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FOREWORD

International Electrotechnical Commission (IEC) is a worldwide organization for standardization’ con
national electrotechnical committees (IEC National Committees). The object of IE€® js to q
Fnational co-operation on all questions concerning standardization in the electrical and, electronic fig
end and in addition to other activities, IEC publishes International Standards, Teehnical Specifi

lication(s)”). Their preparation is entrusted to technical committees; any IEC National Committee int
he subject dealt with may participate in this preparatory work. Internatiohaly governmental an
ernmental organizations liaising with the IEC also participate in this preparation. IEC collaborates
the International Organization for Standardization (ISO) in accordance(Wwith conditions determ
bement between the two organizations.

formal decisions or agreements of IEC on technical matters expressy as nearly as possible, an inter
sensus of opinion on the relevant subjects since each technical\committee has representation f
rested |IEC National Committees.

Publications have the form of recommendations for interqational use and are accepted by IEC N
hmittees in that sense. While all reasonable efforts are ‘made to ensure that the technical content
lications is accurate, IEC cannot be held responsible, for the way in which they are used or

nterpretation by any end user.

rder to promote international uniformity, IEC National Committees undertake to apply IEC Publ
sparently to the maximum extent possible intheir national and regional publications. Any divg
veen any |IEC Publication and the corresponding national or regional publication shall be clearly indi
atter.

itself does not provide any attestation~of conformity. Independent certification bodies provide co
Essment services and, in some area$§,)access to IEC marks of conformity. IEC is not responsible
ices carried out by independent certification bodies.

sers shall ensure that they have'the latest edition of this publication.

iability shall attach to IEC, or-its directors, employees, servants or agents including individual exp¢g
hbers of its technical committees and IEC National Committees for any personal injury, property dar
r damage of any nature whatsoever, whether direct or indirect, or for costs (including legal feg
enses arising out.-of_the publication, use of, or reliance upon, this IEC Publication or any oth
lications.

ntion is drawnito the Normative references cited in this publication. Use of the referenced publica
spensable for the correct application of this publication.

ntion is.drawn to the possibility that some of the elements of this IEC Publication may be the su
nt rights. IEC shall not be held responsible for identifying any or all such patent rights.

prising
romote
Ids. To
ations,

hnical Reports, Publicly Available Specifications (PAS) and Guides (hereafter, ireferred to gs “IEC

brested
d non-
closely
ned by

ational
rom all

ational
of IEC
or any

cations
rgence
ated in

formity

for any

rts and
hage or
s) and
er IEC

tions is

bject of

ptiahal Standard IEC 61400-27-2 has been prepared by |IEC technical committe

e 88:

Wind energy generation systems.

The text of this International Standard is based on the following documents:

FDIS Report on voting
88/763/FDIS 88/772/RVD

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

This publication has been drafted in accordance with the ISO/IEC Directives, Part 2.
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A list of all parts in the IEC 61400, 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 publication will remain unchanged until
the stability 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

e reconfirmed,

e withdrawn,
e replaced by a revised edition, or

e anpended.

IMPORTANT - The 'colour inside’' logo on the cover page of this 'publication indi¢ates
that [it contains colours which are considered to be useful for the cdrrect
undeirstanding of its contents. Users should therefore print this document using a
colour printer.
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INTRODUCTION

IEC 61400-27-2 specifies model validation procedures for electrical simulation models of wind
turbines and wind power plants.

The increasing penetration of wind energy in power systems implies that Transmission
System Operators (TSOs) and Distribution System Operators (DSOs) need to use dynamic
models of wind power generation for power system stability studies.

The purpose of this International Standard is to specify validation procedures for dynamic
models, which can be applied in power system stability studies. The IEEE/CIGRE Joint Task
Force| on Stability Terms and Definitions [1]1 has classified power system stabijlity in
categgries according to Figure 1.

Power system

stability
Rotor angle Frequency Voltage
stability stability stability
Small-disturbance Transient karge-disturbance Small-disturbance
angle stability stability voltage stability voltage stability
Short term ,——l |Short term| | Long term |

|Short term| | Long term |

IEC

Figure 1 — Classification.of power system stability according to IEEE/CIGRE
Joint Task'‘Force on Stability Terms and Definitions [1]

Referfing to these catégories, the models to be validated have been developed to repfesent
wind power generation in studies of large-disturbance short term stability phenomenr, i.e.
short fterm voltage.\stability, short term frequency stability and short term transient sfability
studies referring/to the definitions of IEEE/CIGRE Joint Task Force on Stability Terms and
Definifions in\Eigure 1. Thus, the models are applicable for dynamic simulations of power
system events such as short-circuits (low voltage ride through), loss of generation or Joads,
and system’separation of one synchronous area into more synchronous areas.

The validation procedure specified in this document assesses the accuracy of the
fundamental frequency response of wind power plant models and wind turbine models. This
includes validation of the generic positive sequence models specified in IEC 61400-27-1 and
validation of positive sequence as well as negative sequence response of more detailed
models developed by the wind turbine manufacturers.

1 Figures in square brackets refer to the Bibliography.


https://iecnorm.com/api/?name=e3ef5c3fc53ab5c1aed8d108f0e0d1a2

IEC 61400-27-2:2020 © IEC 2020 -9-

The validation procedure has the following limitations:

The validation procedure does not specify any requirements to model accuracy. It only
specifies measures to quantify the accuracy of the model?2,3.

The validation procedure does not specify test and measurement procedures, as it is
intended to be based on tests specified in IEC 61400-21-1 and IEC 61400-21-24.

The validation procedure is not intended to justify compliance to any grid code
requirement, power quality requirements or national legislation.

The validation procedure does not include validation of steady state capabilities e.g. of
reactive power, but focuses on validation of the dynamic performance of the models.

T
Thie validation procedure does not cover sub-synchronous interaction phenomepa;

Thie validation procedure does not cover investigation of the fluctuations originating from
wihd speed variability in time and space.

Thle validation procedure does not cover phenomena such as harmonhigs, flicker ¢r any
other EMC emissions included in the IEC 61000 series.

Thle validation procedure does not cover eigenvalue calculations.for small signal sfability
anflysis.

Thiis validation procedure does not address the specifics of¢short-circuit calculations.

Thle validation procedure is limited by the functional specifications in Clause 5.

The following stakeholders are potential users of the¢validation procedures specified |n this

docunpent:

TYOs and DSOs need procedures to validate the accuracy of the models which thgy use
in power system stability studies;

wihd plant owners are typically responsible to provide validation of their wind powel plant
ma@dels to TSO and/or DSO prior to plant commissioning;

wipd turbine manufacturers will typically provide validation of the wind turbine models to
the¢ owner.

dejelopers of modern software for power system simulation tools may use the standard to
implement validation procedures as part of the software library;

certification bodies in.case of independent model validation;

education and research communities, who can also benefit from standard model validation
prpcedures.

Specification of requirements to model accuracy is the responsibility of TSOs e.g. in grid codes. The scope of
IEC 61400-27-2 is to provide a standard for how to measure accuracy and this way remove indefiniteness.

Clause 7 specifies a large number of measures for model accuracy. The importance of the individual measure
depends on the type of grid and type of stability study. Annex D describes limits to the possible accuracy of the
models.

Under consideration.
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WIND ENERGY GENERATION SYSTEMS -

Part 27-2: Electrical simulation models —
Model validation

1 Scope

This chmmmmwls for
wind fu

analyges. The validation procedures are based on the tests specified in IEC 63400-

parts)
IEC 6
turbin

The v

400-27-1 and to other fundamental frequency wind power plant modéls and
e models.

blidation procedures for wind turbine models focus on fault ridexthrough capabili

contrdl performance. The fault ride through capability includes response to balance
unbalanced voltage dips as well as voltage swells. The control"performance includes
powerl control, frequency control, synthetic inertia control and, reactive power contro

valida
The v

fion procedures for wind turbine models refer to the tests specified in IEC 61400
blidation procedures for wind turbine models refer te the wind turbine terminals.

The Validation procedures for wind power plant models is not specified in detail be|

IEC 6
stage
of the

The v

400-21-2 which has the scope to specify tests of wind power plants is at an

wind power plant.

measyrements and simulations, but they are independent of the choice of software simd

tool.

2 N

The f

prmative references

llowing documents are referred to in the text in such a way that some or all o

content constitutes reguirements of this document. For dated references, only the ¢
cited applies. Foreundated references, the latest edition of the referenced document (inc
any amendments)-applies.

