigate disturbances, nor does it address how the capacity of the
system can be increased.

Since the guidelines outlined in this report are necessarily based on certain simplifying
assumptions, there is no guarantee that this approach will always provide the optimum
solution for all harmonic situations. The recommended approach should be used with
flexibility and judgment as far as engineering is concerned, when applying the given
assessment procedures in full or in part.

The system operator or owner is responsible for specifying requirements for the connection of
distorting installations to the system. The distorting installation is to be understood as the
customer’s complete installation (i.e. including distorting and non-distorting parts).

Problems related to harmonics fall into two basic categories.

e Harmonic currents that are injected into the supply system by converters and harmonic
sources, giving rise to harmonic voltages in the system. Both harmonic currents and
resulting voltages can be considered as conducted phenomena.

e Harmonic currents that induce interference into communication systems. This
phenomenon is more pronounced at higher order harmonic frequencies because of
increased coupling between the circuits and because of the higher sensitivity of the
communication circuits in the audible range.

This report gives guidance for the co-ordination of the harmonic voltages between different
voltage levels in order to meet the compatibility levels at the point of utilisation. The
recommendations in this report do not address harmonic interference phenomena in
communication circuits (i.e. only the first of the above categories is addressed). These
disturbances need to be addressed in terms of international directives concerning the
Protection of Telecommunication Lines against Harmful Effects from Electric Power and
Electrified Railway Lines, International Telecommunication Union, ITU-T Directives [1]2 or in
terms of locally applicable standards such as [2], [3] or [4].

2 Figures in square brackets refer to the bibliography.
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NOTE The boundaries between the various voltage levels may be different for different countries (see
IEV 601-01-28 [32]). This report uses the following terms for system voltages:

low voltage (LV) refers to Un < 1 kV;

— medium voltage (MV) refers to 1 kV < Un < 35 kV;

high voltage (HV) refers to 35 kV < Un < 230 kV;
— extra high voltage (EHV) refers to 230 kV < Un.

In the context of this report, the function of the system is more important than its nominal voltage. For example, a
HV system used for distribution may be given a "planning level" which is situated between those of MV and HV
systems.

2 Normative references

The following referenced documents are indispensable for the application of this document.
For dated references, only the edition cited applies. For undated references, the latest edition
of the referenced document (including any amendments) applies.

IEC 60050(161), International Electrotechnical Vocabulary — Chapter 161: Electromagnetic
compatibility

3 Terms and definitions

For the purposes of this document, the following definitions apply as well as the definitions in
IEC 60050(161).

3.1

agreed power

value of the apparent power of the disturbing installation on which the customer and the
system operator or owner agree. In the case of several points of connection, a different value
may be defined for each connection point

3.2

customer

person, company or organisation that operates an installation connected to, or entitled to be
connected to, a supply system by a system operator or owner

3.3

(electromagnetic) disturbance

any electromagnetic phenomenon which, by being present in the electromagnetic
environment, can cause electrical equipment to depart from its intended performance

3.4

disturbance level

the amount or magnitude of an electromagnetic disturbance measured and evaluated in a
specified way

3.5

distorting installation

an electrical installation as a whole (i.e. including distorting and non-distorting parts) which
can cause distortion of the voltage or current into the supply system to which it is connected

NOTE For the purpose of this report, all references to distorting installations not only include linear and non-linear
loads, but generating plants, and any source of non-sinusoidal current emissions such as regenerative braking
systems,
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3.6

electromagnetic compatibility (EMC)

ability of an equipment or system to function satisfactorily in its electromagnetic environment
without introducing intolerable electromagnetic disturbances to anything in that environment

NOTE 1 Electromagnetic compatibility is a condition of the electromagnetic environment such that, for every
phenomenon, the disturbance emission level is sufficiently low and immunity levels are sufficiently high so that all
devices, equipment and systems operate as intended.

NOTE 2 Electromagnetic compatibility is achieved only if emission and immunity levels are controlled such that
the immunity levels of the devices, equipment and systems at any location are not exceeded by the disturbance
level at that location resulting from the cumulative emissions of all sources and other factors such as circuit
impedances. Conventionally, compatibility is said to exist if the probability of the departure from intended
performance is sufficiently low. See Clause 4 of IEC 61000-2-1 [33].

NOTE 3 Where the context requires it, compatibility may be understood to refer to a single disturbance or class of
disturbances.

NOTE 4 Electromagnetic compatibility is a term used also to describe the field of study of the adverse
electromagnetic effects which devices, equipment and systems undergo from each other or from electromagnetic
phenomena.

3.7

(electromagnetic) compatibility level

specified electromagnetic disturbance level used as a reference level in a specified
environment for co-ordination in the setting of emission and immunity limits

NOTE By convention, the compatibility level is chosen so that there is only a small probability (for example 5 %)
that it will be exceeded by the actual disturbance level.

3.8

emission

phenomenon by which electromagnetic energy emanates from a source of electromagnetic
disturbance

[IEV 161-01-08 modified]

NOTE For the purpose of this report, emission refers to phenomena or conducted electromagnetic disturbances
that can distort the supply voltage waveform.

3.9

emission level

level of a given electromagnetic disturbance emitted from a particular device, equipment,
system or disturbing installation as a whole, assessed and measured in a specified manner

3.10

emission limit

maximum emission level specified for a particular device, equipment, system or disturbing
installation as a whole

3.1

generating plant

any equipment that produces electricity together with any directly connected or associated
equipment such as a unit transformer or converter

3.12

immunity (to a disturbance)

ability of a device, equipment or system to perform without degradation in the presence of an
electromagnetic disturbance

3.13

immunity level

the maximum level of a given electromagnetic disturbance on a particular device, equipment
or system for which it remains capable of operating with a declared degree of performance
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3.14

non-linear load or equipment (see also distorting installation)

any load or equipment that draws a non-sinusoidal current when energised by a sinusoidal
voltage

3.15

normal operating conditions

operating conditions of the system or of the disturbing installation typically including all
generation variations, load variations and reactive compensation or filter states (e.g. shunt
capacitor states), planned outages and arrangements during maintenance and construction
work, non-ideal operating conditions and normal contingencies under which the considered
system or the disturbing installation have been designed to operate

NOTE Normal system operating conditions typically exclude: conditions arising as a result of a fault or a
combination of faults beyond that planned for under the system security standard, exceptional situations and
unavoidable circumstances (for example: force majeure, exceptional weather conditions and other natural
disasters, acts by public authorities, industrial actions), cases where system users significantly exceed their
emission limits or do not comply with the connection requirements, and temporary generation or supply
arrangements adopted to maintain supply to customers during maintenance or construction work, where otherwise
supply would be interrupted.

3.16

planning level

level of a particular disturbance in a particular environment, adopted as a reference value for
the limits to be set for the emissions from the installations in a particular system, in order to
co-ordinate those limits with all the limits adopted for equipment and installations intended to
be connected to the power supply system

NOTE Planning levels are considered internal quality objectives to be specified at a local level by those
responsible for planning and operating the power supply system in the relevant area.

3.17

point of common coupling (PCC)

point in the public supply system, which is electrically closest to the installation concerned, at
which other installations are, or could be, connected. The PCC is a point located upstream of
the considered installation

NOTE A supply system is considered as being public in relation to its use, and not its ownership.

3.18

point of connection (POC)

point on a public power supply system where the installation under consideration is, or can be
connected

NOTE A supply system is considered as being public in relation to its use, and not its ownership.

3.19

point of evaluation (POE)

point on a public power supply system where the emission levels of a given installation are to
be assessed against the emission limits. This point can be the point of common coupling
(PCC) or the point of connection (POC) or any other point specified by the system operator or
owner or agreed upon

NOTE A supply system is considered as being public in relation to its use, and not its ownership.

3.20

short circuit power

a theoretical value expressed in MVA of the initial symmetrical three-phase short-circuit power
at a point on the supply system. It is defined as the product of the initial symmetrical short-
circuit current, the nominal system voltage and the factor VY3 with the aperiodic component
(DC) being neglected
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3.21
spur
a feeder branch off a main feeder (typically applied on MV and LV feeders)

3.22

supply system

all the lines, switchgear and transformers operating at various voltages which make up the
transmission systems and distribution systems to which customers’ installations are
connected

3.23

system operator or owner

the entity responsible for making technical connection agreements with customers who are
seeking connection of load or generation to a distribution or transmission system

3.24

transfer coefficient (influence coefficient)

the relative level of disturbance that can be transferred between two busbars or two parts of a
power system for various operating conditions

3.25

voltage unbalance (imbalance)

in a polyphase system, a condition in which the magnitudes of the phase voltages or the
phase angles between consecutive phases are not all equal (fundamental component)
[IEV 161-08-09 modified]

NOTE In three phase systems, the degree of the inequality is usually expressed as the ratio of the negative and
zero sequence components to the positive sequence component. In this technical report, voltage unbalance is
considered in relation to three-phase systems and negative sequence only.

3.26

phenomena related definitions

the definitions below that relate to harmonics are based on the analysis of system voltages or
currents by the Discrete Fourier Transform method (DFT). This is the practical application of
the Fourier transform as defined in IEV 101-13-09 [28]

NOTE 1 The Fourier Transform of a function of time, whether periodic or non-periodic, is a function in the
frequency domain and is referred to as the frequency spectrum of the time function, or simply spectrum. If the time
function is periodic the spectrum is constituted of discrete lines (or components). If the time function is not
periodic, the spectrum is a continuous function, indicating components at all frequencies.

NOTE 2 For simplicity the definitions given in this report refer only to (inter)harmonic components, however, these
should not be interpreted as a restriction on the use of other definitions given in other IEC documents, for example,
IEC 61000-4-7 [11] where the reference to (inter)harmonic groups or subgroups are more appropriate for
measuring rapidly varying signals.

3.26.1

fundamental frequency

frequency in the spectrum obtained from a Fourier transform of a time function, to which all
the frequencies of the spectrum are referred. For the purpose of this technical report, the
fundamental frequency is the same as the power supply frequency

NOTE In the case of a periodic function, the fundamental frequency is generally equal to the frequency
corresponding to the period of the function itself.

3.26.2
fundamental component
component whose frequency is the fundamental frequency
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3.26.3

harmonic frequency

frequency which is an integer multiple of the fundamental frequency. The ratio of the harmonic
frequency to the fundamental frequency is the harmonic order (recommended notation: “h”)

3.26.4

harmonic component

any of the components having a harmonic frequency. For brevity, such a component may be
referred to simply as a harmonic

3.26.5
interharmonic frequency
any frequency which is not an integer multiple of the fundamental frequency

NOTE 1 By extension from harmonic order, the interharmonic order is the ratio of an interharmonic frequency to
the fundamental frequency. This ratio is not an integer. (Recommended notation “m”).

NOTE 2 In the case where m < 1 the term subharmonic frequency may be used.

3.26.6

interharmonic component

component having an interharmonic frequency. For brevity, such a component may be
referred to simply as an “interharmonic”

3.26.7

total harmonic distortion — THD

ratio of the r.m.s. value of the sum of all the harmonic components up to a specified order (H)
to the r.m.s. value of the fundamental component

Q represents either current or voltage,

Q, is the r.m.s. value of the fundamental component,

h is the harmonic order,

Qy, is the r.m.s. value of the harmonic component of order h,
H is generally 40 or 50 depending on the application.

4 Basic EMC concepts related to harmonic distortion

The development of emission limits (voltage or current) for individual equipment or a
customer’s installation should be based on the effect that these emission limits will have on
the quality of the voltage. Some basic concepts are used to evaluate voltage quality. In order
for these concepts to be used for evaluation at specific locations, they are defined in terms of
where they apply (locations), how they are measured (measurement duration, sample times,
averaging durations, statistics), and how they are calculated. These concepts are described
hereafter and illustrated in Figures 1 and 2. Definitions may be found in IEC 60050(161).

4.1 Compatibility levels

These are reference values (see Table 1) for co-ordinating the emission and immunity of
equipment which is part of, or supplied by, a supply system in order to ensure the EMC in the
whole system (including system and connected equipment). Compatibility levels are generally
based on the 95 % probability levels of entire systems, using statistical distributions which
represent both time and space variations of disturbances. There is allowance for the fact that
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the system operator or owner cannot control all points of a system at all times. Therefore,
evaluation with respect to compatibility levels should be made on a system-wide basis and no
assessment method is provided for evaluation at a specific location.

The compatibility levels for harmonic voltages in LV and MV systems are reproduced below
from references IEC 61000-2-2 [5] and IEC 61000-2-12 [6]. These compatibility levels shall be
understood to relate to quasi-stationary or steady-state harmonics, and are given as reference
values for both long-term effects and very-short-term effects.

— The long-term effects relate mainly to thermal effects on cables, transformers, motors,
capacitors, etc. They arise from harmonic levels that are sustained for 10 min or more.

— Very short-term effects relate mainly to disturbing effects on electronic devices that may
be susceptible to harmonic levels sustained for 3 s or less. Transients are not included.

With reference to long-term effects, the compatibility levels for individual harmonic
components of the voltage are given in Table 1. The compatibility level for the total harmonic
distortion is THD = 8 %.

