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Wind turbine harmonic model and its application

FOREWORD

he International Electrotechnical Commission (IEC) is a worldwide organization for standardization compr
Il national electrotechnical committees (IEC National Committees). The object of IEC'is“to pro
ternational co-operation on all questions concerning standardization in the electrical and electronic field
is end and in addition to other activities, IEC publishes International Standards, Technical Specificat
echnical Reports, Publicly Available Specifications (PAS) and Guides (hereafter “referred to as
ublication(s)”). Their preparation is entrusted to technical committees; any IEC National Committee interd

the subject dealt with may participate in this preparatory work. Internationaly*governmental and
lovernmental organizations liaising with the IEC also participate in this preparation. IEC collaborates cl
ith the International Organization for Standardization (ISO) in accordanceywith conditions determine|
greement between the two organizations.

he formal decisions or agreements of IEC on technical matters express{as nearly as possible, an internat
ponsensus of opinion on the relevant subjects since each technical committee has representation fro
terested IEC National Committees.

FC Publications have the form of recommendations for interpational use and are accepted by IEC Nat
ommittees in that sense. While all reasonable efforts are made to ensure that the technical content of
ublications is accurate, IEC cannot be held responsiblefor the way in which they are used or for]
isinterpretation by any end user.

ansparently to the maximum extent possible in_their national and regional publications. Any diverg
etween any IEC Publication and the correspondingthational or regional publication shall be clearly indicat
e latter.

FC itself does not provide any attestation-6f* conformity. Independent certification bodies provide confo
sessment services and, in some areasy access to IEC marks of conformity. IEC is not responsible fo
rvices carried out by independent certification bodies.

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

o liability shall attach to IEC «Orlits directors, employees, servants or agents including individual expertg
embers of its technical committees and IEC National Committees for any personal injury, property dama
ther damage of any nature whatsoever, whether direct or indirect, or for costs (including legal fees)
kpenses arising out of \the publication, use of, or reliance upon, this IEC Publication or any other
ublications.

ttention is drawn 'to the Normative references cited in this publication. Use of the referenced publicatio
dispensable for\the correct application of this publication.

ttention is_drawn to the possibility that some of the elements of this IEC Publication may be the subj¢
atent rights.)IEC shall not be held responsible for identifying any or all such patent rights.

main/task of IEC technical committees is to prepare International Standards. Howevd
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order to promote international uniformity, IEC National Committees undertake to apply IEC Publications
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nical committee may propose the publication of a Technical Report when it has colle

data of a different kind from that which is normally published as an International Standard, for
example "state of the art".

IEC TR 61400-21-3, which is a Technical Report, has been prepared by IEC Technical
Committee 88: Wind energy generation systems.

The

text of this Technical Report is based on the following documents:
DTR Report on voting
88/698/DTR 88/717/RVDTR

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

A list of all parts in the IEC 61400 series, published under the general title Wind energy
generation systems, can be found on the IEC website.

Future standards in this series will carry the new general title as cited above. Titles of existing
standards in this series will be updated at the time of the next edition.

The committee has decided that the contents of this document will remain unchanged until the
stability date indicated on the IEC website under "http://webstore.iec.ch” in the data related to
the gpecific document. At this date, the document will be

e reconfirmed,
e withdrawn,
e freplaced by a revised edition, or

e amended.

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

IMPIORTANT - The 'colour inside’' logo on the cover page of this publication indicates
that it contains colours which are considered “to be useful for the corrpct
understanding of its contents. Users should therefore print this document using a
colour printer.
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INTRODUCTION

The purpose of this IEC Technical Report (TR) is to provide a methodology that will ensure
understanding, consistency and accuracy in application, structure and validation of the
harmonic model of grid connected wind turbines (WTs).

There is an understandable requirement from wind power industry shareholders, e.g.
transmission system operators (TSOs) and distribution system operators (DSOs), wind power
plant (WPP) developers, WT manufacturers, WT component suppliers, academic units,
research institutions, certifying bodies and standardization groups (e.g. TC88 MT21), for
having a standardized WT harmonic model.

The| standardized harmonic model would find a broad application in many areas of)electfical
eng|neering related to design, analysis, and optimisation of electrical infrastructure,of onshore
as \ell as offshore WPPs. Among others, this could be the evaluation of the . WT harmpnic
performance, system-level harmonic studies, electrical infrastructure design,and proposgl of
harmonic mitigation measures.

Standardized WT harmonic models as a performance measure startsCto be important in quch
mulii stakeholder systems as large offshore WPPs where TSQ@s, WPP developers [and
opefators as well as WT manufacturers need to have a ,common understanding about
harmonic modelling of WTs and harmonic studies in WPPs.
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WIND ENERGY GENERATION SYSTEMS -

Part 21-3: Measurement and assessment of electrical characteristics —

Wind turbine harmonic model and its application

1 Scope

Thid
dets
the

harmonic emissions of different WT types interacting with the connected network.

Thid
modg

structure, as well as validation. By introducing a common understanding of the
repnesentation from a harmonic performance perspective, this document aims to bring

part of IEC 61400 provides guidance on principles which can be used as the basig
rmining the application, structure and recommendations for the WT harmonic model.

for
For

purpose of this Technical Report, a harmonic model means a model that-represgnts

document is focused on providing technical guidance concerningithe WT harmpnic
el. It describes the harmonic model in detail, covering such aspects as applicafion,

WT
the

overall concept of the harmonic model closer to the industry\(e.g. suppliers, developlers,

system operators, academia, etc.).

The

related to design, analysis, and optimisation of electrical infrastructure of onshore as we
offshore WPPs.