IEC 60050-415:1999, International Electrotechnical Vocabulary (IEV) — Part 415: Wind t
generptot,systems (available at www.electropedia.org)

rbines and wind power plants, intended to be used in power system and grid stability

1 (all

The validation procedures are applicable to the generic models,: specified in

wind

y and
d and
active
. The
-21-1.

cause
early

The validation procedures for wind power plant models refer to the point of connfection

alidation procedures specified in JEC 61400-27-2 are based on comparisons beftween

lation

f their
dition
uding

lirbine

IEC 61400-21-1:2019, Wind energy generation systems — Part 21-1: Measurement and

asses

sment of electrical characteristics — Wind turbines

IEC 61400-27-1, Wind energy generation systems — Part 27-1: Electrical simulation models —
Generic models
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3 Terms, definitions, abbreviations and subscripts

3.1 Terms and definitions

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

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

e |EC Electropedia: available at http://www.electropedia.org/

e ISP Online browsing platform: available at http://www.iso.org/obp

3.11
appligation range
speciffjcation of the boundaries for the situations where the electrical simulation magdel is
applicgble

3.1.2
availdble active power
predigted optimal active power of wind turbine or wind power, plant, either based on power
curves$ and measured wind speeds or as an output from wind-tdrbine controller or wind power
plant ¢ontroller, where more parameters are taken into the calculation

3.1.3
base pnit
unit of parameter values, which is the per-unit base‘value if the parameter is given in per-unit
or the|physical unit if the value is given in a physical unit

3.1.4
generjic model
modell that can be adapted to simulate different wind turbines or wind power plants by
changfing the model parameters

3.1.5
integration time step
simulation time intervak>:between two consecutive numerical solutions of the mlodel's
differgntial equations

3.1.6
negatjve (sequence) component (of a three-phase system)
one (}the three symmetrical sequence components which exists only in an unsymr’r;rtrical

three-phase’ system of sinusoidal quantities and which is defined by the following complex
mathgmatical expression:

1 2
X, —g(iu +ta X, +Q£L3)

where ¢ is the 120 degree operator, and X, 4, X| » and X| 3 are the complex expressions of the
phase quantities concerned, and where X denotes the system current or voltage phasors

[SOURCE: IEC 60050-448:1995, 448-11-28]

3.1.7

nominal active power

nominal value of active power, which is stated by the manufacturer and is used as a per-unit
base for all powers (active, reactive, apparent)
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[SOURCE: IEC 61400-21-1:2019, 3.15, modified — Removed “wind turbine” from definition]

3.1.8

nominal voltage

nominal value of line-to-line voltage, which is stated by the manufacturer and is used as a per-
unit base

3.1.9
overshoot
difference between the maximum value of the response and the steady-state final value

Note 1 [to entry: Overshoot is defined by the response to a step change of a controller reference variallle, see
Figure p.

[SOURCE: IEC 61400-21-1:2019, 3.47, modified — The note to entry has been changed]

3.1.10
phasqr
compjex RMS value
repregentation of a sinusoidal integral quantity by a complex quantity whose argumient is
equalfto the initial phase and whose modulus is equal to the RMS-value

Note 1 [to entry: For a quantity a(t)=:4cos(a)t+90) the phasor is 4= 4éxp(/9%,) where 4= is the RM§$ value

A
K 2

and 9| is the initial phase. A phasor can also be represented graphically.

Note 2 fo entry: Electric current phasor / and voltage phasor«liare often used.

Note 3 [to entry: The similar representation with the modulus equal to the amplitude is sometimes alsq called
"phasof".

[SOURCE: IEC 60050-103:2017 103-07-44]

3.1.11
point|of connection
reference point on the electric’power system where the user’s electrical facility is connegted

[SOURCE: IEC 60050-6%#:2009, 617-04-01]

3.1.12
positive (sequence) component (of a three-phase system)
one ¢f the three symmetrical sequence components which exists in symmetricdl and
unsymmetricat three-phase system of sinusoidal quantities and which is defined Ry the
follow|ng’ complex mathematical expression:

1 2
X, —g(lu +aX,,+a XLS)

where ¢ is the 120 degree operator, and X, 4, X| , and X| ;3 are the complex expressions of the
phase quantities concerned, and where X denotes the system current or voltage phasors

[SOURCE: IEC 60050-448:1995, 448-11-27]

3.1.13

power system stability

capability of a power system to regain a steady state, characterized by the synchronous
operation of the generators after a disturbance due, for example, to variation of power or
impedance
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Note 1 to entry: IEEE/CIGRE Joint Task Force on Stability Terms and Definitions: Power system stability is the
ability of an electric power system, for a given initial operating condition, to regain a state of operating equilibrium
after being subjected to a physical disturbance, with most system variables bounded so that practically the entire
system remains intact.

[SOURCE: IEC 60050-603:1986, 603-03-01, modified — addition of Note 1 to entry]

3.1.14

quasi steady state of a system

short-term steady state, for instance during a voltage dip or voltage swell which is long
enough to include a period where the system state variables can be considered sensibly
constant

3.11

reaction time
elapsed time from test command issued until the change in amplitude reaches 10 % [of the
measUred output variable of the step height

Note 1 fo entry: Reaction time is defined by the response to a step change of a controller)reference varialjle, see
Figure p.

[SOURCE: IEC 61400-21-1:2019, 3.48, modified — The note to entr{)has been changed]

3.1.1

refergnce variable
input yariable to a comparing element in a controlling system, which sets the desired vglue of
the cgntrolled variable and is deducted from the command variable

[SOURCE: IEC 60050-351:2013, 351-48-02, modified — The note to entry and the figurg have
been fleleted]

3.1.1

response time
elaps¢d time from the start of a st€p change or start of event until the observed value first
time gnters the predefined toleranée band of the target value

Note 1 fo entry: Response time is defined by the response to a step change of a controller reference varialle, see
Figure p.

[SOURCE: IEC 61400:21-1:2019,3.44, modified — The note to entry has been changed]

3.1.18
rise time
time ffom when the observed value reaches 10 % of the step change until the observed|value
reaches/90-% of the step change

Note 1 to entry: Rise time is defined by the response to a step change of a controller reference variable, see
Figure 5.

[SOURCE: IEC 61400-21-1:2019, 3.46, modified — The note to entry has been changed]

3.1.19

settling time

elapsed time from the start of a step change event until the observed value continuously stays
within the predefined tolerance band of the target value

Note 1 to entry: Settling time is defined by the response to a step change of a controller reference variable, see
Figure 5.

[SOURCE: IEC 61400-21-1:2019, 3.45, modified — The note to entry has been changed]
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3.1.20

short-circuit power

the product of the current in the short circuit at a point of a system and a conventional
voltage, generally the operating voltage

Note 1 to entry: Transient and subtransient currents are not considered.

[SOURCE: IEC 60050-601:1985, 601-01-14, modified — The note 1 to entry has been added]

3.1.21
system state variables
varia ifi i

Examples: Voltages, currents, powers, electric charges, magnetic fluxes.

[SOURCE: IEC 60050-603:1986, 603-02-02]

Note 1 fo entry: Reaction time is illustrated in Figure 5.

Thevegnin equivalent
equivalent representation of a circuit by a Thevenin/) voltage in series with a Thgvenin
impedance

3.1.2
transient time period
time geriods with measured electromagneti¢ transients which are not included in fundamental
frequgncy models

3.1.25
voltage dip
limited duration non-periodic)sudden decrease of the power supply network’s vpltage
magnitude and associated.change of its phase

Note 1 fo entry: In some artiCles, publications, etc. the expression "voltage sags" is used for the same event.

[SOURCE: IEC61400-21-1:2019, 3.26]

3.1.26
voltage swell
limited “ddration non-periodic sudden increase of the power supply network’s vpltage
magnitude above its nominal value and associated change of the phase of the voltage

[SOURCE: IEC 61400-21-1:2019, 3.27]

3.1.27
wind power plant
power station comprising one or more wind turbines, auxiliary equipment and plant control

3.1.28
wind turbine
rotating machinery in which the kinetic wind energy is transformed into another form of energy

[SOURCE: IEC 60050-415:1999, 415-01-01]
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3.1.29

wind turbine terminals

a point being a part of the wind turbine and identified by the wind turbine supplier at which the
wind turbine is connected to the power collection system

Note 1 to entry: Same definition as in IEC 61400-21-1 defining the measurement point of the tests.
3.2 Abbreviations and subscripts
3.2.1 Abbreviations

The following abbreviations are used in this document:

CIGRE the International Council on Large Electric Systems
IEEE the Institute of Electrical and Electronics Engineers, Inc.
WP wind power plant

WT wind turbine

WTT WT terminals

3.2.2 Subscripts

base per-unit base value

E error between simulation and measurement

MAE mean absolute error between-simulation and measurement
max maximum

ME mean error between.simulation and measurement
mea measured

MXE maximum.error between simulation and measurement
n nominal

u voltage

WTref WT reference value

sim simulated variable

WT variable at WTT

4 Symbols and units

4.1 General

In this document, voltage and current values are positive sequence fundamentals, unless
otherwise stated.
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The following symbols are used in this document. Small letters are used for per-unit values
whereas capital letters are used for values in physical units. For values with physical units,
the units are given in brackets. For per-unit values, the per-unit bases are given in brackets.
Active and reactive current as well as active and reactive power use generator sign
convention.