Table 1 — Compatibility levels for individual harmonic voltages in low and medium
voltage networks (percent of fundamental component) reproduced from
IEC 61000-2-2 [5] and IEC 61000-2-12 [6]

Odd harmonics Odd harmonics .
. X Even harmonics
non-multiple of 3 multiple of 3
Harmonic Harmonic Harmonic Harmonic Harmonic Harmonic
order voltage order voltage order voltage
h % h % h %
5 6 3 5 2 2
7 5 9 1,5 4 1
11 3,5 15 0,4 6 0,5
13 3 21 0,3 8 0,5
17 10
17<h £49 2,27»T—0,27 21<h <45 0,2 10<h <50 0,25»?+0,25
NOTE The compatibility level for the total harmonic distortion is THD = 8 %.

With reference to the very-short term effects (3 s or less), the compatibility levels for
individual harmonic components of the voltage are the values given in Table 1 multiplied by a
factor ks, Where ks is calculated as follows:

0,7

Khvs =13+ -——(h-5
hvs 45 ( ) (1)

The compatibility level for the total harmonic distortion for very short-term effects is THD =
11 %.

Compatibility levels are not defined in IEC for HV and EHV systems.

4.2 Planning levels
4.2.1 Indicative values of planning levels

These are harmonic voltage levels that can be used for the purpose of determining emission
limits, taking into consideration all distorting installations. Planning levels are specified by the
system operator or owner for all system voltage levels and can be considered as internal
quality objectives of the system operator or owner and may be made available to individual
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customers on request. Planning levels for harmonics are equal to or lower than compatibility
levels and they should allow co-ordination of harmonic voltages between different voltage
levels. Only indicative values may be given because planning levels will differ from case to
case, depending on system structure and circumstances. Indicative values of planning levels
for harmonic voltages are shown in Table 2.

Table 2 - Indicative planning levels for harmonic voltages (in percent of the
fundamental voltage) in MV, HV and EHV power systems

Odd harmonics Odd harmonics Even harmonics
non-multiple of 3 multiple of 3
. H . It . Harmonic . H . It
Harmonic armonic voitage Harmonic voltage Harmonic armonic voftage
order % order % order %
h h h
Mv HV-EHV Mv HV-EHV MV HV-EHV
5 5 2 3 4 2 2 1,8 1,4
7 4 2 9 1,2 1 4 1 0,8
11 3 1,5 15 0,3 0,3 6 0,5 0,4
13 2,5 1,5 21 0,2 0,2 8 0,5 0,4
17
17<h <49 1,9~T—0,2 1,2‘% 21<h <45 0,2 0,2 10<h <50 0,25-%+0,22 0,19-%+O,16

The indicative planning levels for the total harmonic distortion are
THDpy = 6,5% and THDHy_EHY =3 %

NOTE 1 For some higher order harmonics, care should be exercised when specifying very low values such as
0,2 % because of practical limitations of measurement accuracy mainly at HV-EHV. Furthermore, depending on
system characteristics a margin should exist between MV, HV and EHV planning levels in order to allow
coordinating emission of disturbances between different voltage levels (measurement results can be used as a
basis to determine appropriate margin).

NOTE 2 The planning levels in Table 2 are not intended to control harmonics arising from exceptional events such
as geomagnetic storms, etc.

NOTE 3 In some countries, planning levels are defined in national standards or guidelines.

NOTE 4 Voltage characteristics that are quasi-guaranteed levels exist in some countries for MV and HV systems.
They are generally selected to be higher than the planning levels [7].

With reference to very short term effects of harmonics (3 s or less), planning levels for
individual harmonics should be multiplied by a factor ks as given by Equation (1).

Where national circumstances make it appropriate depending on system characteristics,
intermediate values of planning levels may be needed between the MV, HV and EHV values
due to the possibly wide range of voltage levels included in HV-EHV (>35 kV). Additionally, an
apportioning of planning levels between HV and EHV may also be necessary to take account
of the impact on HV systems of disturbing installations connected at EHV. In this case,
planning levels at EHV should be set at lower values than those given in the above table.

More guidance for adapting MV planning levels to specific system characteristics can be
found in Annex B. An example of the method for sharing planning levels between different
parts of an HV-EHV system is also given in Annex D.

The remainder of this report outlines procedures for using these planning levels to establish
the emission limits for individual customer distorting installations.
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4.2.2 Assessment procedure for evaluation against planning levels

The measurement method to be used for harmonic and inter-harmonic measurements is the
class A method specified in IEC 61000-4-30 [12] and related IEC 61000-4-7 [11] The data
flagged in accordance with IEC 61000-4-30 should be removed from the assessment. For
clarity, where data is flagged the percentile used in calculating the indices defined below is
calculated using only the valid (unflagged) data.

The minimum measurement period is one week of normal business activity. The monitoring
period should include some part of the period of expected maximum harmonic levels.

One or more of the following indices may be used to compare the actual harmonic levels with
the planning levels. More than one index may be needed for planning levels in order to
assess the impact of higher emission levels allowed for shorter periods of time such as during
bursts or start-up conditions.

— The 95 % weekly value of Uyg, (r.m.s. value of individual harmonics over "short" 10 min
periods) should not exceed the planning level.

— The greatest 99 % probability daily value of Uy, (r.m.s. value of individual harmonic
components over "very short" 3 s periods) should not exceed the planning level times the
multiplying factor ks given in Equation (1) with reference to the compatibility levels given
for very short time effects of harmonics.

NOTE 1 Harmonics are generally measured up to the 40th or 50th, depending on the application. In most cases,
this is adequate for evaluating the distorting effects of power disturbances. However, higher order harmonics up to
the 100th order can be an important concern in some cases. Examples include:

- large converters with voltage notching;
- large installations with converters of high pulse numbers (e.g. aluminium plants);

- power electronic equipment with PWM converters interfacing with the power system.

Such cases can result in induced noise interference in neighbouring sensitive appliances (e.g. sensors,
communication systems, etc.). It is generally found that higher order harmonics vary more with location and with
time than lower order harmonics. In many cases, high order harmonics are produced by a single disturbing
installation, often in combination with power system resonance. There may be a need for more extensive
evaluations when higher order harmonics are a concern.

NOTE 2 For harmonic measurement, the accuracy of the whole measurement chain needs to be considered.
Apart from the monitor itself, transducers should be suitable for harmonic measurements (avoid clipping and
distortion for the magnitude and frequency range to be measured). The existing current and voltage transformers
for metering and protection purposes on MV and HV-EHV systems are not always suitable for harmonic
measurements (especially when frequency is above 1 kHz).

4.3 lllustration of EMC concepts

The basic concepts of planning and compatibility levels are illustrated in Figure 1 and
Figure 2. They are intended to emphasize the most important relationships between the basic
variables.

Within an entire power system it is inevitable that some level of interference will occur on
some occasions, hence there is a risk of overlapping between the distributions of disturbance
levels and immunity levels (see Figure 1). Planning levels for harmonics are generally equal
to or lower than the compatibility level. They are specified by the system operator or owner.
Immunity test levels are specified by relevant standards or agreed upon between
manufacturers and customers.
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[ Compatibility level
Immunity
Planning | test
levels levels
Probability /\ /\
density
Equipment
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disturbance level
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Disturbance level -~
IEC 091/08
Figure 1 — lllustration of basic voltage quality concepts with time/

location statistics covering the whole system
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Planning
level

Assessed l
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IEC 092/08
Figure 2 - lllustration of basic voltage quality concepts with time

statistics relevant to one site within the whole system

As Figure 2 illustrates, the probability distributions of disturbance and immunity levels at any
one site are normally narrower than those in the whole power system, so that at most
locations there is little or no overlap of disturbance and immunity level distributions.
Interference is therefore not generally a major concern, and equipment is anticipated to
function satisfactorily. Electromagnetic compatibility is therefore more probable than Figure 1
appears to suggest.

4.4 Emission levels

The co-ordination approach recommended in this report relies on individual emission levels
being derived from the planning levels. For this reason, the same indices are applied both
when evaluating actual measurements against the emission limits and against the planning
levels.

One or more of the following indices can be used to compare the actual emission level with
the customer’s emission limit. More than one index may be needed in order to assess the
impact of higher emission levels allowed for short periods of time such as during bursts or
start-up conditions.

e The 95 % weekly value of Upg, (or lig), the r.m.s. value of individual harmonics over
"short" 10 min periods, should not exceed the emission limit.
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e The greatest 99 % probability daily value of Uy, (or l,), the r.m.s. value of individual
harmonic components over "very short" 3 s periods, should not exceed the emission limit
multiplied by the factor k¢ given in Equation 1. With reference to very short time effects
of harmonics, use of the very-short time index for assessing emissions is only needed for
installations having a significant impact on the system, so use of this index could be
dependant on the ratio between the agreed power of the installation and the short-circuit
power of the system (i.e. S;/Sg.).

In order to compare the level of harmonic emissions from a customer’s installation with the
emission limits, the minimum measurement period should be one week. However, shorter
measurement periods might be needed for assessing emissions under specific conditions.
Such shorter periods should represent the expected operation over the longer assessment
period (i.e. a week). In any case, the measurement period shall be of sufficient duration to
capture the highest level of harmonic emissions which is expected to occur. If the harmonic
level is dominated by one large item of equipment, the period should be sufficient to capture
at least two complete operating cycles of this equipment. If the harmonic level is caused by
the summation of several items of equipment, the period should be at least one operating
shift.

Where significant, the following factors should also be taken into account (see also 6.2 , 6.3
and subclauses).

e Distorting equipment with normally expected non-ideal characteristics (normally power
electronic) due to defects in manufacturing, operation and control.

e Harmonic filter detuning.
e Capacitor banks within the installation and their contribution to harmonic resonances.

¢ Interactions between different equipment within the installation.

The measurement method to be used is the class A measurement method defined in
IEC 61000-4-30 [12] and associated IEC 61000-4-7 [11] for harmonics and inter-harmonics.
The data flagged in accordance with |IEC 61000-4-30 should be removed from the
assessment. For clarity, where data is flagged the percentile used in calculating the indices
defined above is calculated using only the valid (unflagged) data. When the signal to be
analysed is rapidly varying (e.g. the current drawn by an arc furnace) the measurement of
(inter) harmonic groups and subgroups should be used as described in IEC 61000-4-7, rather
than the harmonic components.

At each (inter)harmonic frequency, the emission level from a distorting installation is the
(inter)harmonic voltage (or current) assessed according to Clause 6.

5 General principles

The proposed approach for setting emission limits of distorting installations depends on the
agreed power of the customer, the power of the harmonic-generating equipment, and the
system characteristics. The objective is to limit the harmonic injection from the total of all
distorting installations to levels that will not result in voltage distortion levels that exceed the
planning levels. Three stages of evaluation are defined which may be used in sequence or
independently.

5.1 Stage 1: simplified evaluation of disturbance emission

It is generally acceptable for a customer to install small appliances without specific evaluation
of harmonic emission by the system operator or owner. Manufacturers of such appliances are
generally responsible for limiting the emissions. For instance, IEC 61000-3-2 [8] and
IEC 61000-3-12 [9] are product family standards that define harmonic emission limits for
equipment connected to LV systems. There are currently no emission standards for MV
equipment for the following reasons:

e medium voltage varies between 1 kV and 35 kV; and
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e no reference impedance has been internationally defined for medium voltage systems.

Even without a reference impedance, it is possible to define conservative criteria for quasi-
automatic acceptance of small size distorting installations on MV systems (and HV systems
too). Indeed, if the total distorting installation, or the customer’s agreed power, is small
relative to the short circuit power at the point of evaluation, it should not be necessary to carry
out detailed evaluation of the harmonic emission levels. A more refined approach is to
calculate a "weighted distorting power" (see 8.1.2) as a criterion to determine the acceptability
at stage 1 of the total distorting equipment connected within the customer’s facility.

In 8.1 and 9.1, specific criteria are developed for applying stage 1 evaluation.

5.2 Stage 2: emission limits relative to actual system characteristics

If an installation does not meet stage 1 criteria, the specific characteristics of the harmonic
generating equipment within the customer’s installation should be evaluated together with the
absorption capacity of the system. The absorption capacity of the system is derived from the
planning levels, and is apportioned to individual customers according to their demand with
respect to the total system capacity. The disturbance level transferred from upstream voltage
levels of the supply system to lower voltage levels should also be considered when
apportioning the planning levels to individual customers.

The principle of this approach is that, if the system is fully utilised to its designed capacity and
all customers are injecting up to their individual limits, the total disturbance levels will be
equal to the planning levels taking into account transfer factors between different voltage
levels and the summation of various harmonic producing installations. A procedure for
apportioning the planning levels to individual customers is outlined in Clause 8 and Clause 9.

NOTE If the capacity of the system increases in the future, the emission levels of individual customers should
become lower. It is important therefore, where possible, to consider future expansions of the system.

5.3 Stage 3: acceptance of higher emission levels on a conditional basis

Under some circumstances, a customer may require acceptance to emit disturbances beyond
the basic limits allowed in stage 2. In such a situation, the customer and the system operator
or owner may agree on special conditions that facilitate connection of the distorting
installation. A careful study of the actual and future system characteristics will need to be
carried out in order to determine these special conditions.