The
folld

harmonic model will find a broad application inR_’many areas of electrical engine

A standardized approach of WT harmonic model representation is presented in this docur%ent.

structure of the harmonic model presented in this document will find an application in
wing potential areas:

evaluation of the WT harmonic performance during the design of elect
infrastructure and grid-connection studies;

with line side converters;

ring
| as

the

ical

- harmonic studies/analysis of modern power systems incorporating a number of WTs

- active or passive, harmonic filter design to optimize electrical infrastructure (e.g.

resonance charagteristic shaping) as well as meet requirements in various grid codes;

+ sizing of electrical components (e.g. harmonic losses, static reactive pgwer

compensation, noise emission, harmonic compatibility levels, etc.) within WPP

electricakinfrastructure;

assessment;

standardised communication interfaces in relation to WT harmonic data excha

— universal interface for harmonic studies for engineering software developers;

— possible benchmark of WT introduced to the academia and the industry.

+ evaldation of external network background distortion impact on WT harmpnic

The advantage of having standardized WT harmonic performance assessment by means of
the harmonic model is getting more and more crucial in case of large systems with different
types of WTs connected to them, e.g. multi-cluster wind power plants incorporating different
types of WTs connected to the same offshore or onshore substation.

The WT harmonic model can cover the integer harmonic range up to the 40th, 50t", or 1001,
And can be expanded, depending on requirements and application, to higher harmonic range
as well as can also cover interharmonic components.
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2 Normative references

The following documents are referred to in the text in such a way that some or all of their
content constitutes requirements 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 60050-415:1999, International Electrotechnical Vocabulary — Part 415: Wind turbine
generator systems (available at <http://www.electropedia.org/)

IEC|TR 61000-3-6:2008, Electromagnetic compatibility (EMC) — Part 3-6: Limits — Assessment
of amission limits for the connection of distorting installations to MV, HV and EHV\pqwer
systems

IEC|61000-4-7:2002, Electromagnetic compatibility (EMC) - Part 4-7;'"\Testing |and
megsurement techniques — General guide on harmonics and interharmonics“measurements
and|instrumentation, for power supply systems and equipment connected thereto

IEC|61400-21-1:2019, Wind energy generation systems — Part, 29-1. Measurement |and
assessment of electrical characteristics — Part 1 — Wind turbines

3 |Terms, definitions and abbreviations

3.1 Terms and definitions

For|the purposes of this document, the terms and. definitions given in IEC 60050-415 and| the
follgwing apply.

ISOland IEC maintain terminological databases for use in standardization at the following
addfesses:

e |EC Electropedia: available at_http://www.electropedia.org/

e |SO Online browsing platform+ available at http://www.iso.org/obp

3.1
compatibility levels
reference levels ofaparticular disturbance in a particular environment defined for|co-
ordipating the emission and immunity of equipment which is part of, or supplied by, a supply
sysfem in order ‘to ensure the EMC in the whole system (including system and conne¢ted
equjpment)

Note| 1 tosentry: Compatibility levels are generally based on the 95 % probability levels of entire systems, dising
istical\distributions which represent both time and space variations of disturbances.

Note VA& ] W Y \ T 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.

3.1.2
factor K
indicator of the ability of a transformer to be loaded with non-sinusoidal currents

Note 1 to entry: The equivalent power rating is equal to the power based on the RMS value of the non-sinusoidal
current multiplied by the factor K.

[SOURCE: EN 50464-3:2007, modified — additional elaboration, creation of a note to entry
and deletion of the formula]
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3.1.3

harmonic phase or angle

phase (angle) a;, of the spectral component y,, that is, the phase between the harmonic
current component or harmonic voltage component and the fundamental component voltage
defined in Figure 1 and equation below

Y, =¢.sin (hw1t+0ch)

where ¢y, is the spectral component magnitude

IEC
Figure 1 — Example of a phase angle between the harmonic current and the harmoni
voltage component as well as the fundamental voltage

Note| d in

IEC

1 to entry: The sign convention used for the voltages and currents is the generator convention as defin
51400-21-1:2019, Annex C.
Note

2 to entry: Please check IEC 61400-21-1:2019, Annex D for more details.

3.1.

har

Note| 1 to entry: This can be described by the addition of one or more harmonics to the fundamental.

3.1.p

harmonic model

model that representsharmonic emissions of a WT interacting with the connected network
Note| 1 to entry: Different WT types may be modelled by changing the model parameters.

3.1.p

harmonic model terminals

refe

cycIiF(I: departure of a waveform from thé’sinusoidal shape

onic distortion

rence jpoint on the electric power system where here the harmonic model is connected

3.1.
negative-sequence component of 3-phase voltages (or currents)

symmetrical vector system derived by application of the Fortescue’s transformation matrix,
and that rotates in the opposite direction to the power frequency voltage (or current)

[SOURCE: IEC TR 61000-3-13:2008, 3.26.4, modified — the formula has been deleted]

3.1.8

operational mode

<wind turbine> operation according to control setting, for example voltage control mode,
frequency control mode, reactive power control mode, active power control mode, etc.

[SOURCE: IEC 61400-21-1:2019, 3.9]
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3.1.9
percentile
the value of a variable below which a certain percent of observations fall

3.1.

10

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|
resp

[SO

3.1.

1 to entry: Planning levels are considered internal quality objectives to be specified at a local level by\{]
bnsible for planning and operating the power supply system in the relevant area.

URCE: IEC TR 61000-3-6:2008, 3.16]

11

point of connection

hose

een

reference point on the electric power system where here the WPP is connected

[SOURCE: IEC 60050-617:2009, 617-04-01, modified — "user’s¢electrical facility" has b
replaced by WPP]

3.1.12

po:]itive-sequence component of 3-phase voltages (or-currents)

symmetrical vector system derived by application of\the Fortescue’s transformation matrix,
and|that rotates in the same direction as the powerfrequency voltage (or current)

[SOURCE: IEC TR 61000-3-13:2008, 3.26.3, modified — the formula has been deleted]
3.1.13

power bin

congecutive, non-overlapping intervals of WT active power measured at WT terminals
Note|1 to entry: The bins (intervals)(Shall be adjacent, and are usually equal size, e.g. 0, 10, 20, ... , 100 % g
0, 1Q, 20, ..., 100 % are the bin midpoints.