4.2 Symbols (units)

Jfout ?t;tc;ff frequency of critically damped filter according to the description in Annex E
z
Inase phase current per-unit base 7, = St (A)

base \/§Ubase

6120 positive sequence or negative sequence active current sequence processed from
iraw according to IEC 61400-21-1 (generation sign convention) (#,3se)

inds down sampled active current time series processed according to 6.4.2 (I 46e

Infun active current time series simulated according to 6.42 (I5e)

Ipmea measured active current time series processed atcording to 6.4.2 (/,,40)

Ipsim simulated active current time series processed according to 6.4.2 (I,,,5¢)

iq120 positive sequence or negative sequéence reactive current sequence processed

from i,,, according to IEC 61400-29=1 (capacitive sign convention) (/)

iqds down sampled reactive currepttime series processed according to 6.4.2 (I,,k,)
igfun reactive current time series simulated according to 6.4.2 (I,55¢)

Iqmea measured reactivg current time series processed according t0 6.4.2 (/p45e)

Iqsim simulated reactive current time series processed according to 6.4.2 (/,,5¢)

iraw raw current measured according to IEC 61400-21-1 or IEC 61400-21-2 (/,4sd)
P120 positive sequence or negative sequence active power sequence processed from

gy and i ,,, according to IEC 61400-21-1 (generation sign convention) (Sp.de)

Dds dowTT sampied active power time serfes processed according t0 6.4.2 (Spase)

Dfun active power time series simulated according to 6.4.2 (Sp55c)

Pmea measured active power time series processed according to 6.4.2 (Sp4se)

Psim simulated active power time series processed according to 6.4.2 (Spase)

Pwtn nominal active power of WT (W)

Pwpen nominal active power of WP (W)

9120 positive sequence or negative sequence reactive power sequence processed from

ugw and i ,,, according to IEC 61400-21-1 (generation sign convention) (Spzse)
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4ds
4fun
9mea

9sim

Sbase

down sampled reactive power time series processed according to 6.4.2 (Sya5e)
reactive power time series simulated according to 6.4.2 (Sp5e)
measured reactive power time series processed according to 6.4.2 (Spae)

simulated reactive power time series processed according to 6.4.2 (Spzse)

Py, referringtoWT

: (VA)
Pp, referringto WP

power per-unit base S, ={

tbegin
fault
faultQ

lclear

lclearQ

lend

T,

com

T,

mea

Ts
Ubase

U120

Ugs

()

Ufun

begin time for data analysis of FRT test case

fault initiation time for data analysis of FRT test case
time with quasi steady state after fault initiation for data analysis of FRT test|case
fault clearance time for data analysis of FRT test case

time with quasi steady state after fault clearance.for data analysis of FRJT test
case

end time for data analysis of FRT test case
common sample time used to compare measured and simulated values (s)
sample rate of raw measured data (s)

integration time step (s)

Uy, referringto WT

. V)
Uyp, referringto WP

phase-to-phase voltage per-unit base U, ={

positive seguence or negative sequence voltage sequence processed fron
accordingto IEC 61400-21-1 (Up,ge)

[ Uraw

down sampled voltage time series processed according to 6.4.2 (Up,ee)

voltage time series simulated according to 6.4.2 (Up,4e)

Umea

Uraw

Usim

Uwpn
UwTn

Weault

measured positive or negative sequence voltage time series processed according
t0 6.4.2 (Upase)

raw voltage measured according to IEC 61400-21-1 or IEC 61400-21-2 (Upse)

simulated positive or negative sequence WTT voltage time series processed
according to 6.4.2 (Up,ee)

nominal phase-to-phase voltage at POC (V)
nominal phase-to-phase voltage at WTT (V)

time window defining the fault period from z, t0 7 1ear (S)
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Wiautqs ~ duasi steady state part of Wi, from #,,1qs tO fejear (S)

Woost time window defining the post-fault period from 7o, t0 o4 (S)

Woostas ~ Quasi steady state part of W, from /65,5 10 Zgng ()

Wore time window defining the pre-fault period from 7p,¢4i, t0 f151 (S)

xg(n) simulation error time series provided by signal processing

XMAE mearmatsotuteerror-imtime-window

XME mean error in time window

Xmea®) measured time series provided by signal processing

XMXE maximum error in time window

Xgim(n simulated time series provided by signal processing

5 Functional specifications and requirements to validation procedures
5.1 |General

Clausg 5 provides the functional specifications and requirements to the validation prodedure

for

wind turbine models specified in Clause¢7 and validation procedure for WP models

speciffed in Clause 8. The general specifications applying to both WT model validatign and
WP model validation are provided in .52, whereas the specific WT model validation
requirements is specified in 5.3, and\the specific WP model validation requiremepts is

speciffed in 5.4.

5.2

General specifications

The pfocedures for validation of WT models and WP models have been developed with the

follow|ng specifications_in-mind:

Thle validation procedures specified in this document shall be applicable to the ggneric
madels specified in IEC 61400-27-1 and to other fundamental frequency wind powef plant
madels and-wind turbine models. Annex G describes a generic software interface for user
defined models which may be applied to fundamental frequency or EMT models, but the
validation procedures specified in this document are only intended for fundarmental
freguency models.

The validation procedure specified in this document compares the fundamental frequency
positive and negative sequence response of wind power plant models and wind turbine
models against measurements.

The possible model accuracy according to the validation procedure specified in Clause 5
is limited because of simulation and measurement uncertainties, which are further
described in Annex D. For the models specified in IEC 61400-27-1, although the model
parameters are chosen to represent manufacturer's specific behaviour, the possible
accuracy is further limited because the models are generic and thus cannot represent as
many details as manufacturer's specific models.

The results of the validation procedure shall be appropriate for quantifying the simulation
model accuracy with the purpose of being applied in various grid stability evaluations and
planning studies.
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— The validation procedure does not include specification of test procedures. Specification of
test procedures for wind turbines is in the scope of IEC 61400-21-1 and specification of
test procedures for wind power plants is in the scope of IEC 61400-21-2. Tests performed
and documented according to the requirements in IEC 61400-21-1 and IEC 61400-21-2
are therefore used for specification of model validation.

— Existing test results (obtained prior to the release date of this document) covering the
same operational range as the ones specified in the IEC 61400-21-1 and IEC 61400-21-2
should be accepted for the validation provided that these results are performed and
documented according to the requirements for such results in IEC 61400-21-1 and
IEC 61400-21-2.

— To comply with the validation procedure, simulated positive sequence values shall be
validated against the measured positive sequence values. For models including negative
sefjuence components, the simulated negative sequence components shall befvalldated
agpinst the measured negative sequence components in addition to the validation [of the
popitive sequence components.

— The results of the validation procedure shall be:
¢ | time series of measured and simulated fundamental frequency quantities;

e | time series of errors between simulated and measured fundamental frequency currents
and voltages;

e | mean error, mean absolute error and maximum error in{pre=fault, during-fault and post-
fault windows of voltage dips and voltage swells;

e | measured and simulated reaction time, rise time,” settling time and overshgot of
reference point changes.

— Sqmpling and signal processing for comparison* of measurement and simulation time
sefies data should be performed with a common sampling time of 2 cycle, i.e. 10 s for
50| Hz frequency. Visualisation of measured and simulated data shall be in accordance
with IEC 61400-21-1 or IEC 61400-21-2,\as fundamental positive and negative phase
sefjuence systems are required.

— In|order to calculate the deviation between simulated and measured values, a mutugl time
bﬁfe shall be established for the'two data sets. A joint time base should be obtaingd via
time synchronization, decimationor interpolation between sampled values.

— Any observed high-frequency phenomena that is of electromagnetic origin and lagts for
e.%. less than 1 cycle shall be neglected. For example, harmonic distortion and rglated
€

pegpk transformer inrush, phenomena that are outside the interest in stability studies.

— If a measured value_does not have a corresponding simulated value, an interpolated|value
shpll be used, in order to create a data set of errors.

— The measured, processed and simulated values shall be presented, in per-unit vplues,
us|ng basg values for power, voltage and current according to definitions in 4.2.

— The simulations used for the model validation should include additional representafion of
the .grid and relevant test equipment. Alternatively, model validation may be done|using

| [ [l £ £ Al [E3
p adyubaClin Ul uarc 1micaosurcu vuitayc.
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5.3 Wind turbine model validation

The procedure for validation of WT models meets the following specifications in addition to
the general specifications in 5.1:

5.4 |Wind power plant model validation

The WT models shall be validated against measurements acquired according to
IEC 61400-21-1. In case of model-to-model validation, the same methodology shall be
applied5. Annex C describes a reference grid, which can be used for model-to-model
validation.

The validation procedure shall include the dynamic response to fault ride through and
control of the WT.

s and
simulations refer to the same point. According to IEC 61400-21-1, the WT termingls are
defined by the manufacturer and thus can be either:

1)| the low voltage side of the WT transformer, or

2)| the high voltage side of the WT transformer.

The procedure for validation of WP models meets the following specifications in addifion to

the ggneral specifications in 5.1:

6

6.1

The WP models shall be validated against measurements acquired according to
IEC 61400-21-2. In case of model-to-model validation;”the same methodology shiall be
applied®.

Thle validation procedure shall include the dynaniic response to active power contrpl and
reactive power control of the WP.

The model and test shall refer to the.’same WP connection point to ensur¢ that
measurements and simulations refer to the'same point.