5.4 Responsibilities

In the context of this report from the EMC point of view, the following responsibilities are
defined.

e The customer is responsible for maintaining his emissions at the specified point of
evaluation below the limits specified by the system operator or owner.

e The system operator or owner is responsible for the overall co-ordination of disturbance
levels under normal operating conditions in accordance with national requirements. For
evaluation purposes the system operator or owner should, where required, provide
relevant system data such as harmonic impedance or the necessary data to calculate this
(see 6.4), short-circuit levels, and existing levels of distortion. The evaluation procedure is
designed in such a way that the harmonic emissions from all distorting installations do not
cause the overall system harmonic voltage levels to exceed the planning and compatibility
levels. However, given specific local conditions and the assumptions that are necessary in
this evaluation procedure, there is no guarantee that the recommended approach will
always avoid exceeding the levels.

e Finally, the system operator or owner and customers should co-operate when necessary in
the identification of the optimum method to reduce emissions. The design and choice of
method for this reduction are the responsibility of the customer.
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NOTE This report is mainly concerned with emissions. However, harmonic absorption may also be a problem if
filters or capacitor banks are connected without due consideration for their interaction with the harmonics normally
present in the power system. The problem of harmonic absorption is also part of the customer’s responsibility.

6 General guidelines for the assessment of emission levels

6.1 Point of evaluation

The point of evaluation (POE) is the point where the emission levels of a given customer’s
installation are assessed for compliance with the emission limits. This is also a point within
the considered power system at which the planning levels are defined. This point could be the
point of connection (POC) or the point of common coupling (PCC) of the disturbing installation
or any other point specified by the system operator or owner or agreed upon. More than one
point of evaluation may also be specified for a given customer’s installation depending on the
system structure and characteristics of the installation. In this case, the evaluation should be
made considering the system characteristics and agreed powers applicable to the different
evaluation points.

NOTE 1 It should be noted, however, that for the determination of the emission limits and for the evaluation of the
emission levels it is often necessary to take account of system characteristics (such as the impact of resonance at
remote points in the system) beyond the point of evaluation.

NOTE 2 Depending on the location of the point of common coupling compared to the point of connection of the
distorting installation, harmonic voltage might be higher at the latter.

NOTE 3 It should be remembered that, as voltage characteristics or contracted limits apply at the point of
connection, these should be taken into consideration in discussions between the parties.

6.2 Definition of harmonic emission level

The harmonic emission level from an installation into the power system is the magnitude of
the harmonic voltage (or current) vector at each harmonic frequency, which is caused by the
considered installation at the point of evaluation. This is illustrated in Figure 3 by the vector
Un and its contribution (together with the harmonic vector caused by all other sources of
harmonics when the installation under consideration is not connected to the system) to the
measured harmonic vector at the point of evaluation, once the installation has been
connected.

Uh(post-connection)

Uh(pre—connection)

IEC 093/08

Figure 3 - lllustration of the emission vector U,; and its contribution to the measured
harmonic vector at the point of evaluation

Where the harmonic emission vector results in increased levels of harmonic distortion on the
network, the emission level as defined above (i.e. |Uy|) is required to be less than the
emission limits assessed according to the relevant clauses in this document.

NOTE 1 The interaction between the supply system and customer’s installation may in some cases result in
amplification or in reduction of the voltage distortion levels at a given harmonic order (i.e. due to the creation of a
parallel or a series resonance condition). This is possible even where the plant itself does not generate harmonics
of this order. As this document addresses the EMC co-ordination requirements, such resonance situations need to
be taken into consideration in the assessment of actual emission levels.

NOTE 2 Harmonic voltages or currents produced by different installations might not be in phase. This is
addressed in Clause 7 and 8.3.
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NOTE 3 If the installation exceeds the harmonic voltage emission limits it may be because
1) the system impedance is high due to the presence of harmonic resonance conditions,
2) the installation is resonating with the supply system, or

3) the harmonic currents generated by the installation are too high.

NOTE 4 For the pre-connection assessment of emission levels, the customer plant is considered only as a source
of harmonic current. Harmonic current and/or voltage limits are also defined based on this assumption. During a
post-connection assessment, the plant characteristics include those of its internal sources of harmonic current, as
well as its impedance (giving rise to the possibility of resonance with the system).

6.3 Assessment of harmonic emission levels

This subclause is intended to provide general guidance on the assessment of harmonic
emissions from distorting installations, taking account of various operating and non-ideal
conditions that may exist on power systems and customer installations. More details on the
assessment of the emission levels are given in references [13] and [14].

The pre-connection assessment of the harmonic emission level for an installation can be
determined using basic assumptions about the characteristics of the system and the
customer’s installations. However, this calculated value is likely to be different from the actual
emission level that will be observed when the installation is connected to the system, i.e., the
actual emission level could be higher or lower than the calculated value. Therefore, it may be
necessary to assess the level of emissions that will be present when the installation is
connected to the system.

6.3.1 Operating conditions

The assessment of harmonic emission levels from distorting installations should consider the
worst normal operating conditions including asymmetries and contingencies for which the
system or the customer’s installation is designed to operate and that may last for a specified
percentage of the time, for example more than 5 % of time based on a statistical average (an
example is the prolonged outage of one 6-pulse rectifier unit in a large multiphase rectifier
plant). Additionally, for large installations compared to the system size (e.g., Ssc/S; <30. Note
that the ratio of 30 can be adjusted to meet specific conditions), it may also be necessary to
assess emission levels for occasional operating conditions lasting less than 5 % of time.
However, higher emission limits may be allowed under such occasional conditions or during
start-up or burst conditions (e.g., 1,5 to 2 times).

For simple cases, the harmonic injection from a given distorting customer’s installation can be
assessed by using the maximum current at each harmonic and interharmonic frequency that
can be produced over the possible range of operation of each piece of equipment. For large
installations, this approach may lead to excessively conservative results. Alternatively, a set
of harmonic and interharmonic currents consistent with the most onerous and simultaneous
operating modes of all pieces of equipment that may realistically occur simultaneously can be
considered for assessing the maximum harmonic injection.

6.3.2 Asymmetries and non-ideal conditions

In practical situations, it is inevitable that some degree of asymmetry will be present in the
supply system and in the customer’s equipment, which will result in the generation of non-
characteristic harmonics. These non-characteristic harmonics may be small relative to the
characteristic harmonics, but for certain types of installations such as constantly varying
loads, and large rectifier plants using high pulse number rectifiers, they can dominate and be
amplified due to resonance with the filters. Hence, these non-characteristic harmonics need to
be included in the assessment of emission levels.

The following non-ideal conditions should be considered as minimum conditions for assessing
the performance of a distorting installation with respect to harmonic emissions (note that for
the rating of an equipment and/or apparatus such as transformers, capacitors, reactors, filters

FHOTVONYE/IHON VY - ‘PaHWIT NOD3IIW OL d3ISN3DIT

‘NV3ANg ATddNS 009 A9 A3ITddNS ‘ATNO NOILVYOOTSIHL 1V 3SN TYNYILNI J0d



—22- TR 61000-3-6 © IEC:2008(E)

etc., the criteria may be different from those given below which relate to performance instead
of rating).

e Frequent or prolonged reduction of the pulse number in an installation due to the outage
or the unbalanced operation of some of the converters forming a higher pulse number
installation, thus increasing low order harmonics such as 5, 7, 11, 13, etc.

e Supply voltage unbalance: the presence of a negative sequence component of
fundamental frequency on a three-phase supply voltage will usually produce odd-triple
harmonics of positive and/or negative sequence. Generally a voltage unbalance factor
(1 % to 2 % depending on the voltage level) should be considered for the non-ideal steady
state operation of the power system. In some MV networks with single-phase spurs, an
unbalance factor of up to 3 % may be considered, where indicated by the system operator
or owner.

e Converter transformers and commutating impedance unbalance: manufacturing tolerances
on the turns ratio (turns ratio not exactly equal to V3) and on the reactance between two
transformers of a 12-pulse converter produces non-characteristic harmonics normally only
associated with a 6-pulse converter. Asymmetry of the commutating impedance between
phases produces non-characteristic harmonics that also depend on the transformer
winding connections.

e Firing angles asymmetries: the variations of the valve firing instants can give rise to a
wide spectrum of harmonics. The deviation in firing angles between valves depends on the
particular design of the firing circuits.

e Filter detuning: when harmonic filters are required in order to comply with emission limits,
the assessment of harmonic disturbances should also consider detuning effects, namely
due to

— the variation of the power frequency that may occur in steady state operation,

— the initial mistuning due to manufacturing tolerances and changes in filter component
values due to ambient temperature variations,

— ageing of filter components,

— planned switching operations of the filters and capacitor banks with the variation of
load.

6.4 System harmonic impedance

Information on the system harmonic impedance is a prerequisite both for the system operator
or owner for assessing emission limits and for the customer in order to assess the emission
levels of the considered installation. With reference to how the harmonic impedance is to be
used, it is possible to identify three different kinds.

6.4.1 Impedance for converting emission limits from voltage to current

For converting emission limits from voltage into current limits, there are two ways to assess
the harmonic system impedance depending on the size of the distorting installation and the
system characteristics:

e For general application, a declared or generic system harmonic impedance covering
different types of systems, different voltage levels, etc. may be used by the system
operator or owner in order to define generic sets of emission limits based on typical
system characteristics. Correction factors may be introduced when needed to compensate
for other than generic system characteristics (e.g. an amplification factor based on typical
resonance conditions for such networks). This application is generally better at lower
system voltages, where damping of resonant conditions tends to be better than at HV and
particularly at EHV.

e For large installations compared to system size especially at HV-EHV, the best estimate of
the maximum harmonic impedance of the system over the worst operating conditions at
the point of evaluation can also be used. It may also include an assessment of the impact
on remote points in the network.
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In any case, exceptionally low values of harmonic impedance should be disregarded as they
often relate to series resonance for which the harmonic voltage may exceed planning levels in
other parts of the system. In this case, the impedance value should be disregarded and be
replaced by a default value (for example Z; * h, where h is the harmonic order and Z, the
system impedance at the fundamental frequency).

6.4.2 Impedance for pre-connection assessment of emission levels

For enabling a pre-connection assessment of the harmonic emission levels for large
disturbing installations in particular, the system harmonic impedances at the point of
evaluation can be obtained by simulation for various system operating conditions (including
future conditions). In some cases this impedance may be based on the short-circuit
impedance and in other cases (e.g. in the case of large installations) the locus of the
harmonic impedance, or the data to calculate this, should be provided. Particularly for large
installations (or small S4/S; ratio), it is important to properly assess the possibility of
resonance so that filters/capacitors can be designed as to avoid problems or damage (not
only system resonance, but also resonance between the considered filters or capacitors and
the supply system) . It is necessary to consider the range of variation of harmonic impedance
not only the maximum impedance values in order to identify possible resonance. The range of
variation of the phase angle of the harmonic impedance characterizes the resistive part of the
impedance and defines the damping in case of resonance.

6.4.3 Impedance for assessing actual emission levels

For assessing the actual emission levels from a given distorting installation, the actual system
harmonic impedance can be measured or calculated for use in combination with other
measured parameters in order to assess the actual emission levels.

6.4.4 General guidelines for assessing the system harmonic impedance

Most distorting installations behave as sources of harmonic currents. Knowledge of the
harmonic impedance of the system, as seen from the point of evaluation, is necessary to
predict the harmonic voltages that will appear at that point when the installation is connected.
The following indications relate to the cases described in 6.4.2 and 6.4.3 above, where the
system harmonic impedance is needed to assess the emission levels from a large distorting
installation.

The assessment of the harmonic impedance can be a very complex problem. Several
measurement and calculation methods are available, see [15], [16], [17] and [18], but none is
entirely satisfactory. Furthermore, the harmonic impedance of the system may vary
significantly with time. So when important changes are expected between the present and the
future system configuration, a different set of harmonic impedance data should be provided in
order for the customer to assess his emission levels for both situations and to achieve an
optimal design of his equipment.

For enabling a pre-connection assessment of emission levels, the harmonic impedance of the
system needs to be determined, usually obtained by simulation. As for the assessment of
emission levels, the determination of the system harmonic impedance should consider the
different normal operating conditions including system abnormal operating conditions where
these situations may last for a specified portion of the time, for example more than 5 % of
time annually based on a statistical average. Known or foreseeable future system changes
should be included.

In particular, the various reactive compensation or filter states (e.g. shunt capacitor states)
have to be considered (in the latter case, these states should correspond with the system
loading normally associated with these states, for example a lightly loaded system may give
rise to significant harmonic amplification).

The variations of the system harmonic impedance due to the tolerance on the electrical
parameters of the network components and inaccuracies in the modelling should be
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accounted for by assessing the impedance over an equivalent frequency range of deviation
for each harmonic (the tolerance on the inductive and capacitive components of the apparatus
can be converted in terms of equivalent frequency deviations). For high harmonic orders, this
should also allow considering possible resonance between some harmonic frequencies.