[SO
defi
mod

3.1.
pre)
pha

hed; in the note;\'shall be adjacent" has been added and the text has been slig
ified]

14

vailing~angle

se of the spectral component is described by

A\

f P

n:

URCE: |IEC 61400-21-1:2019, 3.62, modified — "active" has been deleted from the ferm

htly

whe

n

_Re(Gy)

i=1

[ "
Im(C,, n
U g = arctantMJ, if > Re(C,,)=0
i=1

2, Im(Gy)

n

O avg = T Harctan
2. Re(Gy)

. if SRe(C,,)<0
P

re

is the number of DFT windows;
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Ch i is the complex value of the 4-th harmonic from the estimated spectrum from each of i-th
10-cycle or 12-cycle window, and

Cy, is the h-th harmonic magnitude.
Note 1 to entry: Definition of rectangular window as in IEC 61000-4-7:2002.

3.1.15
prevailing angle ratio
ratio describing the phase randomness of spectral component and expressed by

vn C vn (n 475
A= () R AP A

)
T

oGl 2 et

where

Chi is the complex spectral component from DFT;

apipnd by, ;  are the real and imaginary components of the complex,spectral component of
the i-th window, respectively.

3.1.16

shofrt-circuit power
product of the current in the short-circuit /, at a point of asystem and a nominal voltage|U,,
gengrally the operating voltage

S, =31U;

Note|1 to entry: Using physical units for line current (A)”"and nominal phase-to-phase voltage (V), the prgduct
should also include the factor V3.

[SOURCE: IEC 60050-601:1985, 601-01514, modified — "conventional" has been replaced by
"nominal"]

3.1.07

shojrt-circuit ratio
ratio of the short-circuit power S, at the point of connection to the nominal power S, of|the
WPP or WT

SCR=i
S,

n

[SOURCE:=IEC 61400-27-1:2015, 3.1.18, modified — "active" has been deleted and|the
equption.has been added]

3.1.18

system operator or responsible

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

[SOURCE: IEC TR 61000-3-6:2008, 3.23, modified — “owner” has been changed to
responsible]

3.1.19

total harmonic distortion

ratio of the RMS value of the sum of all the harmonic components up to a specified order to
the RMS value of the fundamental component
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THD=

where

(0] represents either current or voltage;
04 is the RMS value of the fundamental component;
h is the harmonic order;

Oy, [ 15 the RMS value of the harmonic component of order 7,
H is generally 40, 50 or 100 depending on the application.

[SOURCE: IEC TR 61000-3-6:2008, 3.26.7, modified — H is defined differently]

3.1.20
wind power plant
power station comprising one or more WTs, auxiliary equipment and plant*control

[SOURCE: IEC 61400-27-1:2015, 3.1.25]

3.1.21
wind turbine
rotating machinery in which the kinetic wind energy is ransformed into another form of engrgy

[SOURCE: IEC 60050-415:1999, 415-01-01]

3.1.R2

winfd turbine terminals
point being a part of the WT and identified by the WT supplier at which the WT is connected
to the power system

Note| 1 to entry: Same definition as in J[EC 61400-21 defining the measurement point of the tests.
3.2| Abbreviations

The|following abbreviations are used in this document.

AU auxiliary equipment

CB gircuit breaker

DC direct current

DCl DC link

DFAG doubly fed asynchronous generator
DFT discrete Fourier transform

GSC generator (machine) side converter
HD harmonic distortion

HIL hardware in the loop

HMT harmonic model terminals

HV high voltage

1 Often referred to as a doubly-fed induction generator (DFIG), but it is not operated as an induction generator
when the rotor current is controlled.
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HVAC high voltage alternating current
HVDC high voltage direct current
LSC line (grid) side converter
LV low voltage

MV medium voltage

PA prevailing angle

PAR prevailing angle ratio
POC point of connection

PWM pulse width modulation
RM$ root mean square

SCR short circuit ratio

SIL software in the loop

STATCOM static synchronous compensator

TR transformer

THIO total harmonic distortion
VS( voltage source converter
WPP wind power plant

WT wind turbine

WTT wind turbine terminals

4 |General description

4.1 Overview

Harmonics are of special concern in (ower system studies. In the past, the power system
comprised mainly passive components with a relatively linear operating range as wel| as
syn¢hronous generators.

Renewable energy sources; e.g. WTs, are becoming more prevalent in many power systgms.
Power electronic equipment in modern power systems is obviously a source of additipnal
harmonic components«not seen previously. On the other hand, the application of advarced
and| fast control in.grid-connected voltage-source power converters (VSCs) introduces|the
possibility of controlling higher frequency components than the fundamental. Approprigtely
usefl power electronics can definitely improve power quality.

Therefore;—~due to the modern power converters complexity, there is a great necessity to
perform(_a careful power quality evaluation including harmonic measurements, data
prog¢essing, data analysis, and harmonic modelling of WTs.