General methodologies for model validation

General

Clausg 6 provides specifications of general model validation approaches which are uged in

Claus

6.2 Test results

7 and Clause 8.

The test resultscused for the model validation shall be documented in a test reporf. The

applield control.modes shall be specified for each test.

1)

The measured time series shall be available as positive sequence values of active and
reactive— current—components and—vottage cafcutated—according to tEC61400-21=t. The
measured active and reactive power shall be calculated using the measured voltage and
measured active and reactive current.

5

There are cases where a new variant of a wind turbine within a wind turbine product platform defined in
IEC 61400-21-1 does not require new tests according to IEC 61400-21-1. In such cases, validation of the model
for the new variant may be done as model-to-model validation using a detailed manufacturer model.

An aggregated WP model may be validated against a detailed WP model using nonaggregated validated
models for WTs and other components such as STATCOM or other device supplementing WTs in WP.
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If the model is applied to unbalanced faults then measured negative sequence values are also
required for the validation. If the required positive sequence or negative sequence time series
are not available then the instantaneous 3 phase voltages and currents measured according
to IEC 61400-21-1 or IEC 61400-21-2 shall be used to calculate the missing data according to
IEC 61400-21-1.

6.3 Simulations
The validation shall be performed using one of the following two simulation approaches:

— The full-system approach. In this approach, the WT model or WP model to be validated
will be simulated as part of a full system also including a model of the grid and a model of
equipment which is applied during the test. With this method, all the measured quaptities
(typically voltage, active and reactive current as well as active and reactive power)qan be
validated comparing simulations to measurements.

— The play-back approach. In this approach, the WT model or WP model to,be~validated will
bel simulated using one of the measured signals (typically the voltage)\as input fo the
simulation. With this method, only the measured quantities which @re” not played back
(typically active and reactive current as well as active and reactive power) can be
validated comparing simulations to measurements.

Full-system simulation validation approach is required to verify_the model stability with all
contrdl loops closed under all practical operating conditions{/The drawback of using full-
system simulations is that it includes models of grid andtest equipment, which introduces
additignal uncertainties not originating from the WP or W' model under validation.

Play-hQack validation approach removes the uncertainties due to grid and test equipment
models and is therefore recommended for assessing the WP or WT model accuracyl. One
drawblack of the voltage play-back approach s that it opens the voltage control loop, and
therefpre the play-back approach shall not be.used to validate that the reactive power dontrol
is stable. Thus, the play-back approach shall be used with care when validating the model
voltage control. Another drawback is thatvan instantaneous voltage step measured accprding
to IEQ 61400-21-1 will typically ramp.over one line period. Therefore, the play-back apgroach
shall [pe used with care when validating response to voltage dips and voltage dwells,
especjally for type 3B where the\crowbar will not activate if the played-back voltage famps
down pver several integration-time steps.

Powel can also be playediback to include the wind power variability in long term simulgtions
for ingtance to validate\power factor control as in [11].

6.4 |[Signal processing
6.4.1 General

To enpure-rthat the validation is reflecting the actual properties of the model considering the
specifmmmﬁ%wmmmm—pmtissmg

procedure is defined. Annex F describes a performance-based model validation methodology
which can be applied which as a supplement to the signal processing procedure.

All the variables in the signal processing structure are per-unit values, taking the base value
specified in brackets for the corresponding variable in the symbol list of 4.2.

6.4.2 Time series processing

The time series processing procedure is illustrated in Figure 2 for the play-back simulation
approach and in Figure 3 for the full-system simulation approach.
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Figure 2 — Signal processing structure with play-back simulation approach appljed
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Figure(3 — Signal processing structure with full-system simulation approach applied

In the figures, T,,.5 is the sample rate of the raw measured data (current and voltage
waveforms), T,y is the common sample time used to compare measured and simulated
values and Ty is the integration time step of the simulation model under evaluation. For fixed
integration time step models, T, is equal to 7. For solvers using variable integration time
steps, the simulation model output needs to be re-sampled to 7, for the final validation.

The down sampling from Ti,., to T, can be done as an integrated part of the positive and —
if demanded — negative sequence calculation in the block IEC 61400-21-17.

7 Using the fundamental frequency methods described in IEC 61400-21-1 for the measurement calculation, the
bandwidth of 7, _ is assumed to be low enough to avoid any considerable aliasing due to the down sampling.
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The "Bandwidth Filter" incorporated in the signal processing structure shall be implemented
as a second order critically damped filter according to the description in Annex E using a cut
off frequency, f;,+ of 15 Hz corresponding to the bandwidth of the models specified in
IEC 61400-27-18.

The “Measurement filter” incorporated in the full-system simulation signal processing structure
shall be implemented as a moving average with one line period average time. This filter on
the simulations matches the filtering of the measurements due to the fundamental frequency
calculations according to IEC 61400-21-19.

6.4.3 Windows error statistics

For each variable x to be validated (u, ips iqy P and g), the time series of the errot\xg(n) is
derivgd from the processed measured time series x,,q5(7) and simulated time series ygi,(1)
accordgling to

Xe (I’l) = Xsim (l’l) ~Xmea (I’l) (1 )

From |these time series of errors, three different characteristic quantities shall be extfacted
from dach time window defined, for each of the variables considered’in the validation:

The mMaximum error (MXE) is mainly focused on givingha measure of the trapsient
performance of the model, but can also indicate large errars in "steady state" performance.
The mjaximum error incorporates a maximum absolute tolérance band for the model within the
required bandwidth of the model.

The mean error (ME) is concerned with the steadystate performance of the model, both|in the
time Refore and after the fault as well as the-steady state period within the fault. The|mean
error incorporates a tolerance band on the ehergy deviation between measured and simplated
results.

The mean absolute error (MAE) is eéncerned with the steady state performance of the model,
both ip the time before and after\the fault as well as the steady state period within thg fault.
The mean error incorporates.an’ absolute tolerance band on the mean deviation befween
measlired and simulated results.

The maximum error xxg in a time window with N time steps is calculated as the maximum
value [of the absolute.errors over the entire window according to

e = Max(|xe D], xe )],-...| e (V)] ) (2)

The mean error xyg in a time window is calculated as the mean value of the error over the

entire 'witrdow-accordit e

8 The 15 Hz bandwidth is justified in IEC 61400-27-1 as follows: It is generally accepted that the minimum time
constant which can be included in a dynamic model is two times the integration time step. Thus, requiring
cycle integration time steps, the models should work with integration time steps 0,005 s in the worst (50 Hz)
case. The minimum time constant then becomes 0,01 s. For a first order lag with time constant 0,01 s, the 3 dB
bandwidth is 10 rad/s = 15,9 Hz, which is rounded down to 15 Hz.

9 The “measurement filter” is not included in the play-back signal processing structure because the input voltage
disturbance is the measured voltage, which is already filtered according to IEC 61400-21-1.
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ZxE(n) (3)

n=1

N

XME

The mean absolute error xyag in a time window is calculated as the mean value of the
absolute error over the entire window according to

N

Z'XE(H)| (4)

n=1
X, =
MAE AL

6.4.4 FRT windows specification

In order to validate the model performance for a given FRT test case, the .measurement data
shall be divided into three adjacent windows. Figure 4 shows the windows for a voltage dip
[12]. The same three windows shall be applied for a voltage swell.

UwT
.

140 ms Wrautas 500 ms \ Wpestas

- [ >
-4 - |

A
Y
A
\J

hegin Traut trauas Tdear tdearQs Tend

-t PPt

bre Wraut Wpost
1000 ms tagam— leab 5000 ms

IEC
Figure 4 — Voltage dip windows [12]

The tHree windows are defined as:

— WF

— Wiyt is the fault window covering the time period from #,; to ¢

— WF

re 1S the pre-fault window covering the time period from zp,¢4;, t0 755 4-

clear-
ost 1S the_post-fault window covering the time period from #, o4, 10 f5pg-

wheref generally 7pggin = frauir — 1 000 ms and 7gn4 = fgjeq + 5 000 ms.

NOTE In case of the switching of a serial impedance prior to the fault, ¢, starts after the transients

bei
corresponding to the switching event have decayed. oon
tiauit @Nd g ear are followed by transient time periods with measured electromagnetic
transients which are not included in fundamental frequency models. Instead of quantifying the
maximum transient errors in We,y and Wyogt, xmxa i Used to quantify the maximum absolute
errors in the following quasi steady state sub-windows:

—  Wrautqs is the quasi steady state part of the fault window covering the time period from
ftauitas 1O felearr WHere frayitqs = frauiy + 140 ms10.

from W,

10 The exclusion of the first 140 ms of W, faultQ

fault
the DC-component of the generator flux,

g Is mainly due to the limitation of the model to replicate
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Woostas is the quasi steady state part of the post-fault window covering the time period

from tclearQS to lend» where tclearQS = lolear t 500 ms11.

The calculated error values and calculation windows are summarised in Table 1.