Where required (e.g. for large installations) the system harmonic impedance data should be
given in the form of a locus or a table giving the minimum and maximum expected magnitude
and phase angle variations of impedance over the harmonic range of interest, or the network
data needed to calculate this impedance data provided. The disturbing installation under
consideration is generally not well known at the early stage of a pre-connection assessment.
Hence it is customary to provide the system harmonic impedance without including the effect
of the disturbing installation to be assessed. Once the customer has achieved his preliminary
design, he can combine the harmonic impedance of his own installation with that of the
system in order to evaluate his emission levels, taking into account the possible resonance
that his installation might create with the supply system.

In addition to the above considerations, the following factors may also affect the impedance:

e The short circuit equivalent at the substation tends to be the dominating inductance when
calculating resonance frequencies on MV systems.

e Without shunt capacitor banks, resonances are determined by the capacitance of cables
and overhead lines. Without significant cable lengths, these resonances will typically be
above the 13th harmonic.

e Shunt capacitor banks on the system create resonances at lower order harmonic
frequencies. It is not uncommon for the most important resonance to be at the fifth
harmonic or below.

e MYV systems that supply a mix of residential, commercial, and industrial loads typically
exhibit damping characteristics that prevent high magnification (in excess of 2-3) at the
low order resonance frequencies.

e Some MV systems that supply primarily industrial load may have less damping and
resonances can cause higher magnification levels.

Other customers' facilities also affect the system harmonic impedance. Special attention
should be paid to their capacitor banks, which can modify resonances or create additional
ones. This is particularly important when the capacitor banks are connected within the
customer installation. The system operator or owner generally will not have complete
information about existing customers' facilities, so they can only provide approximate
information.

7 General summation law

The co-ordination of conducted disturbances requires the adoption of hypotheses relevant to
the summation of the disturbances produced by various installations. In the case of harmonic
disturbances, the actual harmonic voltage (or current) at any point on a system is the result of
the vector sum of the individual components of each source.

On the basis of experience, a general summation law can be adopted for both harmonic
voltage and current. The law for resulting harmonic voltage of order h is:

Un =¢> 0% (2)

NOTE The same equation can be used for the summation of harmonic current.

where
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U, is the magnitude of the resulting harmonic voltage (order h), for the considered
aggregation of sources (probabilistic value);

U, is the magnitude of the various individual emission levels (order h) to be combined,;
a is an exponent depending mainly upon 2 factors:

— the chosen value of the probability for the actual value not to exceed the calculated
value;

— the degree to which individual harmonic voltages vary randomly in terms of
magnitude and phase.
Taking into account:

— Harmonic emission co-ordination mainly refers to 95 % non-exceeding probability
values.

— Sources which combine in emission correspond to
— those of major installations connected to MV/LV distribution systems,
— disturbances transferred from one voltage level of the system to another,
— the aggregated global emission of many LV installation.

— Low order odd harmonics have

— magnitudes that are significant almost everywhere in the systems and remain
generally stable for long periods,

— phase angles with a relatively narrow variation range (limited variations at the
sources; limited variations due to the propagation in the system if no low-frequency
resonance occurs).

High order harmonics vary widely in magnitude and phase angle.

On the basis of the information available to date, the following set of exponents can be
adopted in the absence of further specific information:

Table 3 — Summation exponents for harmonics (indicative values)

Harmonic order o
h<5 1
5<h<10 1,4
h>10 2

NOTE 1 When it is known that the harmonics are likely to be in phase (i.e. phase angle differences less than 90°),
then an exponent o = 1 should be used for order 5 and above.

NOTE 2 Conversely, some low order non-characteristic harmonics (e.g. 3™) may have different causes that are
unlikely to produce in-phase harmonics, therefore an exponent higher than 1 could be used for these cases (e.g. a
=1,2).

NOTE 3 Higher summation exponents can be used for even harmonics that are less likely to be in phase (for
h < 10).

8 Emission limits for distorting installations connected to MV systems

8.1 Stage 1: simplified evaluation of disturbance emission

In stage 1, the connection of small installation or installations with only a limited amount of
distorting equipment can be accepted without detailed evaluation of the emission
characteristics or the supply system response.
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Two possible criteria are given in this subclause for Stage 1 evaluation. If the assumptions
related to 8.1.1 or 8.1.2 are in doubt then it will be necessary to conduct an assessment
according to Stage 2 criteria given in 8.2.

8.1.1 Agreed power as a criterion
If the following condition is fulfilled:
S
SSC

(S; = agreed power of customer i and S = short circuit power at the point of evaluation), then
any distorting installation may be connected to the supply system without further examination.

<0,2% (3)

NOTE Ssc may be calculated (or measured) for the specific point of evaluation, or may be estimated for typical
MV system with similar characteristics to that under consideration.

The figure of 0,2 % is based on a number of assumptions.

— The system is currently operating with a level of distortion sufficiently below the
planning level that the connection of the new installation will not cause the planning
level to be exceeded.

— The amplification as a result of resonance is not expected to exceed a factor of two.

— There is no risk of interference with other customers / system equipment caused by
connection of the new installation.

8.1.2 Weighted distorting power as a criterion
This approach involves calculating a "weighted distorting power", Sp,,;, to characterize the

amount of distorting equipment within the customer’s facility. This can be done using the
weighting factors Wj in Table 4 for common types of harmonic producing equipment.

The weighted distorting power is calculated as follows:
Spwi = Spj* W, (4)
]

where Sp; is the power of each distorting equipment (j) in the facility (i).

If the characteristics of the harmonic producing equipment are unknown, a weighting of 2,5
can be assumed.

Acceptance of a customer’s installation under stage 1 may be determined by comparing the
weighted distorting power with the short-circuit power at the point of evaluation. The following
conservative criterion can be used for acceptance under stage 1:

Sowi < 029 (5)

SC

‘NV3ANg ATddNS 009 A9 A3ITddNS ‘ATNO NOILVYOOTSIHL 1V 3SN TYNYILNI J0d

FHOTVONYE/IHON VY - ‘PaHWIT NOD3IIW OL d3ISN3DIT



TR 61000-3-6 © IEC:2008(E) _27-

Table 4 — Weighting factors Wj for different types of harmonic producing equipments

Typical equipment Typical Typical Weighting
connected to LV, MV or HV current waveform current THD Factor (W)
al ]

Single phase ‘ / ‘ 80 % 2,5
power supply 1 F (high 3rd)
|

(rectifier and
smoothing capacitor)

Semi-converter i High 2nd,3rd, 2,5

w } W ] 4th at partial
i N w‘u loads
6-pulse converter, AA ‘ i A
capacitive smoothing, ‘ U ‘ 80 % 2,0
no series inductance | |
’U Y U’U

6-pulse converter, a v v 40 % 1,0
capacitive smoothing 1 \ /—/ \
A

with series inductance > 3%, v
or d.c. drive
i ]
6.pu|se co.nverter j \ | } \ | } 28 % 0.8
with large inductor —\ / —\ /
for current smoothing iw QF
N

AC voltage Varies with 0,7
regulator 1 -
‘ ‘ firing angle

12-pulse converter _/ML‘\ \\ ! / 15 % 0,5
AN

T

8.2 Stage 2: emission limits relative to actual system characteristics

Considering the actual absorption capacity of the system, due to the phase differences of the
harmonic currents as well as the system impedance and future load, higher emissions than
those according to stage 1 criteria may be granted.

In this stage, the allowable global contribution to the overall level of disturbance is
apportioned to each individual installation in accordance with its share of the total capacity of
the supply system (S;) to which this installation is connected. This ensures that the
disturbance level due to the emissions of all customers connected to the system will not
exceed the planning level.

Two approaches are presented hereafter. The first (simplified) approach is based on the
allowed harmonic current as a function of the fundamental current. The second is based on
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the general summation law, allowing a more general method for setting emission limits for
larger distorting installations.

8.2.1 Relative harmonic currents as emission limits

The permissible share of the total voltage distortion will generally not be exceeded when
appropriate limits are set on the “relative harmonic currents”. Table 5 gives an example of
these limits. It applies to customers with an agreed power S; < 1 MVA and with §;/ S;. <1 %,
provided that the pre-existing harmonic level allows it and if the customer does not use power
factor correction capacitors and/or filters.

Table 5 — Indicative values for some odd order harmonic current emission
limits relative to the size of a customer installation

Harmonic order h 5 7 11 13 > 13
Harmonic current emission 500
limit Eypy; = Inifli (%) 5 5 3 3 ra

where

E\hi is the harmonic current emission limit of order h for the customer I,
Ihi is the harmonic current of order h caused by the distorting installation of customer |,
l; is the r.m.s. current corresponding to his agreed power (fundamental frequency).

8.2.2 General approach based on the summation law
8.2.2.1 Global emission to be shared between customers

Consider a typical MV system as illustrated in Figure 4. The aim is to set emission limits at
MV.

HV or MV (Lhus)
upstream hus
system
ThUM
S
MV : (Lhmv)

Ghmv+Lv ﬁ

of W
s.

Figure 4 — Example of a system for sharing global contributions at MV

LV

IEC 094/08

Firstly an application of the general summation law (Equation 2) is necessary to determine the
global contribution of all harmonic sources present in a particular MV system. Indeed, for
each harmonic order, the actual harmonic voltage in a MV system results from the vector
summation of the harmonic voltage coming from the upstream system (note that upstream
system may be a HV or another MV system for which intermediate planning levels have been
set before) and of the harmonic voltage resulting from all distorting installations connected to
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the considered MV and LV system. This total harmonic voltage should not exceed the
planning level of the MV system, given by:

I‘hMV = ({/GEMV +LV + (ThUM ) I‘hUS )a (6)

and thus the global harmonic voltage contribution that can be allocated to the total of MV and
LV installations supplied from the considered MV system is given by:

Ghmv +Lv = O\L/L%Mv — (Thum Lrus )* (7)
where

Gpmv+Lys 1S the maximum global contribution of the total of MV and LV installations that can
be supplied from the MV busbar to the hth harmonic voltage in the MV system
(expressed in percent of the fundamental voltage),

Liamy is the planning level of the hth harmonic in the MV system,

Lhus is the planning level of the hth harmonic in the upstream system (for reasons
explained before, different planning levels may be needed for intermediate voltage
levels between MV and HV-EHV; this is why the general term of upstream system
planning level is used),

Thum is the transfer coefficient of harmonic voltage distortion from the upstream system
to the MV system under consideration at harmonic order h. Ty, can be
determined by simulation or measurements. For an initial simplified evaluation,
the transfer coefficients T, from the upstream system on a MV system can be
taken as equal to 1. In practice however, it may be less than 1 (e.g. 2/3), due to
the presence of downstream system elements, or higher than 1 (typically between
1 and 3), due to resonance. It is the responsibility of the system operator or owner
to determine the relevant values depending on the system characteristics,

o is the summation law exponent (see Table 3 and the discussion in Clause 7).

An example illustrating the use of the above equation is shown in Annex C.

When the planning levels for MV systems are equal to those for the upstream systems as it is
in Table 2 for h = 15 and 21 and higher order triplen harmonics, the application of Equation 7
would result in a zero contribution for the MV and LV customers (see Annex C). In these
cases, an equitable share of emissions between the different system voltage levels should be
allocated instead.

8.2.2.2 Individual emission limits

For each customer only a fraction of the global emission limits G+ y Will be allowed.
A reasonable approach is to take the ratio between the agreed power S, and the total supply
capability S, of the MV system. Such a criterion is related to the fact that the agreed power of
a customer is often linked with his share in the investment costs of the power system.

fSi
Eyy = GhMV+LV”‘ E (8)

where

Euni is the harmonic voltage emission limit of order h for the installation (i)
directly supplied at MV (%),

Ghmv+Ly is the maximum global contribution of the total of MV and LV installations

that can be supplied from the considered MV system to the hth harmonic
voltage in the MV system, as given by Equation (7),
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i = P, /cos; is the agreed power of customer installation i, or the MVA rating of the
considered distorting installation (either load or generation),

S; is the total supply capacity of the considered system including provision for
future load growth (in principle, S; is the sum of the capacity allocations of
all installations including that of downstream installations that are or can be
connected to the considered system, taking diversity into consideration). S;
might also include the contribution from dispersed generation, however
more detailed consideration will be required to determine its firm
contribution to S; and its effective contribution to the short-circuit power as
well,

o is the summation law exponent (see Table 3).

NOTE In some cases, dispersed generation may actually be a source of harmonics and should be accounted for
accordingly.

It may happen at some locations that the pre-existing level of harmonics is higher than the
normal share for the existing installations. In this case the emission limit for any new
installations can be reduced, a reconsideration of the allocation of the planning levels
between the different voltage levels could be considered, or the system harmonic current
absorption capacity could be increased.

For customers having a low agreed power, Equation 8 may yield impractically low limitations.
If the voltage emission limit at some harmonic orders becomes smaller than 0,1 %, it shall be
set equal to 0,1 % (except if there is a risk of telephone interference, or if it corresponds to a
remote control frequency for which a more severe restriction may be justified).