Measurements are an important part in the WPP and WT evaluation process. In order to
validate theoretical analysis and numerical simulations, measurements are required.
Appropriate measurements as well as data processing techniques are crucial in the WT
analysis and evaluation. Figure 2 is presenting how WPP main components relevant for the
harmonic studies are contributing to potential challenges in harmonic performance. WT
harmonic model is one of the most important parts required in overall system modelling and
behaviour estimation.
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studies and potential challenges in harmonic performance

Background

adays, large offshore WPPs with complex structures including WT, array cable systd
HVAC or HVDC offshore/onshorey transmission systems are being introduced
re 3 and Figure 4). This represents>new challenges to the industry in relation to predig
mitigation of harmonic emission\and propagation [7]2. Due to increasing complexit
Ps, it is more and more important to appropriately address harmonic analysis of WT;
as WPP on a system level-by means of modelling during the design stage as wel
nonic evaluation during operation.

measurement procédure and assessment of harmonics in the 219 edition of IEC 6140(
s based on a harmonic current evaluation dependent on local grid conditions. Moreo
direct application of the harmonic current measurements to other grid scenarios has b
rted by theNindustry to be potentially inaccurate, causing incorrect design
ensioning<of passive filters. This is mainly due to the fact that the existing stand
ides only/current spectrum of a WT and as a consequence can be considered as an i
nonic current source neglecting the internal impedance. This approach also neglects

impedance impact on the generated harmonic currents. More accurate evalug
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ods are described in IEC 61400-21-1-2019_ Annex D

2 Figures in square brackets refer to the Bibliography.
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Figure 3 — Example of a WPP complex structure

e information and aggregation techniques [8]. Additionally,
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monic current emissions from the WT are strongly.“dependent on the WT intefrnal
bdances as well as the external network frequency-dependent short circuit impedance| To
ble a more accurate assessment procedure, IEC 61400-21-1:2019, Annex D recommgnds
des the harmonic currents also harmonic voltage measurement procedures, inclu

ling
of

mmendations and guidance is provided to exclude the impact of the external network
hg the measurement process. Afterwards,“stuch extensive measurement dataset car be
i either for WT harmonic model validatiow or even development as shown for example in
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offshore substation

Figure 4 — Example of a WPP complex electrical infrastructure with many WTs

Furfhermore, it also addresses the evaluation of uncertainties of the measurements and
data analysis. IEC 61400-21-1 provides-guidelines on how to detect which harmonic curr
are [affected by the background harmenic distortion which is specified in Annex D.

In terms of harmonic evaluation,. [EC 61400-21 [5] specifies a standard approach on ho
takg into account the impacts:-of the grid. The state-of-the-art approach is to report cur
bas
the
can
How
for
resq

assumption that thewcurrent emission is independent on the grid voltage, i.e. the emis
be described as\a current source which is characteristic to the specific unit t
ever, such apn ;jassumption is not valid for WTs and complex WPP systems
example Figure 3 and Figure 4) comprising many WTs and characterised by var
nance phenomena (see Figure 5).

Unfoprtunately, until now there has been no systematic approach of representing WTs fro|
harmanic’performance perspective. This brings inconsistency in WT harmonic performg
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Figure 5 — Harmonic impedance estimated at the point
of connection specified in Figure 4

Having a standardized WT harmonic model definition allows consistent and fllient

com
cou

Des

munication between parties within the wind power industry. The WT harmonic m
d be used as follows:

ired properties of the WT frarmonic model are as follows:

provide a more comprehensive characterization/of WT harmonic performance;
supplement the harmonic measurements report/from IEC 61400-21-1;

introduce a standardised way of performing-harmonic analysis in WPPs;

assess the influence of the external network on the harmonic distortion at POC;
introduce common interfaces to varieus engineering tools for harmonic analysis;

define a common basis for dialeg with manufacturers, developers, system operator
owners;

provide a benchmark for the'academia and industry.

allows estimatingithe influence of the grid where the WT under test is connected;
correctly represents the WT reaction to background harmonic voltages in
connection grid;

provides-a universal measure of WT harmonic performance;

can~\be applied in harmonic assessment studies comprising various grid conditi
€.g." contingency scenarios or outage conditions, whereas the harmonic cur

bdel

the

NS,
rent

measurements from a single scenario cannot;

represent all possible WT operational modes affecting harmonic performance;

has a standard and commonly recognized engineering structure as well as can be

widely used for harmonic analysis/studies on a system level.

5 Recommendations of minimal requirements

5.1

General

The WT harmonic model, in order to be broadly used by the industry, needs to have a
standardised and universal structure. This would allow WT manufacturers, WPP developers,
system operators or owners, universities and other potential stakeholders to have a common
understanding and to more easily establish a dialog between each other. Therefore, the
minimal requirements need to be defined. It would be:


https://iecnorm.com/api/?name=f5b4d7b7475af05780fd2e0a74306b97

- 18 — IEC TR 61400-21-3:2019 © IEC 2019

— application,

— input parameters,

— harmonic model terminal,
— output variables,

— structure.

5.2 Application

The WT harmonic model in the basic form is expected to be applicable to broadly understood
har HORiG analysisof ‘.’\.’PPS._Th:s wHH :nc!_ude harm_en:c emission studies—as—welas-harm pnic
propagation/resonance studies. Harmonic analysis of WPPs is focused on the following
aspects:

— grid code requirements,

— harmonic filter design,

— WPP components sizing (e.g. planning levels, compatibility levels, factor-K, etc.),
— opverall electrical infrastructure optimisation.

Therefore, the WT harmonic model should reflect the WT electrical behaviour including
harmonic emission and impedance characteristic.

Typ|cally, the electrical infrastructure of large WPPs is developed and designed based on|the
design guidance available in applicable recommendations-and standards [10]. Planning leyels
are |applied to determine harmonic distortion limits;~taking into consideration all distofting
installations. These are levels of a particular disturbarice in a particular environment, adopted
as 1T reference value for the limits to be set for the emissions from the installations |n a
parffcular system, in order to co-ordinate thoseclimits with all the limits adopted for equipment
and|installations intended to be connected.to the power supply system. Planning levels|are
considered as internal quality objectives to.be specified at a local level by those respongible
for planning and operating the power supply system in the relevant area.