Table 1 — Windows applied for error calculations

Period XpxE XpME XpMAE
Pre-fault Wpre Wpre Wpre
a
Fault Wiautas Wiauit Wiautas
Ract fault L4 L4 L4
i ik " postQS " post " post

W, IS less an ms and consequen w. IS less an ms
a If W, is less than 280 d quently W, qs iS less than 140

or a speciiic case, en x shall not be calculated In € Tault perioa rtor
f ifi then x,,x Shall not be calcufated in the fault period f

that case.

6.4.5 Step response characteristics

IEC 61400-21-1 and IEC 61400-21-2 specify a number of step respohses to test the dynamics
of the|control performance. The specifications include a description-of how the individugl step
tests are implemented.

Accorgling to IEC 61400-21-1, step responses shall be (quantified by the characteristics
illustrated in Figure 5.

11 The exclusion of the first 500 ms of W ost fTOM W qq is due to the limitation of the model. The accuracy of the
reactive power is affected by transformer inrush, which could in some cases be longer than 500 ms. The
accuracy of the active power recovery is affected by non-linear aerodynamic effects.
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Figure 5 — Step response characteristics

The s{ep response characteristics are defined as follows:

— Ragaction time defined as the elapsed time from the issue of a step change commanf until
the observed value reaches 10 %-of the step change.

— Rise time defined as the elapsed time from the observed value reached 10 % of thg step
chpnge until the observed value reaches 90 % of the step change.

— Rgsponse time defined as the elapsed time from the issue of a step change command
until the observed value first time enters the predefined tolerance band of the target yalue.

— Sgttling time defined as the elapsed time from the issue of a step change commang until
the¢ observed. walue continuously stays within the predefined tolerance band of the [target
value.

— Oyershoot+defined as the difference between the maximum value of the response and the
finpl reference value.

It shall ' be noted that an inexpedient choice of tolerance band can lead 1o a significant
mismatch between simulated and measured settling times although the simulated response
matches the measured response quite well. Such a case is illustrated in Figure 6 where the
measurement stays within the tolerance band after one swing while the simulation stays in
tolerance band after half a swing. In such cases, the tolerance band should be adjusted so
that the simulation stays within the tolerance band after the same number of swings as the
measurements if possible. In the case below, this will be possible by a small decrease of the
tolerance band.
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Figure 6 — Measured and simulated settling time
with inexpedient choice of tolerance band

7 Validation of wind turbine models

7.1 General

The opjective of Clause 7 is to’provide formal specifications of the procedure for validation of
a WT jsimulation model against WT test results. The validation procedure is based on tgsts of
WT cqntrol performangeyand dynamic performance specified in IEC 61400-21-1, but othér test
results should also be accepted provided that the required measurement results are avallable.

Based on the tests specified in IEC 61400-21-1, Clause 7 specifies validation procedunes for
the following“WT functionalities:

— fault<ride through capability,

— acfive power control,
— frequency control,
— synthetic inertia control,

— reactive power control or equivalent control method.

Annex A gives suggestions for the reporting of results of wind turbine model validation.

7.2 Fault ride through capability
7.21 General

Fault ride through capability of the WT refers to the response of the WT to voltage dips and
voltage swells according to IEC 61400-21-1. Symmetrical as well as asymmetrical faults are
considered.
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7.2.2 Test requirements

IEC 61400-21-1 specifies the requirements to test of WT fault ride through capability. Each
test case is characterised by the number of faulted phases12 as well as magnitude and
duration of the fault. Although several measurements can be available for a test case, it is
sufficient to use one measurement to validate the model against the test case.

Each test case shall provide the following output to the validation:

For vs

If full-

number of faulted phases,
magnitude of the fault,

dufation of the fault,

applied WT control modes and reference values,

time series of measured fundamental frequency positive sequence component of
e | voltage,

e | active current,

e | reactive current.

ti

e | voltage,

e series of measured fundamental frequency negative‘sequence component of

e | active current,

e | reactive current.

da

¢ | a single line diagram of the'test equipment,

a for short circuit test equipment:

¢ | fundamental frequency_values for electrical components in the test equipment,
e | time #r5,; When the'fault is initiated 13,

o | time ¢ whenthe fault clearance is initiated 14,

clear

datta for the grid:

e | complex\Fhevenin impedance as a minimum,

e | in some cases, grid dynamic models are appropriate to replicate control influ

during the fault within the grid.

system simulation approach is applied,”then each test case shall provide the fol
additi<[nal information about the test:

lidation of models, which include negative sequence, each asymmetrical test cas¢ shall
provije the following additional output to the validation:

owing

lences

12 |EC 61400-21-1 specifies how to test symmetrical 3-phase fault cases as well as asymmetrical 2-phase fault
cases. Positive sequence models like the generic models specified in IEC 61400-27-1 are widely used in power
system stability studies. Positive sequence models can have the limitation of not giving the negative sequence

13

14

response to asymmetrical faults.

The intention is to identify the first time when the short-circuit occurs in one of the phases. If ¢,  is not logged,

then it should be identified by inspection of uq ;.-

The intention is to identify the first time when the short-circuit is cleared in one of the phases. If 7, is not

logged, then it should be identified by inspection of w1 .-
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7.2.3

The fo

Simulation requirements

llowing requirements apply to the simulations of the test case:

— Full-system simulation approach as well as play-back simulation approach should be
accepted. A full-system simulation shall include model for the test equipment as well as
the grid. A play-back simulation shall play-back the measured voltage 15.

— The WT simulation model shall use the same control modes and reference values as the
WT during the test.

— The WT simulation model shall be initialised in accordance with the measured initial
values of voltage, active power and reactive power. If the model includes other

The fd

— a
ac

the specifications in Table 1.

In the
fault o

7.3
7.3.1

Active
active

The v
which

7.3.2

e simulated time series shall be provided with minimum % cycle time step resolutic
Validation results
llowing validation results shall be provided:

ts showing time series of the following positive sequence compenents:
measured and simulated voltage,

measured and simulated active current,

measured and simulated reactive current,

absolute errors of active and reactive currents;

able showing MXE, ME and MAE of positive.sequence active power, reactive [
live current and reactive current in the prefault, fault and postfault windows accord

case of validation of models including negative sequence, the validation of unbal
ases shall include the equivalent values as for the positive sequence.

Active power control
General

power control of the*WT refers to the dynamic response of the WT to step chan
power references_as specified in [IEC 61400-21-1.

support(active power control providing access to an active power reference value.

Test requirements

blidation ofithe active power control of the WT model can only be performed fof

all be

n 16.

ower,
ing to

Bnced

jes in

WTs

IEC 61400-21-1 specifies the requirements to test of WT active power control including test of
the dynamic response to a step change in the active power reference.

Each test case shall provide the following output to the validation:

plied WT control modes and reference values including power ramp rate,

— time series of

15 Fundamental frequency voltages measured according to IEC 61400-21-1 are smoothed over 1 cycle which can
affect the performance of some simulation models. In such cases, full-system simulations should be applied.

16 The generic models in IEC 61400-27-1 are required to work with integration time steps up to % cycle.
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available active power,
measured active power17,

power reference (set point) value.

Simulation requirements

The following requirements apply to the simulations of the test case:

— Full-system simulation approach as well as play-back simulation approach should be
accepted. Measured voltage, active power reference and available active power can be
played back.

— Thle WT simulation model shall use the same control modes and reference values

W
- T
va
ing
ini

during the test.

e WT simulation model shall be initialised in accordance with the measured
ues of voltage, active power and reactive power. If the mode), jincludes
ependent variables such as wind speed or pitch angle, then thoseryariables sh
ialised accordingly.

— The simulated time series shall be provided with minimum %2 cycle titne step resolutic

7.3.4

The fd

Validation results

Ilowing validation results shall be provided:

— a plot showing time series of the following variables;

.
.
.
.
- a
an
7.4
7.41

Frequ
specif

The v
which

active power reference,
available active power,
measured active power,
simulated active power,

able showing the reaction time, rise time, settling time and overshoot of the sim
d measured active power.

Frequency control
General

ency control of ¢hee WT refers to the response of the WT to grid overfrequen
ed in IEC 61400:21-1.

alidation-of the frequency control of the WT model shall only be performed fo
suppoftfrequency control and provide access to a frequency reference value.

s the

initial
other
all be

Llated

cy as

WTs

7.4.2

Test requirements

IEC 61400-21-1 specifies the requirements to test of WT frequency control, either by changing
the measured grid frequency or by changing the reference value of the grid frequency.

Each test case shall provide the following output to the validation:

— applied WT control modes and reference values including frequency control settings and
power ramp rate,

— time series of

grid frequency measurement input to WT controller,

17 Tests according to IEC 61400-21-1 shall be reported as 200 ms average data.
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7.4.3

reference (set point) value of grid frequency,
available active power,

measured active power.

Simulation requirements

The following requirements apply to the simulations of the test case:

— Full-system simulation approach as well as play-back simulation approach should be
accepted. Measured frequency, reference value of grid frequency and available active
power can be played back.