It may be preferred to specify harmonic current limits to the distorting installation, even if the
aim is to limit the harmonic voltages in the system. It will be the responsibility of the system
operator or owner to provide data concerning the frequency-dependent impedance of the
system, in order to enable expressing these limits in terms of harmonic currents:

E .
Ejhj = —n- (9)

wen
|

Eni is the corresponding harmonic current emission limit of customer “i” at harmonic order

Zy is the harmonic impedance of the system at the point of evaluation for customer “i”
assessed considering the actual purpose of converting voltage to current emission limits
(see 6.4.1).

8.2.2.3 Case of long MV feeders

The rules proposed above for establishing the individual emission limits do not account
explicitly for variation of the short-circuit power through MV networks. When installations are
connected to a virtual common busbar, the short-circuit power does not vary significantly, and
the methods for sharing emission limits presented so far are adequate. Such is the case for
distribution systems with cables less than 10 km in length / overhead lines less than 5 km in
length. These conditions are typical of networks supplying rather heavy loads (particular
industrial loads, etc.).

NOTE When a series reactor is present between the busbar and the feeder for the purpose of reducing the short
circuit power, the word “busbar” is to be understood as the feeder side point of the reactor.

For distribution systems with long cables and overhead lines, where customer installations are
distributed along the length of the feeders, the above approach may result in specifying too
strict harmonic current limits, thus penalizing customers connected at some distance down the
line where the short-circuit power may be significantly lower than at the sending end of the
feeder. An approach for sharing the acceptable global emission G,y among the individual MV
installations in order to compensate for this effect is given in Annex B.
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The method proposed and illustrated in annex B is suitable for specific cases as well as for
developing general purpose emission rules. Therefore, that method can be used by a system
operator or owner for establishing its own harmonic current emission limits tailored to the
peculiarities of a reference distribution system. The method is based on a mathematical
model in which it is assumed that each feeder has its MV installations distributed uniformly
and continuously along it. Each feeder is assumed to have constant impedance per unit
length, but individual feeders can vary from each other. In such a system, the highest value of
harmonic voltage will appear at the end of the feeder having the worst voltage regulation. The
method aims to estimate this voltage and limit it to the planning level.

In the case where the system response is dominated by resonance caused by cables or shunt
capacitors, the method in annex B is not appropriate for the harmonic frequency at which the
resonance occurs.

8.3 Stage 3: acceptance of higher emission levels on a conditional basis

Under some circumstances, the system operator or owner may accept a distorting installation
to emit disturbances beyond the basic limits allowed in stage 2. This is especially the case
when stage 2 limits are generic limits derived using typical but conservative system
characteristics. The following factors may leave a margin on the system for allowing higher
emission limits, for example:

e Some installations do not produce significant harmonics because they do not have
distorting equipment of significant magnitude. Therefore some of the available supply
capacity of the system may not be utilized for a period of time.

e The general summation law may be too conservative in some instances: some distorting
installations can produce harmonics with opposite phase; or phase shifting within the
system may lead to partial cancellation of harmonics.

e It may happen that some distorting installations never operate simultaneously, due to
system or load constraints.

e |If the stage 2 limits were set using a generic harmonic impedance or considering an
amplification factor due to resonance, the actual impedance may be less than
hypothesized.

e In some cases, higher planning levels may be defined after reallocation of the planning
levels between MV and HV-EHV systems, to take account of local phenomena such as
special attenuation effect or absence of disturbing installations at a certain voltage level or
resonance effects.

e In some cases, a disturbing installation may comply to its emission limits in normal system
configurations, while exceeding the stage 2 emission limits only occasionally under
degraded configurations (e.g. when a nearby generation plant is out of service).

In all the cases, when appropriate the system operator or owner may decide to allocate higher
emission limits under stage 3. A careful study of the connection should always be carried out,
taking account of the pre-existing distortion and of the expected contribution from the
considered installation for different possible operating conditions. Acceptance of higher than
normal emission limits may be given to customers only on a conditional basis and limitations
may be specified by the system operator or owner, for instance:

e Temporary stage 3 limits for

— as long as spare supply capacity remains available in the system for allowing more
emissions,

— as long as most other customers do not make full use of their normal stage 2
emissions limits,

— the time needed for a new installation, in order to implement additional corrective
measures whenever needed.

e Reduced or non-operation of the distorting installations for some supply system or
customer configurations.
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8.4 Summary diagram of the evaluation procedure

TR 61000-3-6 © IEC:2008(E)

Figure 5 gives an overview of the evaluation procedure presented so far in this report.

SYSTEM OPERATOR OR OWNER

Determine the planning levels
L,y and L, and define the
system characteristics

CUSTOMER

Agreed Power S;

STAGE 1

(' Acceptance )«

_S;or Sp,i < 0,2%

Sec

STAGE 2

Assess acceptable global
contribution to the
considered system Gpwy

A 4
Determine emission limit for
installation i

NO

Assess emission level of

Eyni and/or Epy

2

Provide relevant system
characteristics to enable

assessment of emission levels

» installation i
Unior Iy as specified

YES

Ui or Ini < Epi

NO
h 4

Take additional corrective
measures to reduce emission
levels

YES

Uni or In < Epi

STAGE 3

Conduct detailed system studies to

y

Apply for stage 3 assessment

"| determine stage 3 limits and conditions

Conditional acceptance YES

v

Assess emission level and take
additional measures to reduce
emissions as neded

A

NO

IEC 095/08

Figure 5 — Diagram of evaluation procedure at MV
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9 Emission limits for distorting installations connected to HV-EHV systems

9.1 Stage 1: simplified evaluation of disturbance emission

The same criteria for connection at stage 1 as given in 8.1.1 and 8.1.2 can be used at HV-
EHV.

9.2 Stage 2: emission limits relative to actual system characteristics
9.2.1 Assessment of total available power of a substation

Assessing S; is much more difficult in HV and EHV networks than for the MV case. As a first
approach when considering the case of an industrial customer connected at a given HV or
EHV substation, the basic information is the forecasts of power flows taking account of the
system evolution in the future.

Sout Soin
Sin_ _QDshunt
1
Sin— — Sout
Sout Sout

IEC 096/08

Figure 6 — Determination of S; for a simple HV or EHV system

A simplified assessment is:

St =X SDin +X Sout +X QDshunt (10)
where
S; (in MVA) is an approximation of the total power of all installations for which
emission limits are to be allocated to in the foreseeable future,
Sout (in MVA) is power flowing out of the considered HV-EHV busbar (including
provision for future load growth),
Spin (in MVA) is the power of any HVDC stations or non-linear generating plants,

Qpshunt (in MVAR) is the dynamic rating of any thyristor-controlled reactor (TCR) of any
Static Var Compensators connected at the busbar under consideration.

This approximation of St is intended to remain conservative.

NOTE This first approximation may not be conservative if shunt capacitors are located at nearby busbars.
9.2.2 Method for sharing planning levels between busbars at HV and EHV

Before allocating emission limits to distorting installations in a given HV-EHV system, it is first
required to share the common HV-EHV planning levels (Lyy-env See Table 2) between the
different substations or busbars in a given system.
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IEC 097/08

Figure 7 — Allocation of planning level to a substation in HV-EHV system

Figure 7 illustrates a synthesized HV-EHV system. The first requirement is to determine the
global contributions (G4, Ghgo.---Ghgp) Of all distorting installations connected to different
substations or busbars B, B,,...B,,.

As before, the basic philosophy is that when all distorting installations i are injecting levels of
harmonic distortion equal to their emission limits, the total disturbance level anywhere in the
system should not exceed the planning level. The general condition to be satisfied is:

a[ ZEUhia]J"( ZEUhiG]"'"""[ ZEUhiGJ <LhHV_ERV (11)

iat B1 iat B2 iat Bn

o o
where Y 'E." <Gy

i atBj

and

LhHV-ERV is the planning level,

Euni is the emission level for each installation i connected at substation or busbar j,
Ghp is the maximum global contribution to the ht" harmonic voltage of all the

distorting installations that can be supplied from a given substation or busbar
B; in the HV-EHV system under consideration.

Let us consider the m™ busbar or substation in the system under consideration. A simple
approach to set the global contribution (Gg.) is to apportion planning levels between busbars
or substations proportionally to their share of the total supply capacity of the system (ZSy).

Stm L

Chbm = c{/(st1)+(st2)+”'+(stn) hHV -EHV 12

Meshed EHV or HV systems often need a more general or advanced approach in order to
take into account the magnitude of the influence coefficients K, ,, between the considered
node m and each of the n-1 other substations or busbars. The influence coefficient K, is
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the harmonic voltage of order h which is caused at node m when a 1 p.u. harmonic voltage of
order h is applied at node j; the calculation of K, usually requires the use of a computer
program. The influence coefficients are related to the elements of the node impedance matrix
of the system for the harmonic order of interest. Taking influence coefficients into account,
Equations 11 and 12 then become:

1

a
[Kh1—ma{ ZEUhiq}“‘KhZ—mq{ ZEUhiGJ“‘""“Khn—mG[ ZEUhiGD < LhHV —EHV (13)

i at B1 iat B2 iatBn

Based on the same apportioning method as before, the acceptable global contribution Gygn,
from all the distorting installations that can be connected to the considered busbar B, should
meet the following condition:

Stm 14
GhBm < ‘Lhtv-EnHv (14)
(Kﬁ1_m -St1)+(Kﬁ2_m -St2)+...+(Stm)+ ~-~+(Kﬁn_m 'Stn)

adding (K, _,*-S,) terms as long as they remain significant as compared to Sy,.

Calling m the considered node and j any one of the other n-1 nodes located in the vicinity, the
values of S, and S;; can be calculated according to 9.2.1 and Equation (10), while ignoring
all power flow S, ; between any two of these nodes.

It is also worthwhile mentioning that conditions defined by equations (13) and (14) must be
satisfied not only at the node m of interest, but also at the n-1 other nodes or substations in
the system considered.

More details on the method including an example of application considering resonance effects
are given in Annex D of this report.

9.2.3 Individual emission limits

At each harmonic order h, each distorting installation i will be allowed a contribution (E;) to
the global contribution of substation or busbar B,, (G;g,,) in the considered HV-EHV system
according to the ratio between its power (S;) and the total available power (S;,,) of substation

m.
Euni = GhBm¢] 5 (15)
Stm

where

Euni is the emission limit of non-linear installation i (HV or EHV) at harmonic
order h,

Ghem is the maximum global contribution to the h" harmonic voltage of all the
distorting installations that can be connected to a given substation B, in the
HV-EHV system under consideration (obtained according to the indications
given in 9.2.2 and Annex D),

S; = P, /cosg; is the agreed power of customer installation i, or the MVA rating of the
considered distorting installation (either load or generation),

Stm is the total supply capacity of substation m in the system under

consideration and assessed according to 9.2.1 and 9.2.2,

o is the summation law exponent (see Table 3)
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It may happen at some locations that the pre-existing level of harmonics is higher than the
normal share for the existing installations. In this case the emission limit for any new
installations can be reduced, a reconsideration of the allocation of the planning levels
between the different voltage levels could be considered, or the system harmonic current
absorption capacity could be increased.

For customers having a low agreed power, Equation (15) may yield impractically low
limitations. If the voltage emission limit at some harmonic orders becomes smaller than 0,1 %,
it shall be set equal to 0,1 % (except if there is a risk of telephone interference, or if it
corresponds to a remote control frequency for which a more severe restriction may be
justified).

It may be preferred to specify harmonic current limits to the distorting installation, even if the
aim is to limit the harmonic voltages in the system. It will be the responsibility of the system
operator or owner to provide data concerning the frequency-dependent impedance of the
system, in order to enable expressing these limits in terms of harmonic currents:

_Eu
lhi Zh-

E (16)

where

Eini is the corresponding harmonic current emission limit of customer i at harmonic order h,

Zy; is the harmonic impedance of the system at the point of evaluation for installation i
assessed considering the actual purpose of converting voltage to current emission limits
(see 6.4.1).

9.3 Stage 3: acceptance of higher emission levels on a conditional basis

The considerations presented in 8.3 apply equally to stage 3 at HV-EHV.

10 Interharmonics

In standard IEC 61000-2-12 [6], compatibility levels are given only for the case of an
interharmonic voltage occurring at a frequency close to the fundamental frequency (50 Hz or
60 Hz), resulting in amplitude modulation of the supply voltage which causes flicker. The
compatibility level for a single interharmonic voltage in this case is based on a flicker level of
Py = 1 (see Figure 2 in [6]). However, for other cases of interharmonic voltages,
IEC 61000-2-12 does also provide indicative values for the level of interharmonics that might
cause other effects. This clause provides general guidance on the effect of interharmonics on
some known susceptible items of equipment.

Some of the reasons for needing to restrict the level of interharmonic voltages U, (where m is
not an integer of the fundamental frequency) are listed below.