5.3 | Input parameters

The|input parameters characterising the WT harmonic behaviour need to be considered in|the
model development. Such parameters are dependent on the model application, i.e. simplified
model for basic studies and detailed to evaluate more precisely WT harmonic behavipur.
Depending on the application, it should be decided and defined by the model develgper
whether such parameters, as for example active and reactive power setpoints, generator RPM
speed, convertenmodulation index, fundamental frequency phase, etc., can affect the model
harmonic behayiour. Any limitations and uncertainties should be addressed and described

In IEC 61400-21, the WT harmonic performance is evaluated depending on active power Hins.
Activespewer is one of the recommended input parameters to be taken during the harmpnic
modehdevelopment. Of course, for the sake of simplicity, the worst case harmonic magnifude
for each harmonic component from all active power bins can be taken. However, this leads to
too conservative results. If the application of a harmonic model reflecting the worst-case
magnitude allows, for example, fulfilling the requirements of the TSO or design a feasible
harmonic filter, then the simplification can be justified. If this is not the case, a detailed
analysis based on power bins is recommended for analysing in which situation the limits are
violated or filter oversizing is obtained. The more extensive harmonic model representation is
usually a good information for the WPP owner/developer or utility.

5.4 Harmonic model terminal

It is important that the WT harmonic model reflects the harmonic behaviour of the whole WT
as one of the components in modern power systems (e.g. WPPs). Therefore, it is important to
define which part of the WT the harmonic model reflects. Based on the model, it should be
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possible to estimate the level of harmonic distortion at the WT terminals (WTT), i.e. LV or HV

side

of the WT transformer (TR).

For models intended to represent a WT in power systems analysis, the harmonic model
terminals (MHTs) should be defined as the WTT. Therefore, any relevant components which
are part of the WT internal power circuit (e.g. filters or auxiliary circuits) should be considered
in model development and included in the model. It is the model developer’s responsibility to
evaluate which component properties (e.g. frequency dependent inductor losses) need to be
considered in order to achieve the desired level of accuracy.

5.5
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perform typical harmonic analysis in frequency/harmonic domain and evaluate~the
nonic performance, there is a need to express WT as harmonic source coyering
vant harmonic components (typically up to the 40th, 50t order), [10] and)freque
endent impedance incorporating the WT active (e.g. converter controller, etcy) and pas
. filter, reactor, etc.) components. The harmonic model is devoted to allow estimating
nonic distortion level (i.e. harmonic magnitude and phase) as (well as freque
endent impedance at HMT. The harmonic range needs to be adjusted accordingl
cific studies and grid code requirements.

essment of harmonic disturbance in offshore WPPs is beceming an increasingly impor
as they are increasing in size. It has been customary iythe past to base all complig
design studies on positive sequence simulation models. However, the use of long
hge cables (for example in WPPs) gives rise to the,need for more sophisticated model
justified that on unsymmetrical cable systems;~a decoupled sequence model (i.e

lead to underestimation of the harmonic distartion in the system [11].

ever, for systems with strong unbalanced“impedance profile (e.g. long underground H
es with flat formation), it starts to_be- important to also address the sequence of
nonic components as well as the>3-phase WT harmonic model representation.
cture of the model should be spécified depending on the level of details in modelling
as electrical infrastructure, 0f) the investigated system. In classical power syste
nonic analysis, the sequenee_decomposition typically shows that the harmonics in gen
w their natural sequences.-However, in WTs with grid-tied converters, the harmonics,
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Structure

of common practice to represent the WT harmonic model as a Norton/Thév
valent-eircuit. Therefore, using the WT harmonic model by means of simulation
neering tools can estimate the harmonic contribution to the system to which |
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sources as well as harmonic mitigation units by means of active and passive filtering; this
model structure is able to represent both aspects of the WT behaviour.
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Figure 6 — Generic harmonic model structure represénted
as Norton/Thévenin equivalent circuit

eneric harmonic model structure represented as a Norton/Thévenin equivalent circu
vn in Figure 6. The Norton/Thévenin equivalent circuit is_represented by means o

nonic/frequency domain studies. Further elaboration about the harmonic model struc
N some examples) is given in Clause 7.

Interfaces to other IEC documents

IEC 61400-21-1:2019, Annex D —\Harmonic evaluation
harmonic current emission of a WT can be influenced for example by:

bxternal grid harmonic background distortion,
esonances in the grid frequency-dependent short-circuit impedances,
short circuit power at the grid connection point.

ences as aceurately as possible. Thus, it may be necessary to identify other influence
harmonic emission of the WT and possibly exclude these influences.

aforementioned influences are dependent on the WT type, on the grid configuration
ption.at the site of the measured WT as well as on the actual grid background harm

volt

hge“distortion during the measurements. Thus, it is still not possible to give a spe

it is
an

valent ideal current/voltage source and an equwalent impedance for gach
nhonic/frequency order of interest. Thus, an appropriate~harmonic model may be appligd in

ture

aim of Annex P'is'to evaluate the harmonic emission of a WT independently of the aljove

b ONn

and
bnic
cific

procedure on how to identify the influences and how to exclude them.

The WT harmonic assessment can also be done based on the WT harmonic model evaluation.
The model can be developed based on measurement data as well as sophisticated simulation
tools. The model would describe the harmonic behaviour of the WT in theory, excluding the
influence of a distorted grid to which the WT is connected.

The model can be used in order to evaluate the background harmonic distortion impact on the
measurement process as specified in Annex D.
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6.2 |IEC 61400-21-1:2019, Annex E — Assessment of power quality of wind turbines
and wind power plants

The total installed power per WPP is increasing. This creates new challenges in the harmonic
analysis of such complex systems (see Figure 4), leading to the harmonic emission evaluation
at the POC and as a consequence to the introduction of harmonic mitigation measures by
means of active or passive filtering.

Therefore, there is a need to have an appropriately developed and validated harmonic model
in order to estimate the influence of the WT on the harmonic level at the point of interest. This
would cover possible harmonic summation and cancellation between WTs.