W
- T
va
ing
ini

7.4.4

The fd

[ ]
7.5
7.5.1

Synth

The v
WTs

— The WT simulation model shall use the same control modes and reference values. gs the
during the test.
e WT simulation model shall be initialised in accordance with the measured|initial
ues of frequency, active power and reactive power. If the model ,includes | other
ependent variables such as wind speed or pitch angle, then thoservariables shall be
ialised accordingly.
— Thee simulated time series shall be provided with minimum % cycle titne step resolutign.
Validation results
Ilowing validation results shall be provided:
— a plot showing time series of the following variables;
grid frequency measurement input to WT conttollér,
reference value of the grid frequency,
— a plot showing time series of the following \ariables:
available active power,
measured active power,
simulated active power.
Synthetic inertia control
General
ptic inertia control/of the WT refers to the WT ability to support the grid by providing
additipnal active pewer in the case of under frequency as specified in IEC 61400-21-1.
plidation of the synthetic inertia control of the WT model shall only be performged for
hich.support synthetic inertia control.
|_Test requirements

7.5.2

IEC 61400-21-1 specifies the requirements to test of WT active power control including test of

the dy

namic response to a step change in the active power reference.

Each test case shall provide the following output to the validation:

plied WT control modes and reference values including inertia setting parameters,

— time series of measured fundamental frequency positive sequence component of

grid frequency measurement input to WT controller,
reference (set point) value of the grid frequency,
available active power,

measured active power.
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Simulation requirements

The following requirements apply to the simulations of the test case:

— Full-system simulation approach as well as play-back simulation approach should be
accepted. Measured voltage, reference value of grid frequency change and available

ac

tive power can be played back.

— The WT simulation model shall use the same control modes and reference values as the
WT during the test.

— The WT simulation model shall be initialised in accordance with the measured initial
values of voltage, active power and reactive power. If the model includes other

ingepemndent variabtessuchas—wittd—speed-or pitchrangte;, them thosevarabtes st

ini

ialised accordingly.

— The simulated time series shall be provided with minimum % cycle time step reselutid

7.5.4

Validation results

The fgllowing validation results shall be provided:

— a plot showing time series of the following positive sequence components:

grid frequency measurement input to WT controller,

reference (set point) value of the grid frequency,

— a plot showing time series of the following positive sequence components:

7.6
7.6.1

React
chang

available active power,
measured active power,

simulated active power.
Reactive power reference control
General

ve power reference control of the WT refers to the dynamic response of the WT t
les in reactive power reference value according to IEC 61400-21-1.

The Validation of the reactive power reference control of the WT model shall on

perfor|
reacti

7.6.2

IEC 6
of the

med for WTs which support reactive power reference control providing acces
e power refereénce value.

Test réquirements

400-=27-1 specifies the requirements to test of WT reactive power control includin
dynamic response to a step change in the reactive power reference.

all be

D step

ly be
s the

g test

Each test case shall provide the following output to the validation:

plied WT control modes and reference values,

— time series of

reactive power reference values,
measured reactive power,

measured active power.
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7.6.3

Simulation requirements

The following requirements apply to the simulations of the test case:

— Full-system simulation approach as well as play-back simulation approach should be
accepted. Measured voltage and measured active power can be played back.

— The WT simulation model shall use the same control modes and reference values as the
WT during the test.

— The WT simulation model shall be initialised in accordance with the measured initial
values of voltage, active power and reactive power. If the model includes
independent variables such as wind speed or pitch angle, then those variables shall be

other

inifratised—accordingty:

- T
7.6.4

The fd

— a plot showing time series of the following variables:

— a plot showing time series of the following variables;

an
7.7
7.71

Voltad

e simulated time series shall be provided with minimum % cycle time step resglutic
Validation results

llowing validation results shall be provided:

reactive power reference value,
measured reactive power,

simulated reactive power,

measured active power,
simulated active power,

able showing the reaction time, rise timey settling time and overshoot of the sim
d measured reactive power.

Reactive power — voltage reference control
General

e reference control of-the WT refers to the dynamic response of the WT td

Llated

step

changes in voltage reference”values (set points) depending on the WT control syst¢m as

specif

The v
WTs

7.7.2

ed by the manufacturer according to IEC 61400-21-1.

hich suppgriwoltage reference control providing access to the voltage reference V

Testrequirements

blidation of thewvoltage reference control of the WT model shall only be performged for

alue.

IEC 6

400-21-1 specifies the requirements to test of WT reactive power control includin

g test

of the

aynamic response 10 a Step cnange In tne reactive power rererence.

Each test case shall provide the following output to the validation:

plied WT control modes and reference values,

— time series of

7.7.3

measured active power and measured reactive power.

Simulation requirements

The following requirements apply to the simulations of the test case:

— Full-system simulation approach as well as play-back simulation approach should be
accepted. Measured voltage and measured active power can be played back.
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The WT simulation model shall use the same control modes and reference values as the
WT during the test.

The WT simulation model shall be initialised in accordance with the measured initial
values of voltage, active power and reactive power. If the model includes other
independent variables such as wind speed or pitch angle, then those variables shall be
initialised accordingly.

The simulated time series shall be provided with minimum % cycle time step resolution.

7.7.4 Validation results

The following validation results shall be provided:

7.8

7.8.1 General

plat showing time series of the following variables:

e [ measured and simulated reactive power18,

Grid protection

Grid protection of the WT refers to the response of the WT to over Voltage, under vgltage,

over ffequency and under frequency as specified in IEC 61400-21-1%

7.8.2 Test requirements

At least one test of over voltage protection, under &oltage protection, over frequency
protedtion and under frequency protection shall be used-in the validation. The following nputs

are reuired from IEC 61400-21-1 for protection furgtion:

7.8.3 Simulation requirements

measured trip level,
measured disconnection time.

IEC 61400-21-1 separates the test procedure into a first part, which detects the protection
levels| and a second part which measures the corresponding disconnection times| The
validajion procedure in [EC-61400-27-1 requires simulations corresponding t¢ the

meas
as well as disconnectionstimes.

The fqllowing procedure shall be applied to validate the protection test:

rement of disconnection times. Those simulations are used to validate protection|levels

Oyer voltage‘protection test:
Thle relaytime and level in the model shall be verified by the following two steps:

1)| With the simulations started at nominal voltage and frequency, apply a voltag gtep to

Av 0/ ~havun tha cnt trin Iaval andA Iat tha clmanlatinsy At~ il A al tr| S
70 aoUOvVe oottt trp— e veT artt—1etT o SHArtHateoR—eeRthde—dhth—the |||uuu| p .

Record the time from the step in the voltage and until the model trips. 19

2) With the simulation started at nominal voltage and frequency, apply voltage step to
1 % below the set trip level and let the simulation continue until the relay time setting
plus an offset20. The model protection system should not trip.

18 Measured and simulated reactive currents can be plotted instead of reactive powers.

19 Significant over-voltage can result in non-fundamental voltage components that affect the real protections, but

are not modelled in the fundamental frequency positive sequence simulations.

20 The offset shall be smaller than the difference of the tested relay time setting and the next relay time setting.
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— Under voltage protection test:

Th
3)

4)

e relay time and level in the model shall be verified by the following two steps:

With the simulations started at nominal voltage and frequency, apply a voltage step to
1 % below the set trip level and let the simulation continue until the model trips.
Record the time from the step in the voltage and until the model trips.

With the simulation started at nominal voltage and frequency, apply voltage step to
1 % above the set trip level and let the simulation continue until the relay time setting
plus an offset20. The model protection system should not trip.

— Over frequency protection test:

Th

— Un

Thle relay time and level in the model shall be verified by the following two steps:

7)

8)

7.8.4

The fqg

i9

4

==

8 V

8.1

The o
a WP
WP cq
result

With the simulations started at nominal voltage and frequency, apply a freguency
change to 0,1 Hz above the set trip level and let the simulation continde ‘Unftil the
model trips. Record the time from the frequency change and until the modeltrips

With the simulation started at nominal voltage and frequency, apply_frequency change
0,1 Hz below the set trip level and let the simulation continue_until the relay time
setting plus an offset20. The model protection system should not-trip.

der frequency protection test:

With the simulations started at nominal voltage and.€requency, apply a frequency
change to 0,1 Hz below the set trip level and let-the simulation continue until the
model trips. Record the time from the frequency ehange and until the model trips

With the simulation started at nominal voltageband frequency, apply frequency change
0,1 Hz above the set trip level and let the_simulation continue until the relay time
setting plus an offset20. The model protection system should not trip.

Validation results
llowing validation results shall be provided:

able showing the setpoint, measured and simulated values for protection levels and
connection times for each test.

alidation of wind power plant models

General

bjective of .Clause 8 is to provide formal specifications of the procedure for validation of
simulatienimodel against WP test results. The validation procedure is based on tgsts of
ntrol performance and dynamic performance specified in IEC 61400-21-2, but othér test
5 should also be accepted provided that the required measurement results are avallable.

Basead
the fol

on the tests specified in IEC 61400-21-2, Clause 8 specifies validation procedures for
lowing WP functionalities:

— active power control,

— reactive power control or equivalent control method.

Annex B gives suggestions for the reporting of results of wind plant model validation.