NOTE All % values quoted in this list relate to the fundamental voltage.

e Below twice the fundamental frequency, interharmonics should be limited to 0,2 % to avoid
flicker problems with incandescent and fluorescent (thin tubes) lamps [19], [20].

e Ripple control receivers may be disturbed if the minimal functional voltage (0,3 %) is
exceeded [21].

e In the frequency range up to 2,5 kHz, the interharmonic voltages should not exceed 0,5 %
if problems of interference with the following items of equipment are to be avoided:
television sets, induction rotating machines (audible noise and vibrations) and frequency
relays [22].

e In the range from 2,5 kHz up to 5 kHz, 0,3 % should not be exceeded in order to avoid
audible noise, for example in radio receivers and other audio equipment.
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e In the presence of non-linear installations, an interharmonic at frequency f, is
accompanied by side-band components at frequencies [f,, £ 2-n (fundamental frequency)],
with n = 1, 2, 3,...; the magnitude of the [f,, £ 2-n (fundamental frequency)] components
may be quite near the magnitude of the considered interharmonic [23]. The frequencies
that could interfere with ripple control systems are the ones which differ by twice the
fundamental from the ripple control frequency.

With respect to these effects, a conservative planning level for interharmonics can be set to
0,2 %.

NOTE MV equipment may be less affected.

Interharmonic voltages can be added arithmetically only if frequencies and phases are equal.
These conditions are met infrequently and for short periods of time. For that reason, in
practice, not more than double the value of the highest interharmonic voltage can arise.

If the interharmonic voltage from an installation is below 0,1 %, no disturbance will be
considered.

If higher values are permitted, the interharmonic frequencies should not exceed the flicker
criteria and should not exist in an area where ripple control frequencies (and their side-band
frequencies with a distance of twice the fundamental) are used. Under certain circumstances,
ripple control frequencies of adjacent system operators or owners should also have to be
taken into account.

In order to avoid problems of mechanical resonance, it is necessary to take particular care
when interharmonics, mainly sub-harmonics, are present near rotating machines, especially
steam turbine generators. Because these torsional interactions involve sub-harmonic
currents, it may be necessary that the sub-harmonic currents flowing in any generator be
limited to very small values. Consultations with the generator manufacturer are necessary to
establish the specific limits at specific frequencies; sub-harmonic current levels of 0,1 % or
less have been sufficient to create problems in the past. In some cases involving mechanical
resonance, therefore, the recommended 0,2 % interharmonic voltage limit may be reduced or,
alternatively, the generator manufacturer may be consulted to determine if control system
changes are possible to avoid potential mechanical resonance problems.
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Annex A
(informative)

Envelope of the maximum expected impedance

Based on several site measurements, "worst case impedance curves" have been defined in
some countries [24]. If calculations using those empirical curves indicate that an installation
can be connected (i.e. still meet the voltage emission limits at the point of evaluation), this
may be done with minimum risk. However, if these calculations give results that indicate that
the installation’s emission levels will exceed the voltage emission limits, a more refined
approach should be used.

At low voltage, the maximum impedance curve is derived from the short circuit power and is
taken as varying directly with the harmonic number in a straight line relationship.

At 11 kV, the maximum impedance curve is shown in Figure A.1 for a typical urban substation
without large capacitors or filters. It is derived from the short circuit power and is taken as
rising from its value at 50 Hz on a line directly related to twice the fundamental impedance by
the harmonic number up to 400 Hz. Thereafter it drops to the line related to the fundamental
impedance by the harmonic number.

Impedance (Q)

\ \ \ \ \ \ \ \ \ \
0 2 4 6 8 10 12 14 16 18 20

Harmonic number
IEC 098/08

Figure A.1 — Example of maximum impedance curve for a 11 kV system

Uptoh=28:2Z,=2h X,
Above h =8: Z,, = h X

At 33 kV, the maximum impedance values are taken as 1,25 times those that would be
derived directly from the short circuit power up to 800 Hz. Specific measurements might be
required according to circumstances when considering frequencies above that level.

Above 33 kV such generalization is not possible.
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Annex B
(informative)

Guidance for allocating planning levels and emission levels at MV

Clause B.1 of this annex provides guidance on how to determine planning levels for an MV
distribution system with several MV voltage levels (for example both 33 kV and 11 kV). The
approach has been devised to give an adequate harmonic allocation at each voltage level.
Subclause B.2.1 then gives a method for allocating emission levels in MV distribution systems
where their feeders display a significant variation in short circuit power from sending to far
end. The method is based on the allocation of harmonic volt-amps (VA) rather than harmonic
voltage as this gives more usable allocation for customers connected far from the feeder
supply end. This method is difficult to calculate in general, but some useful simplified
approximations can be made in the case where the MV installations are roughly uniformly
distributed along the feeders (see B.2.2). An example showing the application of the method
is given in B.2.3.

In the case where the system response is dominated by resonance caused by cables or shunt
capacitors, the method provided in this annex is not appropriate for the harmonic frequency at
which the resonance occurs.

B.1 Guidance for adapting planning levels at MV

Some distribution systems have several MV voltage levels in series. In this case there needs
to be a variation in planning level across the MV voltage levels to allow an allocation of
harmonic emission limits to MV installations. The profiling of the planning levels will affect the
relative allocation of harmonic emission levels to installations at different MV levels and it
should be chosen to give the desired effect. A detailed discussion of how this has been done
for MV distribution systems in one country is given in Section 2 of reference [27] his approach
is summarised below.

Profiling of the planning levels between different MV voltage levels cascaded in series needs
information on the following:

a) a typical system topology and impedance values,

b) a typical distribution of customer installations across the different voltage levels,

c) choice of harmonic voltage objectives for the downstream LV system and planning levels
for the upstream system,

d) an allocation policy for how harmonic current should be distributed across the different
voltage levels.

Data for (a) and (b) will depend on the planning and construction practices of particular
utilities. Regarding (c), downstream or LV harmonic voltages need to be equal or slightly less
than the LV compatibility levels in Table 1 depending on the margin needed. Upstream
planning levels can be based on HV-EHV values in Table 2 or based on their interpolation for
intermediate voltage levels.

One allocation principle for meeting (d) is to give all MV installations the same percentage
current distortion. A possible approach is to take advantage of diversity as expressed by the
summation law giving:

Ihi = An - 4/S; (B.1)

where

h is the harmonic order,
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a is the general summation law exponent (Table 3),

S, is the agreed power of customer’s installation "i",

I; is the harmonic current emission level of customer’s installation "i",
A, is an allocation constant to be determined (see below).

The representation of LV installations is more difficult to generalize as high load density areas
can be very different from low load density areas. For the latter, the representation is simpler
if LV installations can be considered as having a second order effect on harmonic voltage
profiles and the choice of MV planning levels.

The power system needs to be modelled so that harmonic voltage profiles can be determined
as a function of A,. A relatively simple computer analysis can be developed, for example
using a spreadsheet, by assuming that all feeders/distributors at each voltage level are
identical and that the installations at each level are uniformly distributed. This allows
considerable consolidation of installations and circuits into a few components. Expressions
need to be determined for the largest harmonic voltage in the system, at the end of a studied
LV circuit, as a function of the following voltage contributions:

— the upstream system voltage taken as the chosen planning level;

— the contributions of all upstream MV loads determined from their current and the
common impedance with the studied LV circuit:

— the contributions of all upstream LV installations determined from their current and the
common impedance with the studied LV circuit;

— the contributions of the LV installations on the studied circuit, determined by lumping
all such installations at the mid-point of the circuit.

These voltage contributions need to be combined accounting for diversity by the summation
law (see Clause 7). The value of A, then needs to be adjusted so that the largest LV
harmonic voltage just reaches the chosen objective. This value represents the maximum
harmonic loading which can be applied to the representative distribution system under the
given allocation scheme.

The resulting harmonic voltage profile can be used as an objective to be applied to all of the
distribution system operator or owner's sub-systems, in which case the harmonic voltages are
suitable as planning levels. This procedure can be applied independently at each harmonic.
Alternatively, especially when high frequency models are not reliable, it is possible to
determine planning levels for higher order harmonics by decreasing levels versus frequency
similarly to compatibility levels while still taking into consideration the exponent of the
summation law accounts for more diversity for high order harmonics. Reference [25] gives an
example on how planning levels at all harmonic orders can be obtained from detailed analysis
of only a few harmonic values.

B.2 General case of MV installations spread along the feeders: sharing of
emission

B.2.1 Theory

Some long MV feeders can have short circuit powers and impedances which vary by 10:1 or
more from the supply to the far end. An allocation policy needs to be developed which gives a
useful emission allocation to each installation and makes effective use of the harmonic
absorption capacity of the distribution system. If installations of similar agreed power are
allocated equal harmonic voltage, installations at the far ends of feeders will receive a much
lower allocation of harmonic current than those at the supply end. Alternatively, if they are
allocated equal harmonic current, installations connected to strong points will be given
allocations no greater than that given for weak connection points and the power systems
harmonic absorption capacity is underutilised. The use of harmonic VA gives a good
compromise between these two allocation policies and is the approach adopted here. This is
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equivalent to allocating a harmonic current which reduces in inverse proportion to the square
root of the impedance at point of evaluation of the installation under consideration.

When allocating emission based on harmonic VA, the harmonic current not only varies with
the agreed power, but also reduces in inverse proportion to the square root of the impedance
at the point of evaluation of the installation under consideration. Hence, where the supply
harmonic reactance is x,, the allocated emission current is taken as:

— Thmv
Epi = ' (8.2)
Xpi
where
S, is the agreed power of the installation,
Xhi is the MV network harmonic reactance at the point of evaluation of customer's

installation "i",
A,my  is an allocation constant (defined below).

The allocation constant A,y needs to be calculated for a specific MV subsystem using the
condition that the highest harmonic voltage in the subsystem is not to exceed the planning
level. One method for determining Ay, for a specific subsystem is to assume an initial value
of unity, determine the allocated current for each MV installation, and then combine each
voltage contribution and compare it with the global allocation for MV installations. The ratio of
Gpmy to this combined voltage gives the required value for Ay If, for example, the
combined voltage is a value of half Gy, then A, can be taken as two. The approach is
general, and can be applied to mesh systems and systems with spur lines, but it requires
values of the agreed power and impedance at the POE of every significant MV installation. A
simplified approach which can be used in most practical situations is given in B.2.2.

In making calculations of harmonics in MV systems, it is necessary to estimate the
contribution of LV installations to MV harmonic voltages. It is assumed that an LV installation
with an agreed power S, gives a harmonic current:

Ihevi = AhLy - SLvi (B.3)

ALy Vvaries with harmonic order and may differ from country to country (or even from region
to region) depending on the penetration of electronic equipment and their usage pattern. It
can be estimated from the measurement of the harmonic current for a representative feeder
supplying a known installation. Where there is a large difference in the short circuit power
between LV and MV systems (for example where the LV feeders are overhead lines of a
hundred or more meters in length), and the voltage in the LV system is known to be
acceptable, the MV voltage caused by LV installations is a fraction of that in LV systems. This
condition also applies to situations where the total power of distorting installations connected
at LV is relatively low compared to MV distorting installations.
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B.2.2 Particular case of LV and MV installations spread out uniformly along feeders
in a radial system

Bus 2

Bus 1

|-ao-

o o A~ W N

IEC 099/08

Figure B.1 — Example of an MV distribution system showing
the MV transformer and feeders 1-6

Consider an MV subsystem such as that shown in Figure B.1 consisting of a number of
feeders with uniform reactance/km and with LV and MV installations approximately uniformly
distributed along them. It is not necessary to assume that the installations are distributed with
the same density on each feeder. The highest harmonic voltage is assumed to be at the
remote end of the feeder which has the worst voltage regulation. In the absence of precise
data, this feeder can be taken as the one for which the product of supply capability and length
is the largest [26].

A mathematical treatment of the case of feeders with a uniform distribution of installations has
been developed in [26] which simplifies the task of calculating the allocation coefficient A,y
in Equation (B.2). Steps in the allocation procedure are:

i) for each feeder in the subsystem (e.g. those shown 1-6 in Figure B.1) determine the
quantity F, defined as the ratio of sending end to remote end short circuit power;

ii) define F,, as the value of F for the weakest feeder. Determine F,, the average F for the
remaining feeders. If there is a wide range in the values of F for these feeders, a value
should be obtained weighted according to the load capability of each feeder. Similarly we
define S_.yw as the LV load connected to the weakest feeder and S|, as the LV load
connected to the n remaining feeders;

iii) estimate the harmonic voltage caused by LV installations at the MV level from:

q 0.7
UnLv = AnLy Xh\/SLVWFW "9 +S1vn (B.4)

where x,, is the harmonic reactance at the supply busbar (Bus 2 in Figure B.1).

iv) Determine the harmonic voltage allowance available to all MV installations in the
subsystem

a
Ghmy = \/LhMVG - Thum “Lhus @ =Unry @ (B.5)

v) Determine the allocation constant for all MV installations in the subsystem, noting carefully
that the denominator of next equation contains a square root as well as a root.

Ghmv (B.6)
a _
VX h \/SMVW Fw 23 @ + Spyyn Fa 03¢

Apmv =
where Syyw is the MV load connected to the weakest feeder and Sy, is the LV load
connected to the n remaining feeders.

Having found the constant Ay for a particular sub-system, one can determine the harmonic
current allocation for a particular MV installation using Equation (B.2) above. Note that this
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equation applies to all MV installations in the subsystem, not just those connected to the
weakest feeder.