Nowadays, there is no standard approach of doing harmonic analysis in WPPs. Within|the
scope of IEC 61400-21-1:2019, Annex E, recommendations and guidance on .‘performing
harmonic emission assessment on a WPP level will be provided [6]. This willJnclude|the
estimation of harmonic current flows within a WPP system as an extension of the alrdady
exigting recommendation in [IEC TR 61000-3-6. Such recommendation will-dlso directly be
reflgcted in the WT harmonic model structure and its application.

7 [Harmonic model

7.1 General

Dug to the different approaches in electrical design (taken by WT manufacturers, Jt is
conyenient to represent WT harmonics in a generic way by means of a Thévenin equivdlent
circpit comprising an ideal voltage source (Tabley) or its dual Norton equivalent circuit
comprising an ideal current source (Table 2) and-an equivalent impedance (Table 3). Such an
equjvalent circuit is to be provided for each harmonic component of interest to be include(d in
the model.

Therefore, using the WT harmonic modél as either Norton or Thévenin equivalent circuit$, in
simulations with commonly used \engineering tools, one can estimate the harmpnic
confribution to the system to which, it is connected. WTs as a part of a WPP system can be
potentially considered as harmgonie sources as well as harmonic mitigation units by meanjs of
actiye and passive filtering.- Thus, the structure of the harmonic model should reflect that
behpviour, e.g. harmonic Source and equivalent impedance adjusted accordingly to agtive
filter software settings, equivalent impedance adjustment, if the WT passive harmonic filt¢r is
incdrporated in it. Thezharmonic model should reflect WT harmonic behaviour independgntly
on grid disturbances!

Basged on thesméasurement data obtained and processed according to IEC 61400-21-1, jone
can| potentially develop and/or validate a WT harmonic model (see IEC 61400-21-1).
Appropriates model development can also require information about harmonic voltage jand
current \in terms of magnitude and phase. Thus, the standard procedure describeq in
IEC|63400-21-1 should be extended accordingly, i.e. harmonic voltage and pHase
measurements as specified in Annex D. The model would describe the harmonic behaviour of
a WT in theory, excluding the influence of a distorted grid to which the WT is connected.

The WT harmonic model is expected to reflect the WT harmonic behaviour. However, as any
model, it is an estimation trying to reflect the reality. Therefore, any information reflecting the
uncertainties of the model introduced in the development process such as components
tolerances, non-linearities, aggregation or averaging, etc. should be addressed. The
knowledge about uncertainties of the model is critical in case of model application in harmonic
analysis/studies on a system level where multi-WT systems are considered.

Prevailing angle ratio (PAR) can be helpful in the assessment of uncertainties. If the PAR is
close to unity, it means that there is no significant variation of the harmonic phase during the
analysed interval. However, the harmonic phase behaviour between WTs can vary depending
on the system topology changes, WTs power production level, etc., thus PAR cannot be used
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directly to define the harmonic angle displacement (harmonic cancellation) between WTs at
POC. If the value is much lower than 1, it means that the harmonic phase variation can be
caused either by uncertainties, significant changes in the analysed system or lack of analysed
harmonic phase lock to the fundamental frequency. If the PAR is low and the harmonic
magnitude is low, the estimated harmonic component can be significantly affected by
uncertainties in measurements or data processing. Please note that the PAR is one of the
supplementary indices and cannot give absolute guidance about the system uncertainties.

7.2 Thévenin/Norton equivalent circuit

According to Thévenin's (or Norton's) theorem, any linear electrical network with voltage and
current sources and only impedances can be replaced at the terminals of interest by an
equjvalent voltage source VTh in series connection (or an equivalent current sourcé /NP in
parallel connection) with an equivalent impedance Zth (or ZN°, where zTh = zZN°). Thévenin's
thegrem is dual to Norton's theorem and is widely used for circuit analysis simplification jand
to sfudy the circuit initial-condition and steady-state response.

7.3 | Equivalent harmonic voltage/current sources
7.3/ General

Indgependently of whether the WT harmonic behaviour is investigated based on simulations or
megsurements, the time-domain steady-state response ,should be represented in |the
frequency/harmonic domain. As the magnitude and the phasg&.of the spectral components may
vary largely between discrete Fourier transform (DFT) windows, aggregation is often need¢d.

The|l magnitude aggregation considered in IEC 61400-21-1 is performed using the square foot
of the arithmetic mean of the squared input values (i.e. RMS), and grouping of the spegtral
components can be performed according to ¢EC 61000-4-7. The other statistical form$ of
magnitude can also be used to demonstrate the variation of the WT harmonic behaviour, quch
as 95t percentile according to IEC TR 64000-3-6 or maximum values, which is regarded as
the |worst scenario case, generally speaking. It gives the opportunity for system operatorgs or
ownlers and other model users to seléct appropriate values for harmonic simulation stufies
according to different needs.

estimated from the PAR. If the PAR is close to unity, it means that there is not significant
variption of the harmonjc‘phase during the analysed interval. If the value is much lower fhan
1, it means that thesw-harmonic phase variation can be caused either by uncertainties,
sigrjificant topology-changes in the analysed system or lack of analysed harmonic phase |ock
to the fundamental-frequency. Note that it is difficult to combine grouped amplitudes ith
phage angles 6fiungrouped values. Phase angle aggregation is not possible with grouped
valyes. PA should be done without grouping and smoothing directly from DFT.