8.2
8.2.1

Active power control

General

Active power control of the WP refers to the dynamic response of the WP to step changes in

active

power references as specified in IEC 61400-21-2.
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The validation of the active power control of the WP model can only be performed for WPs
which support active power control providing access to an active power reference value.

8.2.2 Test requirements

IEC 61400-21-2 specifies the requirements to test of WP active power control including test of
the dynamic response to a step change in the active power reference.

Each test case shall provide the following output to the validation:

— applied WP control modes and reference values including power ramp rate,

— tinfe series of

e | available active power, measured active power2! and power reference ((set |point)
value.

8.2.3 Simulation requirements
The fqllowing requirements apply to the simulations of the test case:
— Full-system simulation approach as well as play-back simulafion approach shodld be

acpepted. Measured voltage, active power reference and available active power dan be
played back.

— Thle WP simulation model shall use the same control mddes and reference values as the
WT during the test.

— The WP simulation model shall be initialised in'accordance with the measured|initial
vajues of voltage, active power and reactive* power. If the model includes |other
independent variables, then those variables shall be initialised accordingly.

— The simulated time series shall be providedwith minimum % cycle time step resolutign.
8.2.4 Validation results
The fqllowing validation results shallbe provided:

— a plot showing time series of the following variables:

e | active power reference,’available active power, measured active power and simplated
active power,

— a fable showing thé reaction time, rise time, settling time and overshoot of the simulated
anld measured active power.

8.3 |Reactiveipower reference control

8.3.1 General

React|ve power control of the WP refers to the dynamic response of the WP to step chinges
in reactive power, voltage or cos ¢ reference values (set points) depending on the WP control
system as specified by the manufacturer according to IEC 61400-21-2.

The validation of the reactive power control of the WP model shall only be performed for WPs
which support reactive power control providing access to one of the above mentioned
reference values.

21 Tests according to IEC 61400-21-1 shall be reported as 200 ms average data.
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8.3.2

Test requirements

IEC 61400-21-2 specifies the requirements to test of WP reactive power control including test

of the

Each t

dynamic response to a step change in the reactive power reference.

est case shall provide the following output to the validation:

— applied WP control modes and reference values,

— time series of

reactive power reference values,

=y Head diy s A A -A—aa Hea-c—t $iy s OO A
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8.3.3 Simulation requirements

The fqllowing requirements apply to the simulations of the test case:

— Full-system simulation approach as well as play-back simulation approach shoyld be
acfkepted. Measured voltage and measured active power can be played back.

— The WP simulation model shall use the same control modes and\reference values gs the
WT during the test.

— The WP simulation model shall be initialised in accordance with the measured|initial
vaJues of voltage, active power and reactive powet. *If the model includes | other
independent variables, then those variables shall be initialised accordingly.

— The simulated time series shall be provided with mjnimum % cycle time step resolutign.

8.3.4 | Validation results

The fgllowing validation results shall be provided:

— a plot showing time series of the followihg variables:
¢ | reactive power reference value,

e | measured reactive power,
e | simulated reactive power;

— a plot showing time series of the following variables:

e | measured active~power,
e | simulated active power.

For dynamic response test cases of reactive power control according to IEC 61400-2142, the

follow|ng additional results shall be provided:

— a lableshowing the reaction time, rise time, settling time and overshoot of the simplated
and measured reactive power

8.4 Reactive power — voltage reference control

8.4.1 General

Voltage reference control of the WP refers to the dynamic response of the WP to step
changes in voltage reference values (set points) depending on the WP control system as

specif

ied by the manufacturer according to IEC 61400-21-2.

The validation of the voltage reference control of the WP model shall only be performed for
WPs which support voltage reference control providing access to the voltage reference value.
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8.4.2 Test requirements

IEC 61400-21-2 specifies the requirements to test of WP reactive power control including test
of the dynamic response to a step change in the reactive power reference.

Each test case shall provide the following output to the validation:

— applied WP control modes and reference values,
— time series of

e measured active power and measured reactive power.

8.4.3 Simulation requirements
The fqllowing requirements apply to the simulations of the test case:
— Fudll-system simulation approach as well as play-back simulation approach shodld be

acpepted. Measured voltage and measured active power can be played back.

— Thle WP simulation model shall use the same control modes and reference values as the
WP during the test.

— The WP simulation model shall be initialised in accordance‘Wwith the measured|initial
vajues of voltage, active power and reactive power. /Af_the model includes |other
independent variables such as wind speed or pitch angle,“then those variables shall be
initialised accordingly.

— The simulated time series shall be provided with minithum % cycle time step resolutign.
8.4.4 Validation results
The fgllowing validation results shall be provided:

— plat showing time series of the following\variables:

e | measured and simulated reactive power22.

22 Measured and simulated reactive currents can be plotted instead of reactive powers.
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Annex A
(informative)

Validation documentation for wind turbine model

A.1 General

Annex A gives suggestions for the reporting of results of WT model validation according to
Clause 7.

In addition to the test report, measured values and simulated values should be provided as
files wWith time series values in a standardized file format — e.g. COMTRADE or UFFE-farmat.

A.2 | Simulation model and validation setup information

For the simulation model and validation setup, the information given inyTable A.1 should be
presented:

[able A.1 — Required information about simulation model and validation setup

Request Description
Type of model Referencéyto name of models in
IEC 64400-or other models
Parameter set used To+be attached to the report
Description of validation setup State if play-back or full-system

simulation method is used

Table|A.2 specifies additional information which is required if full-system method is applied.

Table A.2 — Additional.information required if full-system method is applied

Request Description
Information“about the test Type of equipment (e.g. voltage
equipment divider or full scale converter, fault

recorder)

Key data for equipment, e.g. series
and shunt impedances in voltage
divider equipment

Information about the grid where WT | Thevenin equivalent for the grid
and test equipment are connected
10,

With the information above, it should be possible to reproduce the validation results.

A.3 Template for validation results

A.3.1 General

There should be reported a set of figures and tables for each case as defined in Clause 7.
The reporter should fill in the empty fields in the tables and insert the graphics at the figure
captions.
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A.3.2 Fault ride through capability

For each fault ride through validation case, the following graphs should be provided (see
Figure A.1 to Figure A.4):

Measured
Simulated

Voltage (p.u.)

Time (s) IEC

Higure A.1 — Time series of measured and simulated positive sequence voItagL

Measured
Simulated

Current (p.u.)

Time (s) IEC

Figure A.2 — Time series of measured and simulated positive sequence active cunrent

g Measured
= Simulated
C
g
5
(@]
Tinte (s)
IEC
Figure A.3 — Time ‘series of measured and simulated
positive-sequence reactive current

g_ Active
= Reactive
o
5
(@]

Time (s)
IEC

Figure A.4 — Time series of calculated absolute error
of positive sequence active and reactive current

The X axis should include the complete measured and simulation sequence from 1 s prior to

the applied voltage dip or voltage swell and at least 5 s after the applied voltage dip or
voltage swell sequence.

The Y axis should be linear and should include the complete measured and simulated per-unit
values.

The positive sequence validation results should be summarized in Table A.3 using per-unit
values:
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Table A.3 - Positive sequence validation summary for each voltage
dip and voltage swell validation case

. Reactive . Reactive
Lo i Active power Active current
Case description Window power current
MXE | ME | MAE | MXE | ME | MAE | MXE | ME | MAE | MXE | ME | MAE
Case dependent information such as prefault
pre-fault voltage, estimated grid fault
impedance and test equipment
settings such as short circuit
impedance if used postfault
For epch asymmetrical fault ride through validation case, the following graphs\should be

provided (see Figure A.5 to Figure A.8) :

Voltage (p.u.)

Measured
Simulated

Time (s)

IEC

Fligure A.5 — Time series of measured and simulated negative sequence voltag

; Measured

2 Simulated

5

(@]

-
ime (s) EC
Figure A.6 —(Time series of measured and simulated
negative sequence active current

E Measured

= Simulated

o

5

Q

Time (s)
IEC
Figure A-7—Time-seriesof-measured-and-simulated————
negative sequence reactive current

g_ Active

= Reactive

o

5

(@]

Time (s)

Figure A.8 — Time series of calculated absolute error
of negative sequence active and reactive current

The X axis should be the same as the X axis in Figure A.1 to Figure A.4.

IEC
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The Y axis should be linear and should include the complete measured and simulated per-unit

values.

The negative sequence validation results should be summarized in Table A.4 using per-unit

values:

Table A.4 — Negative sequence validation summary
for each voltage dip and voltage swell validation case

. Reactive . Reactive
Active power ower Active current current
Case description Window P
MXE | ME | MAE | MXE | ME | MAE | MXE | ME | MAE | MXE {ME | MAE

Case dgpendent information such as | prefault
pre-fault voltage, estimated grid
impedahce and test equipment fault
settingg such as short circuit
impedahce if used postfault
A.3.3 Active power control
For validation of an active power control case, the following“graph should be provided (see
Figurg A.9):

; Reference

< Available

g Measured

g Simulated

Time (s)
IEC
Figure A.9 — Time series of active power reference, available active power,
measured active power and simulated active power

The validation results should be summarized in Table A.5.