B.2.3 Example of application of the approach presented in B.2.2

A 132 kV/11 kV substation with an 11 kV short circuit power of 150 MVA supplies five feeders
with characteristics as given in Table B.1 below. The aim is to determine the 5™ harmonic
current allocation for a 500 kVA installation connected half-way along feeder No 4 where the
short circuit power is 47 MVA. The 132 kV and 11 kV 5™ harmonic planning levels are 2 %
and 5 % respectively. In this example, it is assumed that harmonic emissions from LV
installations can be ignored.

Table B.1 — Feeder characteristics for the system under consideration

Feeder ID Feederk::ngth € F:ﬁgf?d?uar: fgla\{i?) po?%%\tj%iu;’:ld
1 5 4 47
2 5 4 47
3 7 5 37
4 10 6 28
5 15 5 20

Determine the values of F and S for the weakest feeder and the rest of the feeders: the main
part of this calculation is shown in Table B.2 below and can easily be accomplished by means
of a spreadsheet.

Table B.2 — Determination of F and Sx{ values for the feeders

Short
Feeder length
Feederip | g e Feeder load S (MVA) circuit sxt ,
(incl. future load) power at far X
km end (MVA)
! 5 4 47 20 3,19
2 5 4 47 20 3.19
3 ! 5 37 35 4,05

Column 5 is the product of length times load. Column 6 is the quotient of the supply short
circuit power of 150 MVA and Column 4. Column 5 shows that feeder No 5 is the weakest and
Smvw = SMVA, F, =7,50. For feeders 1-4, we find Sy;,, = 19MVA and F, = 3,95 (from the
sum of Column 3 entries and the average of Column 6 entries respectively).

For the 5" harmonic, o = 1,4 , Lyyy = 5 %, Lnyg = 2%.

Determine the global voltage available from Equation. (B.5) with the assumption that Ty, is
equal to 1 and that U, ,, can be neglected here.

Gy = Lav® —Lus® = "4/0,05™ —002* =004 pu (B.7)
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Determine the MV subsystem allocation constant. From supply short circuit power of 150 MVA
and using a 1 MVA base,

Xh=5 = % = 0,033 pu (BS)
From Equation (B.6)
Ghmv
Anmyv =
a —
\/K ’\/SMVW I:w0’33a +Smvn Fa 0.3a
- 0,04 ~0,0229 (B.9)

J0.033 - "4[5x7,50033x1:4 | 19, 305-0.3x14

Determine the installation allocation current: The installation has an agreed power S; = 0,5 pu.
Using the short circuit power of 47 MVA at the point of evaluation gives

X5 =%=o,1oa pu (B.10)

From Equation.(B.2)

1
Apav SiV® 0,0229.05 Ma

=0,043 pu (B.11)
Xhi /0,106

Ehi =

In terms of the installation’s fundamental current, this corresponds to 8,5 % of 5™ harmonic
distortion.
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For illustration purposes, Equation (7) has been applied in the particular case of a MV system,
assuming that the transfer coefficient from the upstream HV system is equal to 1 at all
harmonic frequencies and assuming that the planning levels in the HV and MV systems are

— 45—

Annex C
(informative)

those of Table 2. The results are given in Table C.1.

Table C.1 — Acceptable global contribution G,yy..v of the MV and LV installations to the
MV harmonic voltages if the transfer coefficient from the HV-EHV system is considered

In order to illustrate a case of resonance in the vicinity of the 5™ harmonic, the following
shows the application of Equation (7) with three different values of the transfer coefficient at
the 5™ harmonic:

to

be unity

Example of calculation of global MV+LV contribution

Odd harmonics
non multiple of 3

Odd harmonics
multiple of 3

Even harmonics

Order Harmonic Order Harmonic Order Harmonic
voltage voltage voltage
h h h
% % %

5 4 3 2 2 0,4
7 2,8 9 0,4 4 0,2
11 2,6 15 0 6 0,2
13 2 21 0 8 0,2
17 1,2 10 0,2
19 1,0

23 0,8

25 0,7

- T5UM =2 ) G5MV+LV = [51’4 - (2X2)1’4]1/1’4 =2 %
- T5UM =3 ) G5MV+LV = [51’4 - (3X2)1’4]1/1’4 =0%

From the above results it is clear that the approach should be used with care when the
transfer coefficient from the upstream system to the MV system is greater than 1. It should
also be remembered that the transfer coefficients not only depend on harmonic order and
location but may also vary with time (for example due to various capacitor bank states).
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Annex D
(informative)

Method for sharing planning levels and allocating emission limits in
meshed HV — EHV systems

D.1 General method for sharing planning levels in HV-EHV systems

Let us recall and extend the method introduced in 9.2.2 for sharing planning levels between
different busbars or substations in a given HV-EHV system.

Referring to Figure 7, the general conditions given by Equation (13) are to be satisfied at any
substation m of the n substations forming the system under consideration:

1
[Kh1—mu(ZEUhia]+Kh2—mu[ZEUhiGJ—'—'”—'—Khn—mq(ZEUhquJ SI-th-EHv (D.1)
iat B1 iat B2 i at Bn

o o
where »'E." <G

i atBj

NOTE Equation (D.1) represents the summation of the transferred disturbances across the system, hence similar
conditions should also be satisfied at all substations or busbars forming the considered HV-EHV system, not only
at the station of interest.

At each harmonic order h, the influence coefficients K,: ., need to be determined: the
influence coefficient Ky, is the harmonic voltage of order h which is caused at node m when
a 1 p.u. harmonic voltage of order h is applied at node j; the calculation of K , usually
requires the use of a computer program. The influence coefficients are related to the elements
of the node impedance matrix of the system for the harmonic order of interest.

Based on the same apportioning method as before, according to Equation (14) the acceptable
global contribution from all the distorting installations that can be supplied by the considered
station B, (Gnegm) should be a fraction of the common HV-EHV planning level (Lnpyv.env) taken
as the ratio of the power S, to the total supply capacity of the system.

S,
a m L
\/(KELm 'St1)+(K22—m 'St2)+"'+(stm)+' ' '+(Krc1‘n—m 'Stn) ey

G, < (D.2)

adding (K, . “ -Sy) terms as long as they remain significant as compared to S;,,.

h j-m

Calling m the considered node and j any one of the other n-1 nodes located in the vicinity, the
values of S, and S;; can be calculated according to 9.2.1 and Equation (10), while ignoring
all power flow S, ; between any two of these nodes.

Additionally, in order to meet Equation (D.1) at node m, the contribution Gg; at each of the n-
1 other busbars also needs to satisfy the following condition:

| St

. (D.2°)
ﬂ (KﬁH .S“JJ,(KﬁZ_j 'Stz)+---+(3tj)+"'+(Kﬁn_j ~Sth LhHV-ERHVY

Ghpj<
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For instance, let us consider the acceptable global contribution of all the distorting
installations that can be connected at station B1 (G, g4). The following equations which result
from the application of equations (D.2) and (D.3) at busbar B1 level have to be satisfied:

St

(D.4)
ho-1 'St2)+(Kg371 'St3)Jr ~~-+(Kﬁn71 'Stn)

-L

For B1, it gives: Ghg1 <
Sy + (K hHV-EHV

o S
For B2, it gives: G... <« 2 L (D.5)
"o \/Sn + (Kﬁ2—1 'Stz )+ (K53—1 'St3 )+ et (Kﬁn—1 'Stn )

hHV —EHV

and so on, for B3, B4 and B5.

Similar conditions have also to be satisfied at the level of other busbars. For example at
busbar B2 level, we have:

For B1, it gives:

St1
Ghp1 < 4 “Lhnv —env (D-6)
[Kﬁ,l_z 'St1)+3t2 +[Kﬁ3_2 ~St3j+ ---+(Kﬁn_2 'Stn)
For B2, it gives:
St2 D.7
Gh2 <4 Loy gry  (P7)
(Kﬁ1_2 ~St1)+st2 +(Kﬁ3_2 ~St3j+ +(Kﬁn_2 -Sth
and so on, for B3, B4 and B5.
In the end, we obtain n conditions for each busbar. For example for busbar 1:
- S
Condition 1:  Gypgq < a “Lhnv_env (D-8)
St +(Kﬁ2—1 ‘StZ)Jr (Kﬁ3—1 'St3)+ "'+(Kﬁn—1 ‘Stn)
Condition 2: St1 (D.9)
Gha1 < ‘Lhrv —Env
K/(Kﬁ.]_z ‘St1j+st2 +(Kﬁ3_2 ‘St3j+ +(Kﬁn_2 -Stn j
Condition n: St1 L (D.10)

Ghe1 =4 hHV —EHV
(Kﬁ1_n -st1)+[Kﬁ2_n .st2j+ 4 (Sn)

This method can then be applied for sharing the planning level in order to obtain the global
contribution Gg; for all the other sub-stations or busbars B2, B3, etc... forming the
considered HV-EHV system. However, in the case of resonance, G,g; may be very difficult to
assess and the mere application of equations D.1, D.2 and D.3 could result in a near-zero
contribution for some substations. In these cases, an equitable share of emissions between
the different parts of the system should be allocated instead. An example of this case is
discussed further in the following subclauses.

Finally, it should be kept in mind that despite the most accurate determination of the actual
acceptable global contributions at each busbar, future system changes can also have a
significant impact on the transfer coefficient and the share of the disturbance levels between
different busbars in the system.
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D.2 Example of application considering resonance effects

The following example illustrates a simplified application of the method described in 9.2.2 and
in the previous Clause D.1 for sharing planning levels and allocating emission limits in a HV-
EHV system. Methods for dealing with resonance within the system are also discussed.

In this example, the aim is to define emission limits for the 5", 7", 11" and 13" harmonic for
a new customer’s installation (S; = 80 MW) to be connected to Jupiter 150 kV substation
(node 1).

NOTE 1 When calculating emission limits it is recommended to take into account not only the existing
installations, but also new installations that could be connected to the system in the future.

NOTE 2 In this example, the network is considered to be fully loaded. The addition of new installation to the
network will call for changes in the system (new transformers & lines) which are not considered in this example.

Figure D.1 below shows part of a system where customers can be connected at different
voltage levels. Node 1 is of interest for the connection of the considered customer’s
installation, but the figure also includes nearby installations which can have an impact on
harmonic levels at node 1. Remote parts of the upstream and downstream system are
represented by their equivalent source impedances (for an accurate assessment of the
influence coefficients, the system should be modelled at least 2-3 nodes away from nodes of
interest).

Ssc =12GVALZL 90 Ssc =7 GVAZ 90
Jupiter 38&V 2 l Mars 226V
Transmission
Ssc =1.7GVAZ-9C° 300MVA  Line 10 km Transmission
14 % Line 8 km
Jupiter 226V Mercury220kV 3
240MVA
14 %
Jupiter 150/===F === ==--<__ GhB1
-1 Transmission \ \ 1 110 MW
/" | cable10 km i '\ 80 Mw
L If'ransmission Transmission
. 2 x 80 MVAR {line 32 km Line 12 km Ssc =2,4GVAZ -8C°
[~~~ sizsomwmesmMw ____--"" l
_________________ 5
Neptune 15kV Uranus 15&V 25 MVA Saturn150kV
4 13,5%

Transmission Uranus 1%V

90 MW Line 48 km Ssc =1,6GVAZ-8C° |
l 8 MVAR
Pluto150kV 25 MW IEC 100/08

Figure D.1 — HV-EHV system considered for the connection
of a new distorting installation at node 1 substation

The harmonic impedance of the system at substation Jupiter 150 kV (node 1) is shown on
Figure D.2. When the capacitor banks at Jupiter 150 kV are switched off, a parallel resonance
near the 11™ harmonic exists due to the HV cable connecting with Neptune 150 kV (node 4).
Depending on the load, the capacitor banks at Jupiter 150 kV (node 1) substation can be
switched on, thus causing resonance either at the 5" (2 x 80 Mvar) or the 7" harmonic
(1 x 80 Mvar). The straight line 1 on Figure D.2 represents the harmonic impedance for a
purely inductive system; other lines identified as 2, 3 & 4 represent theoretical values of that
impedance considering amplification factors of 2, 3 & 4 respectively.
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300
2501
4
@ 200
3
[0}
e
8 150 1 x 80 Mvar
3
E 2
2 x 80 Mvar
1001
1
501
0 50 100 150 200 250 300 350 400 450 500 550 600 650

Frequency (Hz)
IEC 101/08

Figure D.2 — Harmonic Impedance at node 1

NOTE In this example, the power frequency is 50Hz.
D.2.1 Influence coefficients

The influence coefficients between the different substations are assessed according to Clause
D.1 by using a harmonic simulation program. The influence coefficient between node j and 1,
is the harmonic voltage of order h at node 1 when a harmonic voltage of 1 p.u. is applied at
node j. Table D.1 shows some of the values calculated for this example.