The| phase can be determined(@s prevailing angle (PA) and the randomness of the PA ca]; be

Ong should note that harmonic phase aggregation is not specified in any of the standards
concerning the power quality. Therefore, another aggregation approach can sometimeq be
seen, e.g. taking info consideration magnitude as well as phase aggregation as complex
values where harmonic magnitude and harmonic phase are aggregated together, complex
unity vectors with harmonic phases directly from DFT where harmonic phase is aggregated
separately or generating from the phase distribution (for example point with highest
probability of occurrence). The PA method is preferred; however, other methods can also be
applied. The phase aggregation method shall be described.
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Table 1 - Example of a representation/template of the harmonic voltage source

Harmonic order Frequency Harmonic voltage
Magnitude
] Hz (RMS) _ Phase
Y in degrees
2 100
3 150
4 200

Exemplary harmonic model representations as.lookup tables as presented in Table 1

Tab
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Table 2 — Example of a representation/template of the harmonic current.source

Harmonic order Frequency Harmonic current
Magnitude
Phase
-] Hz (RXS) in degrées
2 100
3 150
4 200

e 2 are reflecting a specific WT operational.mode. Therefore, it should be defined by
nonic model developer or WT manufacturer which input parameters are relevant and
hge the harmonic profile of the modelxMoreover, possible interharmonic components
ddressed in the harmonic model if their existence and modelling is relevant to express

tive and/or negative sequencé.components which are defined as in Clause 3.

simplified studies, & positive-sequence harmonic model representation would
cient. However, in_order to investigate the system in detail, a more extended

e for which harmonic characteristics of the WT are different. Furthermore, a gen
nonic source,table or a general current source table which includes different opera
ts does notrinclude a column for phase. A general source table (together with
valent hatmonic impedance table) is used for a simplified and conservative study. If|
ble model gives too conservative results, further complexity in the modelling can
duced"to more precisely estimate the harmonic distortion level and consequently a

systlem overdesigning.

7.3.

2 Harmonic equivalent impedance

and
the
can
can
the

rall harmonic behaviour of the WT under consideration. The harmonic compongnts
cified in Table 1 and Table 2. can, instead of the phase representation, refer to both

be
WT

honic model is néeded, given in a table representation for each specified operatipnal

eral
ting
the
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In order to accurately predict the response of the WT or WPP to the background harmonic
voltage distortion occurring as a result of harmonic sources in the external network to which
the WT or WPP is connected, it is necessary to define the harmonic impedance of the WT.
Depending on the WT technology, the impedance comprises various passive components in
the main power circuit (e.g. series reactor, shunt harmonic filter, generator windings,
transformer, etc.) as well as the equivalent impedance of the dynamic feedback control
system.
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Due to the extensive utilisation of power electronics and feedback controllers in WPPs, the
Thévenin impedance includes not only the passive components of WTs but also the line side
converter (LSC) internal impedance defined by the operational mode. The most dominating
part should be expected from the passive components; however, for lower frequencies
(especially within the converter control bandwidth), the influence of the converter frequency
response can be seen, e.g. controllers in order to achieve nil steady-state error ideally have
infinite impedance which results in capacitive behaviour at the controlled/tuned frequency. It
should be noted that in LSCs, the positive and negative sequence impedance is not
necessarily the same; however, it is the model developer's or WT manufacturer’s
responsibility to define whether the WT model should also distinguish the sequences.
Typically, the characteristic harmonics are the most prominent in power systems, i.e. the
posftive sequence (e.g. 7", 13N, etc.) and the negative sequence (e.g. 5", 111", etc.)| As
sooph as the WT (or the controller of the LSC) behaves differently in the negative sequgnce
(compared to the behaviour in the positive sequence of the same frequency), the model [has
to reflect positive and negative sequence, i.e. two models are needed.

Table 3 — Example of a representation/template of the harmonic equivalent impedanlce

Harmonic order Frequency Harmonic impedance
] Hz Resistgnce, R React?)nce, X
2 100
3 150
4 200

It should be noted that the part of the harmonic equivalent impedance influenced by the(WT
confrol strategy can also vary depending on” the operational mode. Typically, the WT LSC
impgedance is a small-signal representation” of the system and thus it also should be defined
by the manufacturer which operationalmodes it is covering.

7.4 Wind turbine types
7.4.4 General

In Subclause 7.4, one‘can read how the harmonic model described in a generic way [can
reflect the behaviourof\different WT types. An exemplary application of the harmonic modegl is
desgribed based ofn the references provided. This part elaborates about the harmonics in WTs
and|how they could be potentially included in the modelling.

7.4 Type 1 and Type 2

A Type WT uses asynchronous generators directly connected to the grid, i.e. without pgwer
conterfer Maost Type 1 WTs have a soft-starter but this is only active during start-up. A
Type 2 WT is similar to a Type 1 WT in many aspects, but the Type 2 turbine is equipped with
a variable rotor resistance and therefore uses a variable rotor resistance asynchronous
generator [6].

Historically [4], Type 1 and Type 2 WTs were not evaluated from a harmonic perspective and
thus there was no need to provide/develop a harmonic model for them. According to [4],
harmonic emissions have been reported from few installations of WTs with induction
generators but without power electronic converters. Thus, one can measure harmonics
directly from the generator. Furthermore, there is no known instance of customer annoyance
or damage to equipment due to harmonic emissions from such WTs. Nowadays, Type 1 and
Type 2 WTs are less and less commonly seen in modern power systems and not present in
new WPP installations, thus this document will not elaborate further about this type of WTs.
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7.4.3 Type 3

Type 3 WTs uses a doubly fed asynchronous generator (DFAG), where the stator is directly
connected to the grid and the rotor is connected through a back-to-back power converter.
Figure 7 shows the main electrical and mechanical components of a Type 3 WT. The power
converter consists of the generator side converter (GSC), the LSC and the DC link (DCL) with
the DCL capacitor (C). Type 3 WTs can have sufficiently dimensioned GSC and chopper (CH)
for undervoltage ride-through without bypassing or disconnecting the converter. Other Type 3
WTs include a crowbar device (CRB) which short-circuits the rotor during electromagnetic
transients and converts the WT generator during this time into an induction machine [6].

f\
( WTT
|
' {
A o l,
| cg ! o
&/ ©B  Dbrac
WTR ~/ + [ﬁ /
GSC DCL Lsc

IEC
Figure 7 — Main electrical and mechanical components of Type 3 WTs [6]

Thel WT with a DFAG is a variable-speed“system with converters connected to the rotor jand
grid| side, respectively. The power converter within the WT is typically controlled so that|the
power quality is high/satisfactory. To\achieve that, a harmonic filter is included within the|WT
internal electrical infrastructure te, absorb most of the distortion energy (i.e. harmorics)
credted by the converter/generatorsystem.