Table A.5 — Validation summary for active power control

Case

description

Rise time

Reaction time

Settling

time

Measured

Simulated

Measured

Simulated

Measured

Simulated

A.3.4

Frequency control

For validation of a frequency control case, the following graphs should be provided (see
Figure A.10 and Figure A.11):
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S
o Reference
oy Measured input
8
[T
Time (s)
IEC
Figure A.10 — Time series of frequency reference value
and measured input to WT controller

; Available
% Measured
g Simulated
o]
o

Time (s)
IEC

Figure A.11 — Time series of available active power,
measured active power and simulated active-power

A.3.5 Synthetic inertia control

For vglidation of a synthetic inertia control case, the following graphs should be providefl (see
Figurg A.12 and Figure A.13):

S
o Reference
oy Measured input
o
(0]
w
Time (s)
IEC
Figure A.12 —Time series of frequency reference value
and'measured input to WT controller

; Available
% Measured
g Simulated
O
a

Time (s) IEC

Figure A 13 — Time series of available active power,
measured active power and simulated active power

A.3.6 Reactive power reference control

For validation of a reactive power reference control, the following graph should be provided
(see Figure A.14 and Figure A.15):
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; Reference
< Measured
g Simulated
o]
o
Time (s) IEC
Figure A.14 — Time series of reactive power reference,
measured reactive power and simulated reactive power
: Vieasurea
2 Simulated
5
=
o]
o

Time (s) e

-

gure A.15 — Time series of measured active power and simulated active power
The validation results should be summarized in Table A.6.

Table A.6 — Validation summary for reactive power control

Rise time Reaction time

Case

Settling time

description

Measured

Simulated

Measured

Simulated

Measured

Simulated

A.3.7

For v
provicjl

Power (p.u.)

Reactive power — voltage reference control

Measured
Simulated

Time (s)

IEC

lidation of a reactive power voltage reference control, the following graph shotld be
ed (see Figure A.16):

Figure A.16 — Time series of measured and simulated reactive power
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A.3.8 Grid protection

For each grid protection validation test case, the applied setpoint, measured and simulated
per-unit values shall be summarized in Table A.7:

Table A.7 — Validation summary for grid protection

Case description Protection level Protection disconnection time

setpoint measured simulated @ setpoint measured simulated

Over voltage

Undervoliage
=)

OVer frequency

Under frequency

a8 | The protection level is not detected but only validated by the simulations. The protection level setpaint
used in the simulations should be stated in this column.
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Annex B
(informative)

Validation documentation for wind power plant model

B.1 General

Annex B gives suggestions for the reporting of results of WP model validation according to
Clause 8.

In addition to the test report, measured values and simulated values should be provided as
files wWith time series values in a standardized file format — e.g. COMTRADE or UFFE-farmat.

B.2 | Simulation model and validation setup information

For the simulation model and validation setup, the information given inyTable B.1 should be
presented:

[able B.1 — Required information about simulation model and validation setup

Request Description
Type of model Referencéyto name of models in
IEC 64400-27-1 or other models
Parameter set used To+be attached to the report
Description of validation setup State if play-back or full-system

simulation method used

Table|B.2 specifies additional information which is required if full-system method is applied.

Table B.2 — Additional.information required if full-system method is applied

Request Description

Information“about the grid where Thevenin equivalent for the grid
WP isconhected to (or the
reference grid applied in model-to-
medel validation)

With the information above, it should be possible to reproduce the validation results.

B.3 Template for validation results

B.3.1 General

Depending on the validation case, the corresponding template for validation of the WT model
given in Clause A.3 should be applied.
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B.3.2 Active power control

For validation of an active power control case, the following graph should be provided (see
Figure B.1):

3 Reference
s Available

5} Measured
E Simulated

Time (s
© IEC

Figure B.1 — Time series of active power reference, available active power;
measured active power and simulated active power

The validation results should be summarized in Table B.3.

Table B.3 — Validation summary for active power control

Case Rise time Reaction time Settling time
description

Measured Simulated Measured Simulated Measured Simulated

B.3.3 Reactive power reference control

For validation of a reactive power reference control, the following graph should be prgvided
(see Higure B.2 and Figure B.3):

Reference
Measured
Simulated

Power (p.u.)

Time (s) IEC

Figure B.2 £ Time series of reactive power reference, measured reactive
power and simulated reactive power

Measured
Simulated

P¢wer (p.u.)

Time (s) IEC

Figure B.3 — Time series of measured active power and simulated active power

The validation results should be summarized in Table B.4.

Table B.4 — Validation summary for reactive power control

Case Rise time Reaction time Settling time
description

Measured Simulated Measured Simulated Measured Simulated
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B.3.4 Reactive power — voltage reference control

For validation of a reactive power voltage reference control, the following graph should be
provided (see Figure B.4):

Measured
Simulated

Power (p.u.)

Time (s)
IEC

Figure B.4 — Time series of measured and simulated reactive power



https://iecnorm.com/api/?name=e3ef5c3fc53ab5c1aed8d108f0e0d1a2

IEC 61400-27-2:2020 © IEC 2020

— 49—

Annex C
(informative)

Reference grid for model-to-model validation

Annex C describes a reference grid, which can be used for model-to-model validation. The
idea is to use this reference grid to validate a generic WT model or WP model specified in
IEC 61400-27-1 against a validated detailed WT manufacturer model. Validation against a
manufacturer model is particularly relevant for validation of WP model response to voltage
dips because there are no generally feasible full scale tests for such cases.

The r¢ference grid layout is a slightly modified version of the Western Electricity Coofdi
Coungil (WECC) test system [13]. The layout of the reference grid is shown in Figure

repregents an aggregated WP model connected to an aggregated grid model.

2
5 4 3
| :

Figure C.1 — Layout of reference grid

hating
C.1. 1t

IEC

Two dets of data are given for the WECC test systén one for a strong grid and ong for a
weak grid. Table C.1 gives the data for the individual lines in per-units. This data is kngwn to
be within the application range of the generic modeéls specified in IEC 61400-27-1. Othe¢r test
systems should also be accepted provided thatdhe test system is within the application|range
of the|models under validation.
Table C.1 — Line data-for the WECC test system in per-unit
Strong/grid Weak grid
Line
R X, B. R X, Bl
L4, 0,015 0,025 0,01 0,015 0,025 0,41
L], 0,01 0,1 0,02 0,03 0,3 0,45
Lis 0,008 0,05 0,01 0,015 0,15 0,0p5
Ld, 0,005 0,05 0,01 0,015 0,15 0,0p5
The WECE-test system transformer data is the same for the strong grid and the weak grid.

This datavis given in Table C.2.

Table C.2 — Transformer data for the WECC test system

Transformer

X,

0,05

0,1
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Annex D
(informative)

Model validation uncertainty

General

The objective of this annex is to describe limits to possible model accuracy of the generic
models specified in IEC 61400-27-1 and other fundamental frequency models of wind turbines
and wind power plants. As stated in the introduction of this document, the validation
proceflure does not specify any requirements to model accuracy. The possible accur
partially illustrated in examples from literature about validation of the models [11],112]
Since|the assessment of the model accuracy is based on comparisons betweemsimul

and nleasurements, this annex includes a description of inevitable simulation ernors as v
meas

D.2 | Simulation uncertainties

The afcuracy of the generic simulation models defined in this document is limited, due
simplifications that have been applied with the aim of obtainingdmodels compatible with
system transient stability simulations and in order to make the model suitable for repres
a wide range of different WT technologies and configurations. To this respect, it is exy
that the accuracy obtained by these models can &ary when representing differen
technologies, configurations and specific controls. Therefore, differences in the accur
two different WTs represented by the same generic model type can cause that the g
model

rement errors.

The DC-Component of the stator flux of grid coupled generators (Type 1, Type
Type 3 WTs) will lead to uncertainties of the active and reactive power output fol
sejere voltage changes.

Drjve train oscillations following severe voltage drops can lead to negative torque
backlash in the gearbox [45]. This will modify the (equivalent) drive train eigenfreq
during the fault whichtmeans that the eigenfrequency during the fault is different frg
one following the fault-Clearance.

If the measurements are made on the high voltage side of the transformer, thg

cy is
E[14].

tions
ell as

to the
power
enting
ected
t WT
hcy of
eneric

is more similar or easier to adapt to one’ of the WTs’ real topology and dogs not
necesparily mean that the model with less accuracy has not been tuned properly.
specifjc reasons for deviations between simulation and measurement are

Some

P and
owing

and a
uency
m the

n the

trgnsformer medel should be included in the WT model. In this case, electromagnetic
phenomena(such as non-linearity) can be introduced into the measurement signa
ar¢ a cansequence of the electromagnetic behaviour of the transformer.

phenomena are not of interest for stability analysis (see model specifications in 6.2).

s that
These
Thus,
s the

transformer.

D.3 Measurement uncertainties

e WT

In the process of model validation, there is always a requirement to measure data, whether
from actual field tests at a power plant or factory tests of the equipment. This measured data
is then used to compare with simulations using the model to be validated. It is important to
understand the limitations and errors that are introduced by measurement. These can be
broadly categorized as follows:
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