Table D.1 - Influence coefficients K;; 1 between node j and node 1

System . Khj.1 Khj.1 Khj-1 Khj-1
configuration Substation Node for h=5 for h=7 for h=11 for h=13
Jupiter 380 kV 2 0,86 0,22 0,05 0,04
Capacitor
: Bank in: 2 x 80 | Mercury 220 kV 3 1,75 0,61 0,14 0,09
MVAR in
Nept 150 kV 4 1,00 1,24 3,77 8,3
Jupiter 150 kv | _oPUne : : :
Uranus 150 kV 5 1,16 1,56 0,22 0,14
Jupiter 380 kV 2 0,37 0,59 0,11 0,07
Capacitor
) Bank in: 1 x 80 | Mercury 220 kV 3 0,81 1,49 0,29 0,17
MVAR in
Nept 150 kV 4 0,90 1,02 1,48 2,14
Jupiter 150 kv |_oPune
Uranus 150 kV 5 0,71 1,53 0,52 0,28
Jupiter 380 kV 2 0,22 0,24 0,82 0,45
Capacitor Mercury 220 kV 3 0,50 0,59 1,66 1,31
3 Bank Off in
Jupiter 150 kV | Neptune 150 kV 4 0,85 0,87 0,92 0,96
Uranus 150 kV 5 0,51 0,58 1,24 3,20

The acceptable global contribution of all the distorting installations that can be supplied from
station B1 (Gyg4) will be a fraction of the common HV-EHV planning level (L,yy.gny) @s given
below considering only Equation (D.2) for the sake of simplicity.
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St1

Gpp1< v/ < < . < (D.11)
St1+Kh2-1" -St2 +Kh3-1 -St3 +Khg-1" -Sta +Khs-1 - St5

-L

hHV-EHV

D.2.2 Effects of resonance

In case of under damped resonance, the influence coefficient can be high, unduly limiting
emissions.

Let us consider the case of a series resonance. In the last row, last column of Table D.1, the
influence coefficient is K54 = 3,2 at the 13" harmonic. Using this value in the above equation
in combination with an exponent o = 2, results in that the total power of the installations
connected at node 5 would have to be multiplied by a factor K51 as high as 10,2.

As a result of the mere application of the above equation, the global contribution (Gpg4)
allowed to substation 1 can become very low. In this case, because of the high value of the
influence coefficient due to a series resonance between node 5 and node 1, the distortion
caused by the installations connected to node 5 will have more impact on the voltage
distortion at node 1, than at node 5.

Indeed, the harmonic impedance at h = 13 (650 Hz) seen from node 5 is quite low as shown
on in Figure D.3.

200
1801
1601
1407
1201
100

Impedance (Q)

80
60
40
20

0 T T T T T T T T T
0 50 100 150 200 250 300 350 400 450 500 550 600 650 700 750

Frequency (Hz) IEC 102/08

Figure D.3 — Harmonic Impedance at node 5 ‘Uranus 150 kV’,
when the capacitor banks at Jupiter 150 kV are switched off

The approach discussed hereafter is considering the fact that the effects of this type of
resonance should also be dealt with in setting lower emission limits at node 5, rather than
only or unduly limiting emissions at node 1. A possible approach to achieve this is to define
emission limits at node 5 in terms of current obtained by substituting a minimum value of
harmonic impedance as reference value, for example, using an ideal inductive system
impedance equal to hZ,. Another approach would be to assess voltage emission limits for
installations connected at node 5 considering their impact on the harmonic voltage at node 1.

So for the assessment of the acceptable global contribution (Gy,g4) at node 1, let us consider
that whenever the harmonic impedance at node j becomes smaller than h times the
fundamental frequency system impedance Z,, the influence coefficient K,,_4, between node j
and 1 can be multiplied by a reduction factor F; taken as the ratio between the value of
harmonic impedance and the linear extrapolation of the fundamental frequency impedance as
follows.
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Zhj

D.12
o (D.12)

FZj =

where
Zhj =

Z1J=

harmonic impedance at node j for order h,
impedance at node j at system frequency.

For example, when the capacitor banks at node 1 are switched off (system configuration 3 in
Table D.1), the impedance at 13™ harmonic at node 5 is 3,2 times smaller than the minimum
reference impedance taken as equal to h.Z; at node 5 (see Figure D.3 at 650 Hz). The
influence coefficient K,5_4 between node 5 and 1 can thus be multiplied by a F; factor of 0,31
as shown in Equation D.13 and in Table D.2.

This reduction factor F; can be applied whenever the influence coefficient is higher than 1.
The revised equation to calculate the global contribution at node 1 becomes:

Grgr=dl S L (D.13)

V St1+(Fz2-Kno-1)® - Sto +(Fz3-Kna-1)® - Stz + (Fz4-Kna1)* - Sta +(Fz5-Kns1)* - Sts

hHV-EHV

NOTE 1 If the reduction factor Fz exceeds 1, this would be due to a parallel resonance and a different approach
might be needed (e.g.: allowing a reasonable amplification factor such as 2-3).

NOTE 2 Equation D.13 applies to find Gng1 at busbar 1 even if the factor Fz; is less than 1. But in this case to

calculate the harmonic current emission limits at busbar 1, the actual value of harmonic impedance Z,., needs to
be replaced by the reference value h*Z,_4.

The reduction factors Fz are given in Table D.2 for cases where the influence coefficient
exceeds unity.

Table D.2 — Reduction factors

Reduction factors F;
System_ Substation No_de :
configuration j
h=5 h=7 h=11 h=13
Jupiter 380 kV 2 - - - -
Capacitor
4 | Bankin: 2 x 80 Mercury 220 kV 3 (1,10) - - }
MVAR in Neptune 150 kV 4 (3,57) 0,73 0,06 0,02
Jupiter 150 kV
Uranus 150 kV 5 (1,79) 0,41 - -
Jupiter 380 kV 2 - - - -
Capacitor
9 Bank in: 1 x 80 MerCUry 220 kV 3 - 0,85 - -
MVAR in Neptune 150 kV 4 - (1,73) 0,34 0,14
Jupiter 150 kv | oP ’ : :
Uranus 150 kV 5 - 0,97 - -
Jupiter 380 kV 2 - - - -
Capacitor Mercury 220 kV 3 - - (1,11) 0,73
3 Bank Off in
Jupiter 150 kV | Neptune 150 kV 4 - - - -
Uranus 150 kV 5 - - (1,47) 0,31

The global contribution can then be calculated for different system configurations and
harmonic orders. The results are given in Table D.3.
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Example of calculations for the 7™ harmonic for system configuration No. 2 follows using
Equation (D.13).

St1
G7g1 =v/ "LhHV-EHV
St1+(Fz2 -Kn2-1)" - St2 +(Fz3 -Kn3—1)* - St3 + Fz4 -Kna-1)" -Sta +(Fz5 -Kns_1)* -Sts
245
G7g1 =14 2%
245 + (0,59 )'* 180 + (0,85 1,49 )"* 190 + (1,02 )"* .90 + (0,97 -1,53 )14 .25

G781 =0,92%
For each harmonic order, only the worst-case needs to be considered as shown in Table D.3.

Table D.3 — Global contributions G,g4 at node 1

Harmonic order h=5 h=7 h=11 h=13
Planning Level Lnny-gnv 2% 2% 1,5% 1,5%
Summation law exponent a 1,4 1,4 2 2
System Configuration Ghg1 (Un/U1)%

Capacitor Bank in: 2 x 80 o o 0 0

! MVAR in Jupiter 150 kV Q.I17% 1,29% 1,37% 1,39%
Capacitor Bank in: 1 x 80 o o o o

2 MVAR in Jupiter 150 kV 1,16% 0.92% 1,28% 1,36%

3 Capacitor Bank Off in Jupiter 1,36% 1,30% 0.69% 0.92%

150 kV

The global contributions that can be allowed to all other distorting installations connected to
busbars B2 (Gyz,), B3(Gg3), etc., can be obtained in the same way, but as an additional step
in the method, one should also make sure that the conditions stated in Equation (D.3)
continue to be satisfied for all the so determined contributions. In this example, we assumed
this was the case for the sake of simplicity.

D.2.3 Emission limits

The harmonic voltage emission limits can then be determined using Equation (15) given in
9.2.3 which is a function of the ratio between the agreed power of the installation (S;-MVA)
and the total supply capacity (S;4) at substation 1 in this case:

5th harmonic: EU5i = G5B10Li = 0,77% . 1’4ﬂ = 0,350/0
Sn \ 245
. S; [80
7™ harmonic: E( = Gopjof— = 0,01% - 14— = 0.41%
U7i 7B1¢ St'] o 245 o
11" harmonic: Eyqqi = G11p1d—b =0,69% 220 =039%
St 245
. S [80
13" harmonic: E(j{ai = G1apqd—— =0,92%- 2— =0,53
U13i 13B1 St1 o 245

|
I
X
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The emission limits defined in terms of harmonic currents can be derived using the harmonic
impedance of the system (see Figure D.2 and 6.4.1). However, here too, very low values of
impedance (amplification factor < 1) due to series resonance should be disregarded as
explained in 6.4.1.

As explained in section D.2.2, if at some harmonic orders the impedance Z,; is less than a
reference value h*Zy;, it should be replaced by that reference value to calculate harmonic
current emission limits for these harmonic orders.

In case there is a parallel resonance due to the network that is causing an amplification factor
in excess of 2 or 3, the system operator or owner should examine possible measures to
reduce the amplification. For instance, capacitor banks can be detuned to avoid resonance at
5™ and 7™ harmonics. However, when resonance is due to the capacitance of the lines or
cables, it could be difficult to change resonance conditions as happens in this example where
a cable resonance at 11" harmonic appears when the capacitor banks are out of service at
node 1.
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Annex E
(informative)

List of symbols and subscripts

E.1 Letter symbols

>

m mm O R

r o~ X — —™ =T
x~

PCC
POC
POE

N X Cc 4 »nw T

Allocation constant depending on the harmonic voltage response of a given
system

exponent of the summation law

compatibility level

emission limit

a ratio of the sending end to remote end short circuit power on an MV feeder

a ratio of the actual harmonic impedance relative to that determined by
multiplying the impedance at fundamental frequency by the harmonic order
—in the case of HV and EHV systems

acceptable global contribution of emissions in some part of a system
harmonic order

single customer or customer’s installation

current

coefficient or ratio between two values (general meaning)
length of a line or a feeder

planning level

Point of Common Coupling

Point of Connection

Point of Evaluation

active power

apparent power

transfer coefficient

voltage

reactance

impedance

E.2 List of subscripts

average
harmonic order

transfer of upstream harmonic voltage (e.g at HV) to MV at order h
customer or customer’s installation (i)

device (j) (distorting equipment) or a node (other than node m) in a system
Low Voltage

station or busbar number (the considered node)

Medium Voltage

number of stations, busbars or feeders in a system

weakest feeder
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E.3 List of main symbols

(Self-explaining symbols are not listed)

Bm

Ehi

Euni
Ghmv+Lv

Ghem

HVDC
Ihi
khvs

Khj-m

LhHV-EHV

Lomy
POE or POEi

P.

SvC

QDshunt

TCR
THD

Thum

Busbar or station in a system (1<m=n)
harmonic current emission limit of order h for the customer (i)
harmonic voltage emission limit of order h for the customer (i)

acceptable global contribution to the hth harmonic voltage for all MV and LV
distorting installations that can be supplied by the MV system under
consideration (%)

maximum global contribution to the hth harmonic voltage of all the distorting
installations that can be supplied from a given substation B, in the HV-EHV
system under consideration (%)

High Voltage Direct Current
harmonic current emission level of order h of customer (i)

multiplying factor for short time harmonic voltage compatibility levels of
order h to obtain the corresponding very short time compatibility levels (as
defined in [6] - see also 4.1 Equation 1)

the harmonic voltage of order h which is caused at node m when a 1 p.u.
harmonic voltage of order h is applied at node j

harmonic voltage planning level of order h for HV-EHV (%)

harmonic voltage planning level of order h for MV ( %)

point of evaluation of a customer’s emissions (i)

active agreed power of the individual customer or customer’s installation (i)
Static Var Compensator

the dynamic rating (in MVAR) of any thyristor-controlled reactor (TCR) of
any Static Var Compensators connected at the busbar under consideration

weighted distorting power of customer i

S; = P, /cosg; agreed power of customer installation i, or the MVA rating of

the considered distorting installation (either load or generation).

total power of the installations supplied directly at LV (including provision for
future load growth) through the station HV/MV transformer(s)

total power of the installations directly supplied at MV (including provision
for future load growth) through the HV/MV station transformer

the power (in MVA) on a circuit leaving the considered HV-EHV busbar
(including provision for future load growth)

the power (in MVA) of any HVDC stations or non-linear generating plants
connected to the considered HV-EHV bubsar

Short-circuit power

total supply capacity of the considered system including provision for future
load growth (in principle, S; is the sum of all installations including
downstream installations that are or can be supplied from the considered
system)

Thyristor Controlled Reactor

Total harmonic distortion — ratio of the r.m.s. value of the sum of all the
harmonic components up to a specified order (H) to the r.m.s. value of the
fundamental component

upstream to MV harmonic voltage transfer coefficient of order h; value
depending on system characteristics, load levels and harmonic order

harmonic voltage of order h (generic)
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harmonic voltage of order h on HV
harmonic voltage of order h on MV
harmonic voltage of order h on LV
harmonic voltage emission level of order h of customer (i)

supply system harmonic reactance of order h at the point of evaluation of
installation i

harmonic impedance of order h of the supply system at the Point of
evaluation (POE) for installation i.
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