The| presence of power electronic grid interfaces in VSCs potentially causes the production of
harmonics and interharmonics [12]. According to [13], harmonics are produced in DFAGSY via
the following predominant means:

— LSC: converter-fast switching produces high-frequency harmonics and interharmohics
caused by, the*modulation technique (also characteristic for Type 4).
— (SC: lew-)and high-order rotor harmonic components propagate to the grid.

— PFAG,windings: high-frequency harmonics are present in the air gap flux as well as spgace
harmonics directly related to the slip.

The VSC used in a DFAG may have a very low harmonic impedance and, due to its frequency
dependence, cannot be accurately represented by a constant current source. A Norton (or
Thévenin) equivalent is therefore recommended [14], whereby the frequency dependence of
the equivalent shunt (or series) impedance can be modelled accurately. In addition, the high-
frequency harmonic filters used in DFAGs should be considered as they influence resonances
which can be also included/aggregated, for the sake of simplicity, into one common
Norton/Thévenin impedance. An example harmonic representation of a DFAG, taken from
[13], is illustrated in Figure 8. The mechanism of harmonic generation by LSCs in Type 3 is
similar as in Type 4.
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Figure 8 — Example of a structure of a DFAG harmonic model(from [13])
@ Type 4
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Figure 9:—Main electrical and mechanical components of Type 4 WTs [6]
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Based on measurements which are field-dependent, it is possible to represent Type 4 WT
harmonic emissions by a Norton/Thévenin circuit comprising harmonic sources and equivalent
impedances. However, in order to obtain the harmonic source, knowledge of the WT
impedance is needed, which is within the WT manufacturer competences and responsibility.
The equivalent WT/converter impedance is dependent for example on the LSC control
strategy and filter topology. This approach can represent the WT from a harmonic perspective
independently of the grid to which it is connected [15].

In the following, an exemplary structure of a Thévenin equivalent converter harmonic model is
shown based on reference [16]. In this example, passive filtering of harmonics is
accamplished by a combination of converter reactor and a PWM shunt filter (as part of the WT
circpit). There exist other arrangements such as for example a LCL filter included as paft of
the |converter model. Also, an equivalent Norton representation of the effect of eonhverter
confrols and filter topology can be chosen. It is up to the WT manufacturer to (define|the
intefnal representation of the converter harmonic model. What is important i§*the correct
response of the converter harmonic model to grid side impedances and\(backgroynd)
harmonic voltage sources.

Exemplary structure of the converter harmonic model based on [9]:

— The harmonic emissions from the converter are represented@s a number of Thévenin
bquivalent circuits, each representing the harmonic emissions‘and the interaction in tgrms
bf its controller to background harmonics at a particular harmonic (also interharmonfic if
bpplicable) frequency.

— [T'he equivalent impedances (Z;) in the model represent both the converter reactor and| the
converter control frequency response which™ represents converter interaction| to
background harmonic disturbances.

— ['he equivalent voltage sources (V) in the ‘model represent the disturbances which|are
caused by the PWM switching, the non-ideal properties of the converter hardware (e.g.
network bridge, etc.) and control.

The| Thévenin equivalent circuit is presented in Figure 10.

Harmonic model Wind turbine circuit

Turbine
transformer

T i1 ]

Converter and reactor I Harmonic Auxiliary
equivalent circuit | filter(s) linear load
(

IEC

Figure 10 — Example of a converter harmonic model as Thévenin equivalent
circuit together with an example of a WT power circuit (from [9])

Harmonic current flow at the WT level can be significantly affected by the frequency-
dependent grid impedance and harmonic background distortion level. Harmonic modelling can
allow decoupling harmonic contribution in the measurements from the grid and from the WT.
Therefore, the developed model can constitute a good measure of the WT harmonic
performance.
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Exemplary harmonic voltage measurements at the WT transformer LV terminals can be seen
in Figure 11a. Such measurements are influenced by the grid to which the WT is connected
as well as by the WT itself. In Figure 11b, it can be seen how the voltage at the same WT
terminals is represented by the open-circuit Thévenin equivalent model excluding the
influence of harmonic background distortions. In Figure 11, harmonics are presented as box
plots covering all possible active power production levels. On each box, the central mark is
the median Q,, the edges of the box are the 25! and 75 percentiles (lower quartile 0, and
higher quartile Q5 respectively), the whiskers3 extend to the most extreme data points where
outliers are not considered, and outliers are not plotted.
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a) Harmonic voltage measured at b) Harmonic voltage of the Thévenin
the LV side of the WT transformer equivalent model
Figure 11 — Harmonic yoltage comparison for respective power bins
8 |Validation
8.1 General
The| WT model needs to be validated either by harmonic measurements or by mean$ of
prevyiously validated benchmark system simulations. The validation process should be unified
for harmonic.models from all WT types, independently of the technology included in the WT.
At this moment, the validation procedure guideline is giving harmonic model developers spme
flex|bility"te carry out that process. However, the validation process should be well described
and|included as a part of harmonic model documentation.

8.2 Overview

Validation is a procedure that is used for checking that the model meets the requirements and
that it can fulfil its intended purpose. Validation is a crucial part in harmonic model
development and its further application. It also provides a measure to what extent the model
is accurate and trustworthy. The possible discrepancy between the model and reality as
measured during the validation process can constitute a basis for estimation of uncertainties
and risk evaluation.

3 The default whisker length w used in the box plots is of 1,5 IQR (interquartile range). Points are drawn as
outliers if they are larger than Q, + w(Q; — Q4) or smaller than O, — w(Q; — O,).
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